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Preface

More than 15 years have passed since publication of the last monograph on
anthracycline antibiotics, the ACS Symposium Series 574, edited by W. Priebe.
However, anthracycline antibiotics continue to be one of the most applied
antitumor agents, mostly in combination therapy. In addition, a number of
exciting new developments such as prodrug development or new synthetic,
semi-synthetic, or biosynthetic derivatives have emerged in spite of a certain
decrease in synthetic activity. With this background in mind, I accepted the
invitation of Prof. J. Thiem to edit an updated collection of reviews on an-
thracycline antibiotics. In fact, this task turned out to be an exciting endeavor
and instead of the initially planned single volume, the numerous contributions
from many experts in this exciting field had to be collected into two volumes.
The last decade has provided a much greater amount of new information then
initially anticipated and these volumes represent a condensed review of this
data derived from journals representing quite different fields.

The first volume is dedicated to biological occurrence and biosynthesis as
well as the synthesis and chemistry of anthracyclines. Since the pioneering
review of H. Brockmann on naturally occurring anthracyclines in 1963, no
systematic overview has appeared and this volume will provide a review of
the latest information. This topic is closely related to biosynthesis and the
intriguing progress in biotechnology to produce biosynthetic anthracycline
variants is presented. The part of the volume covering synthesis comprises
an updated overview on asymmetric synthesis, combinatorial synthesis using
the Diels-Alder reaction, synthesis of fluorinated anthracyclines, the sugar
moieties, non-natural glycosyl anthraquinones as DNA binding and photo-
cleaving agents, and finally of anthracyclines and fredericamycin A via strong
base-induced cycloaddition reaction.

The second volume is devoted to mode of action, clinical aspects, and new
drugs. At this point I would like to thank F. M. Arcamone for his invaluable
help in selecting the topics and authors of this second volume. Knowledge
of the molecular mechanisms of anthracycline activity is of prime impor-
tance, also for clinical application, and therefore this is the first contribution
of the second volume. The most severe side effect of anthracyclines and many
other anticancer drugs is cardiotoxicity, and this has to be given prime im-
portance. Future attempts at reducing this and other side effects include the
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development of less toxic prodrugs. Therefore, four reviews within this volume
are dedicated to this topic: Daunomycin-TFO conjugates for downregulation
of gene expression, acid-sensitive prodrugs of doxorubicin, anthracycline-
formaldehyde conjugates and their targeted prodrugs, and doxorubicin con-
jugates for selective delivery to tumors. Last but not least, two chapters are
devoted to the recent development of new and hopefully even better anthracy-
cline anticancer drugs: Sabarubicin and nemorubicin. Clinical development of
these compounds is approaching and will hopefully give encouraging results.

The two volumes on anthracyclines cover a large area from biotechnology
to synthesis and clinical application. Thus, although the chemical aspects
dominate, the books will be of value to a broader spectrum of readers looking
for recent information on this most important class of antitumor antibiotics.

It has been a great pleasure to work with the competent team of Springer, in
particular Dr. Marion Hertel and Birgit Kollmar-Thoni. They have my thanks
in addition to all of the authors for their (mostly) timely contributions.

Paderborn, January 2008 Karsten Krohn
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Abstract On the basis of evidence that anthracyclines are DNA intercalating agents and
DNA is the primary target, a large number of analogs and related intercalators have been
developed. However, doxorubicin and closely related anthracyclines still remain among
the most effective antitumor agents. Multiple mechanisms have been proposed to explain
their efficacy. They include inhibition of DNA-dependent functions, free radical forma-
tion, and membrane interactions. The primary mechanism of action is now ascribed to
drug interference with the function of DNA topoisomerase II. The stabilization of the
topoisomerase-mediated cleavable complex results in a specific type of DNA damage (i.e.,
double-strand protein-associated DNA breaks). The drug-stabilized cleavable complex is
a potentially reversible molecular event and its persistence, as a consequence of strong
DNA binding, may be recognized as an apoptotic stimulus. Indirect evidence supports the
notion that the bioreductive processes of the quinone moiety generating the semiquinone
radical with concomitant production of reactive oxygen species may contribute to the
drug effects. The cellular defense mechanisms and response to genotoxic/cytotoxic stress
appear to be critical determinants of the tumor sensitivity to anthracyclines.

Keywords Anthracyclines - Cellular resistance - Cleavable complex - DNA damage -
Topoisomerase II

Abbreviations

BCRP Breast cancer resistant protein
BSO  Buthionine sulfoximine

GSH Glutathione

LRP  Lung resistant protein
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MDA Malondialdehyde

MRP Multidrug resistance-associated protein
NAC N-Acetyl cysteine

P-gp  P-glycoprotein

Top II Topoisomerase II

ROS Reactive oxygen species

SOD  Superoxide dismutase

1
Introduction

Anthracyclines represent a major class of antitumor antibiotics. The most
effective member, doxorubicin, is one of the most widely used antitumor
agents because of its broad spectrum of antitumor activity. The clinical suc-
cess of daunorubicin and doxorubicin, the first generation of anthracyclines,
has stimulated an intensive effort in the synthesis of analogs or structurally
related compounds [1]. In spite of the preclinical development of a large num-
ber of agents of this class, only a small number of anthracyclines or related
DNA intercalating agents are available for clinical use.

The basic structure of anthracyclines consists of a tetracyclic aglycone
linked to an amino sugar (Fig. 1). In an attempt to improve the therapeu-

R
H;O
Ry
NH,
Ry R, Ry Rq
Doxorubicin —OCH; —H —OH —OH
Daunorubicin  —OCH; —H —OH —H
Epirubicin —QCH; —~-0OH —H —OH
Idarubicin —H —H —OH ~—H

Fig.1 Chemical structure of clinically available anthracyclines
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Doxorubicin A mixed groove binder/intercalator
Etopooside C(T) Enzyme binder
Mitoxantrone T mixed groove binder/intercalator
Ellipticine T pure intercalator
Amonafide C mixed groove binder/intercalator
Genistein T pure intercalator
Amsacrine A mixed groove binder/intercalator
Bisantrene A mixed groove binder/intercalator

Fig.2 A Schematic representation of the putative functional moieties of the anthracy-
clines. B Schematic model of the ternary DNA-drug-enzyme complex. The base prefer-
ences at the -1/ +1 positions for various effective topoisomerase II poisons are indicated
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tic and pharmacological properties of the natural compounds, a number of
modifications of the basic structure were taken into consideration, includ-
ing changes or substitutions of the C-9 side chain, the amino sugar, or the
aglycone moiety [1]. Indeed, each of these moieties has been implicated in
critical interactions with the cellular target (Fig. 2). No analog to date has
shown an activity clearly superior to that of doxorubicin, which remains the
best anthracycline [2].

Daunorubicin is one of the most effective agents in the treatment of acute
lymphocytic and myelogenous leukemias, but it has little activity against
solid tumors. Doxorubicin exhibited a broad spectrum of activity and re-
mains one of the most effective drugs for the treatment of solid tumors. Breast
carcinoma, small-cell lung carcinoma, and ovarian carcinoma are the most
doxorubicin-responsive solid tumors. Epirubicin, which is characterized by
epimerization of the hydroxyl group at position 4 of the amino sugar (Fig. 1),
exhibits an improved toxicological profile and reduced cardiotoxicity with
antitumor efficacy and spectrum of activity similar to that of doxorubicin.
Idarubicin, which lacks a methoxy group in position 4 of the chromophore,
shows an enhanced lipophilicity and changed pharmacological profile. In
comparison to daunorubicin, the removal of the methoxy group markedly en-
hances the drug’s ability to induce topoisomerase II (Top II)-mediated DNA
cleavage [3] as well as an increased antitumor potency as a consequence
of an enhanced intracellular drug accumulation. The drug lipophilicity al-
lows oral absorption, providing an additional advantage of idarubicin over
daunorubicin which is completely inactive when administrated orally. The
clinical efficacy of idarubicin is restricted to the treatment of leukemia, since
a lower activity against solid tumors is a common feature of daunorubicin
analogs.

2
Anthracyclines as Intercalating Agents

Doxorubicin, like other effective anthracycline glycosides, is a well-known
DNA intercalating agent and DNA is recognized as being the primary tar-
get for its pharmacological action. The drug-DNA intercalation complex,
resulting from the insertion of the planar tetracyclic chromophore between
adjacent base pairs, is stabilized by electrostatic interactions between DNA
phosphate groups and the positively charged amino group of the sugar moi-
ety. The intercalation site depends not only on the planar chromophore, but
also on a variety of intrinsic properties (steric and electronic) that also in-
volve the external binding moieties (Fig. 2). However, the cytotoxic activity is
not simply related to the drug’s ability to bind to DNA, since the mode and the
site of binding appear to be more critical than the binding affinity. Although
DNA binding is central to the antitumor activity of anthracyclines, available
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A

Fig.3 Mechanism of DNA topoisomerase II poisoning. A Cleavage reaction of topo-
isomerase II. B Drug-stabilized cleavable complex. C Collision of the replication fork.
D Irreversible double-strand break

evidence indicates that it is the inhibition of a specific DNA function that is
responsible for their therapeutic effects.

Indeed, the primary mechanism of cytotoxic and antitumor activity of
effective intercalating agents is now ascribed to their interference with the
function of Top II 3, 4]. Antitumor inhibitors of topoisomerases function as
enzyme poisons by forming a DNA-drug-enzyme ternary complex, thus sta-
bilizing the cleavable complex, in which DNA strands are broken and enzyme
subunits are covalently linked to DNA [5]. It is likely that the intercalating
agent is placed at the interface between the enzyme active site and the DNA
cleavage site, thus preventing DNA religation. Stabilization of the cleavable
complex causes specific lethal DNA damage (i.e., double-strand protein asso-
ciated DNA breaks) after collision with enzymes involved in DNA metabolism
(Fig. 3). Additional details of the topoisomerase-mediated mechanism are de-
scribed in the following section.

3
Anthracyclines as DNA Damaging Agents

Multiple mechanisms of DNA damage produced by anthracyclines have been
described. Although the Top II poisoning is the best characterized, other
mechanisms have been proposed including free radical formation. In par-
ticular, the semiquinone radical can intercalate with DNA resulting in DNA
damage, and reactive oxygen species (ROS) are known to induce DNA dam-
age. The interaction with the DNA-Top II complex is likely a primary event
for growth arrest and/or cell killing at pharmacologically relevant concen-
trations. Free radical formation could contribute to cytotoxic effects [6], but
their effect can only be detected at high drug levels.
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3.1
DNA Damage Mediated by Topoisomerase Il Poisons

DNA topoisomerases are nuclear enzymes that regulate DNA topology during
multiple DNA functions (including transcription, replication, and recombi-
nation), and are essential for the integrity of genetic material [5]. During its
catalytic function, the cleavage of the DNA leads to the formation of a Top II-
DNA covalent complex (cleavable complex) that occurs through the tyrosine
hydroxyl groups of the enzyme and the 5" terminus of the DNA. By restoring
the original unbroken DNA form, Top II generates reaction products whose
chemical structures are indistinguishable from those of its substrates, because
only the spatial orientation of the genetic material is changed by the reac-
tion [7, 8].

Top II is a homodimeric enzyme which requires ATP as a cofactor for the
catalytic activity [9]. Mammalian cells have two type II isozymes, termed
Top Ia (170 kDa) and Top IIf (180 kDa). The two isozymes differ in their
patterns of expression, with Top Ila preferentially expressed in proliferating
cells while Top II is apparently expressed at equal levels in proliferating and
quiescent cells. The two enzymes show considerable amino acid conservation
throughout most of the protein coding region and share identical enzymatic
properties [10]. Top II is able to remove negative or positive superhelical
twists from DNA and resolve intramolecular DNA knots as well as intermole-
cular tangles [11]. The enzyme passes one duplex strand of DNA, designated
as the transport, or “T-segment”, through a transient double-strand break
into another duplex DNA, designated as the DNA gate, or “G-segment”. In
the two-gate model, the T-segment enters the enzyme through a gate on one
side of the protein, is transported through the G-segment located within the
enzyme, and then exits through a second protein gate on the other side of
the enzyme [12]. The four steps of the catalytic cycle of Top II are shown
in Fig. 4.

Step 1, DNA binding. Top II initiates its catalytic cycle by binding to
the DNA substrate, the G-segment. This interaction requires no cofactor, al-
though stimulation of binding has been reported in the presence of divalent
cations [13] and is governed by two features of the double helix: nucleotide
sequence and topological structure. Top II binds to DNA at preferred nucleic
acid sequences which define the site of enzyme-mediated DNA cleavage [14].

Step 2, pre-strand passage. The enzyme generates double-strand breaks by
making two coordinate nicks [15] on opposite strands of the G-segment and
leaves a four-base 5'-overhang on each cleaved nucleic acid strand [16, 17]
(Fig. 2). During scission, Top II forms covalent bonds between its tyrosyl
residue (one per monomer) and the newly generated 5 -phosphate termini of
the DNA [15]. This DNA cleavage intermediate is referred to as the “cleav-
able complex”. Top II cleaves DNA at preferred sequences, but the stringency
of sequence recognition is low and probably reflects the fact that the enzyme
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ADP+Pi ' ATP

Fig.4 Catalytic cycle of DNA topoisomerase II

functions in a global manner and therefore is not restricted to a small number
of unique sites in the genome.

Step 3, DNA strand passage. Upon binding of its ATP cofactor, Top II un-
dergoes a conformational change that traps the second DNA segment, the
T-segment, and triggers double-stranded DNA passage [9]. The T-segment
gets passed through a double-strand break made within the G-segment.

Step 4, ATP hydrolysis. Top II hydrolyzes the high energy cofactor, which
triggers the opening of the protein clamp and releases nucleic acid prod-
ucts [13, 18]. The enzyme regains the ability to initiate a new round of catalysis.

In the presence of a poison, which is able to affect the DNA cleavage-
religation process, the cleavage complex has a longer life and the persis-
tence of DNA breaks depends on the drug interaction in the ternary com-
plex [16, 19]. This action converts Top II into an endogenous toxin that pro-
duces DNA damage and triggers a series of cellular events, resulting in cell
cycle arrest and/or cell death.

Some poisons do not bind to DNA, while others exhibit a high affin-
ity for the nucleic acid. These include pure intercalators and mixed groove
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binder/intercalators which are the most effective inhibitors, characterized by
a planar polycyclic DNA-intercalating system to which side chain groups are
eventually attached. The planar moiety intercalates between DNA bases pro-
ducing efficient stacking interactions and the side chain interacts with DNA
minor groove and with the enzyme, thus acting as enzyme-recognition elem-
ents (Fig. 2). The relative position of the (planar ring/side chain) pharma-
cophores plays a major role in modulating nucleic acid binding and enzyme
poisoning effects [5, 20].

In the ternary complex, the drug is bound to the DNA and the enzyme
simultaneously [21]. Hence, there are two pharmacophoric regions in a poi-
son molecule, one interacting with the enzyme and the other with the nucleic
acid. The poisoning of the cleavable complex by anticancer drugs does not
occur randomly along the DNA chain [22]. Top II activity on the genome
exhibits per se a certain degree of specificity and significant nucleotide prefer-
ences are observed in the regions flanking the cleavage site, often correspond-
ing to alternating purine-pyrimidine tracts [22, 23]. However, site selectivity
exhibited by the poisons is more efficient and dependent on the nature of the
poison. Compounds of different chemical classes stimulate specific cleavage
patterns in DNA fragments, which do not comprise all of the sites recognized
by the enzyme alone. Moreover, the effects of drug specificity are principally
due to the base immediately preceding (-1) or following (+1) the cleavage
site [20] (Fig. 2). Generally, drugs having a strong -1 preference do not exhibit
a strong +1 preference, indicating that effective recognition of DNA by a drug
is carried out either on one side or on the other of the cleavage complex, and
that the drug molecule can localize either upstream or downstream of the
cleaved phosphodiester bond. A purine residue is invariably found to be pre-
ferred at +1, while the majority of -1 specific agents accept both pyrimidines
and purines in the cut strand.

The available Top II poisons exhibit a low level of discrimination between
the two isoenzymes. Like acridines, anthraquinones, epipodophyllotoxins,
and ellipticine [24, 25], anthracyclines are able to affect both the o and the
P isoforms, although to different extents, indicating that both enzymes are
potential targets. It appears that the anthracyclines prefer the o enzyme, and
amsacrine and mitoxantrone the § enzyme. Relevant to this point is the recent
finding that the two isoenzymes of Top II have a different role in antitu-
mor therapy [26]. Indeed, Top Ila appears to be implicated in tumor cell
killing and Top IIf in the development of treatment-related secondary tu-
mors. Therefore, the preference of anthracyclines for the o isoform supports
potential therapeutic advantages over other Top II inhibitors.

As a consequence of their high DNA binding affinity, at sufficiently high
concentrations, anthracyclines are also able to inhibit the catalytic activity of
the enzyme without stimulating DNA cleavage, whereas at low concentrations
they stimulate cleavage [3, 20, 27].
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3.2
DNA Damage Mediated by Reactive Oxygen Species

The potential involvement of free radical generation in the cytotoxicity of
the anthracyclines is complex and not completely understood. There is no
question that under the appropriate conditions the chemical nature of the an-
thracyclines leads to the generation of reactive free radicals. The unresolved
question is whether free radicals are generated at pharmacologically relevant
concentrations of the anthracyclines, and whether such free radicals could
contribute to their antitumor efficacy and/or toxicity [6].

The quinone moiety of anthracyclines can undergo reduction to a hydro-
quinone form, with formation of intermediate semiquinone free radicals which
can reduce oxygen to produce superoxide and other ROS, including hydrogen
peroxide and hydroxyl radicals [28] (Fig. 5). The reactive species could induce
DNA damage and lipid peroxidation. The precise role of free radical forma-
tion is still a matter of debate. The DNA damage, which, unlike that associated
with to Top II poisons, is not protein-associated [29], is blocked by superoxide

;%"J E?I

NAD(P)* A 0,4—;» Ho, ¥ , ow
o

semlqulnune ratlu:al

Y
lipid peroxidation

X

TOPOISOMERASE I POISONING

Fig.5 Anthracyclines and DNA damage. A schematic representation of DNA damage
mediated by ROS is shown
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dismutase (SOD) and catalase. It is generally believed that appreciable levels
of free radicals, generated by redox metabolism of anthracyclines, are pro-
duced at elevated drug concentrations, in contrast to protein-associated strand
breaks alone (resulting from inhibition of Top II) which are evident at lower
(pharmacologically relevant) drug concentrations [30].

ROS produced by anthracyclines induce lipid peroxidation with formation
of malondialdehyde (MDA) (Fig. 5). Like other enals, MDA reacts at the exo-
cyclic amino groups of deoxyguanosine, deoxyadenosine, and deoxycytidine
to form alkylated products [31]. MDA is mutagenic in human cells, with the
majority of MDA-induced mutations occurring at GC base pairs and consist-
ing of large insertions and deletions [32]. In proliferating cells the formation
of MDA-DNA adducts is accompanied by cell cycle arrest and inhibition of
cyclin E- and cyclin B-associated kinase activities in both wild-type p53 and
p53-null cell lines [33].

Several lines of evidence support the idea that superoxide anion and hy-
drogen peroxide may be implicated in influencing cell proliferation or cell
death, depending on the extent of oxidative stress [34]. In addition, the apop-
tosis pathway activated by DNA damage may involve the formation of ROS
and oxidative damage of mitochondrial components [35]. Thus, the possibil-
ity that anthracycline-mediated oxidative stress may be a contributing factor
to drug-induced cell death cannot be ruled out.

A contribution of ROS in the mechanism of cytotoxicity is supported by
the effects of scavenger agents. Indeed, many scavenger molecules (e.g., glu-
tathione (GSH), N-acetyl cysteine (NAC), GSH reductase, SOD, catalase) are
known to reduce the cytotoxic effects of anthracyclines [36]. Among these,
GSH is the most abundant non-protein thiol in cells (being found in the
millimolar range in most tissues), and is a major component of the pro-
cess for defense against the toxicity of xenobiotics and oxidants. The major
pathway for GSH metabolism in defense of the cell is the reduction of hy-
drogen peroxide and lipid hydroperoxides by GSH peroxidases. The depletion
of GSH and GSH reductase by 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU)
resulted in increased lipid peroxidation by doxorubicin [37]. In addition, re-
sistance to doxorubicin in a subline of HL-60 is reversed by the GSH depleting
agent buthionine sulfoximine (BSO) [38]. The interpretation that ROS provide
a contribution to the cytotoxic activity of anthracyclines is also supported
by the observation that, among intercalating Top II inhibitors, anthracyclines
and anthraquinones (containing a quinone moiety in their structure) are the
most effective as antitumor agents. Again, scavengers of ROS have been re-
ported to protect cells from apoptosis induced by other Top II inhibitors.

Whereas available evidence supports the view that the primary mech-
anism of antitumor action is related to Top II inhibition, the drug redox
metabolism has been implicated in cardiotoxicity [39,40]. It is thus con-
ceivable that antitumor activity and cardiotoxicity occur through different
biochemical mechanisms. The possibility is supported by some indirect ev-
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idence: (1) free radical scavengers or antioxidant agents (e.g., tocopherol,
NAC) can reduce cardiac toxicity without affecting tumor inhibition in pre-
clinical systems; (2) 5-imino-daunorubicin, which is markedly less effective
in producing reductase-dependent free radicals, lacks cardiac toxicity but
retains some antitumor activity; and (3) the biochemical profile of cardiac
tissue in terms of ability to protect against oxidative damage (high levels of
reductase and low activity of catalase and SOD) could account for the organ-
specific toxicity of anthracyclines.

4
Mechanisms of Cell Death

The stabilization of the cleavable complexes is the primary cytotoxic lesion,
but the outcome of treated cells depends on a number of downstream events,
including (a) the processing of stabilized cleavage complexes into lethal DNA
double-strand breaks; (b) response to the DNA damage, leading to activation
of stress-associated signaling pathways and cell cycle arrest; and (c) activa-
tion of cell death pathways.

(a) Processing of Cleavage Complexes into Cytotoxic DNA Double-Strand Breaks

The conversion of Top II-DNA complexes into cytotoxic damage is well un-
derstood at the molecular level. Reversible Top II-DNA-drug cleavage com-
plexes are converted into irreversible DNA double-strand breaks through col-
lision with enzymes involved in DNA replication and transcription (e.g., DNA
helicases) [41] (Fig. 3). Indeed, agents that inhibit DNA helicases diminish the
cytotoxicity of drugs [42, 43] and inhibitors of replication or transcription at-
tenuate the cytotoxic effects of Top II poisons [44-46]. In addition, Top II
poisons appear to be particularly toxic during S phase, when replication forks
and transcription complexes are both present, as compared to other phases of
the cell cycle [45, 47].

(b) Response to the DNA Damage

The cytotoxic lesions generated from the cleavage complex induce DNA-
damage signaling pathways, including cell cycle arrest and activation of DNA
repair processes (Fig. 6).

Anthracyclines, like many other genotoxic agents, activates a p53-mediated
response. On the basis of the crucial role of p53 in activation of apoptosis,
p53 could play an important function in anthracycline cytotoxicity. Preclin-
ical and clinical studies support this interpretation [48-50] but conflicting
results have been reported [51,52]. Uncertainties about the role of p53 in
anthracycline-induced apoptosis may be attributed to such various factors
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as heterogeneity of the tumors or of the methods used for assessing p53
status and tumor response [53]. Anthracycline-dependent p53 activation con-
tributes to the activation of p21"#{l, an inhibitor of cyclin-dependent kinases
involved in DNA damage checkpoints. Cyclin-dependent kinases catalyze the
highly orchestrated events that drive the cell through the cell cycle. Inhibi-
tion of these kinases has been associated with arrest of drug-treated cells in
G; and/or G; phases of the cell cycle. Although this mechanism has been
proposed to contribute to G; arrest of p53-proficient cells, it has also been
suggested that p21"! expression might protect cells from anthracyclines
because the G; block facilitates DNA repair before the cells undergo DNA
replication. Indeed, constitutively high levels of p21"*! have been associated
with chemoresistance in acute myelogenous leukemia [54].

(c) Activation of Cell Death Signals

Common responses to DNA damage are cell cycle arrest and apoptosis. Usu-
ally, DNA damaging agents, including Top II inhibitors, cause cell cycle arrest
in Gy. The signals activated by topoisomerase-mediated DNA cleavage (likely)
involve p53, which have multiple functions, including activation of cell cycle
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checkpoints and DNA repair processes and stimulation of apoptosis. Thus,
the cell outcome is likely determined by a balance between proapoptotic and
protective signals. Anthracyclines are known to activate both the intrinsic
and extrinsic pathways of apoptosis; p53 function is likely implicated in reg-
ulation of both pathways.

Friesen and coworkers reported that treatment of CEM human leukemia
cells with a variety of agents, including anthracyclines, results in enhanced
expression of Fas ligand [55]. Interestingly, drug-induced apoptosis was di-
minished in CEM cells selected for resistance to Fas-mediated cell death [55],
suggesting that alterations in the Fas/Fas ligand signaling pathway might
constitute a mechanism of resistance to these agents. Similar results were ob-
served in neuroblastoma cell lines treated with doxorubicin or etoposide [56].
The Fas/Fas ligand apoptotic pathway is initiated by the proximity-induced
activation of caspase-8 and subsequent activation of downstream pro-
teases [57, 58], resulting in cell death (Fig. 6). This pathway could be activated
by a drug-induced increase of the lipid second messenger ceramide [59].
Ceramide has been shown to activate a limited number of protein kinases,
including stress-activated protein kinases [59,60]. The stress-activated ki-
nase pathway consists of a cascade of cytoplasmic kinases, including JNK and
p38 [61,62], which ultimately leads to phosphorylation of transcription fac-
tors (e.g., c-jun) that activate transcription of stress-responsive genes, which
undergo apoptotic cell death (Fig. 6) [62].

Moreover, it is evident that anthracyclines can directly induce the release
of cytochrome ¢ from mitochondria, thereby inducing apoptosis regardless of
DNA damage or signaling pathways or p53 status [63, 64].

5
Mechanisms of Cellular Resistance

As with other cytotoxic drugs, clinical resistance to anthracyclines may be
a multifactorial phenomenon likely involving pharmacological and tumor-
related factors. Based on preclinical studies, cellular alterations that could
contribute to resistance to anthracyclines include (1) pretarget events (i.e.,
drug accumulation, detoxification, and intracellular drug distribution), which
result in inadequate accumulation/subcellular localization of drug in the cells;
(2) target-related events including quantitative/qualitative alterations of the
target, e.g., reduced drug-target interaction as a consequence of enzyme
downregulation or Top II gene mutation; and (3) posttarget events, i.e., alter-
ations in the cellular response to DNA damage generated by the formation of
the ternary complex (Fig. 7).

Anthracyclines, owing to modest lipophilicity and net positive charge at
physiological pH, are efficient substrates for energy-dependent drug efflux
pumps, such as P-glycoprotein (P-gp), multidrug resistance-associated pro-
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tein (MRP) [65], breast cancer resistant protein (BCRP) [66], and lung re-
sistant protein (LRP) [67]. P-gp is not tumor-specific, since it is expressed
also in normal tissues, including kidney, liver, colon, and adrenal gland, and
is involved in the transport of hydrophobic metabolites or hormones. Thus,
expression of P-gp in tumors derived from such tissues could account for
their natural resistance. A multidrug-resistant phenotype has been found to
be associated with the overexpression of MRP [68]. Unlike P-gp, which ap-
pears to transport unmodified drugs and xenobiotics, BCRP, a member of
the subfamily G of the human ABC superfamily, is an organic anion pump
able to transport conjugates of sulfates, GSH, and glucuronic acid and is very
efficient in transporting GSH conjugates [69]. Overexpression of transport
systems may also play a role in subcellular sequestration of drugs (thus reduc-
ing the drug-target interaction). A similar function has been proposed for the
human major vault protein LRP [67]. Mutations in amino acid 482 of BCRP
may occur in cells selected for resistance to doxorubicin, and this residue has
been implicated in substrate interaction [66].

Resistant cells selected following continuous exposure to doxorubicin may
express high levels of GSH, metallothionein, glutathione S-transferase, Cu, Zn
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superoxide dismutase, or Mn superoxide dismutase [70-72]. These factors are
implicated in detoxification processes and in cell protection against oxidative
stress.

Quantitative (level of expression) or qualitative (e.g., mutation) alterations
of the target enzyme are expected to influence the drug’s ability to induce an
adequate extent of DNA lesions [73]. Reduced Top II expression or specific al-
terations in enzyme activity or sensitivity may be responsible for a different
multidrug resistance phenotype which involves only Top II poisons.

Despite adequate drug concentration at the target level, the cellular re-
sponse to DNA damage may play a critical role in determining chemosen-
sitivity and may account for the heterogeneity of tumor response to drug
treatment. Defects in cell cycle checkpoints and apoptotic signaling path-
ways may critically influence anthracycline cytotoxicity. Additional studies
are needed to determine the clinical relevance of the resistance mechanisms
detected in tumor cell systems.

6
Concluding Remarks

Anthracyclines remain among the most clinically effective antitumor agents.
The efficacy of the two prototype anthracyclines has stimulated an intensive
effort in elucidation of their mechanism of action in an attempt to provide
a rational basis for the design of more effective analogs. In spite of this ef-
fort, no analog has shown an activity clearly superior to that of doxorubicin.
Similarly, among a large variety of intercalating agents, only a few compounds
exhibit appreciable activity. The molecular basis of their efficacy and selec-
tivity toward specific tumor types is not understood. The persistence of DNA
lesions, as a consequence of the strong intercalation, may be recognized as
an apoptotic stimulus. Anthracyclines exhibit a unique sequence specificity of
stimulation of enzyme-mediated DNA cleavage. It is conceivable that the drug’s
ability to damage critical genomic sites may play a role in antitumor activ-
ity and in variable responsiveness observed in different tumor types, which is
not simply related to the Top II inhibition. The initial DNA lesion, the drug-
stabilized cleavable complex, is a potentially reversible molecular event. It is
likely that the persistence of DNA damage and not solely its extent is a critical
determinant of drug efficacy. For example, doxorubicin is more effective than
daunorubicin against solid tumors. Indeed, an increased retention of doxoru-
bicin by tumor cells is expected to cause more persistent DNA damage resulting
in an effective tumor response. A plausible explanation of the different be-
havior of doxorubicin and daunorubicin could be the marked protein binding
of doxorubicin. The side chain of doxorubicin could undergo rearrangements
between the 13-carbonyl atom and the adjacent carbon atom, resulting in
areversible conversion of the hydroxyketone to the hydroxyaldehyde. The car-
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bonyl group at C-14 of the aldehyde form is capable of reacting with free amino
groups of proteins through reversible Schiff’s base linkages [74].

Anthracyclines have potential for multiple cellular effects that may be rele-
vant for their cytotoxic and antitumor action. They include DNA interaction,
involvement in redox metabolism, and direct membrane effects. The relative
relevance of the multiple effects is still a matter of debate. A major problem
concerning the interpretation of the relative contribution of various cellu-
lar effects is the difficulty in establishing a quantitative correlation between
the extent of cellular injury and various parameters of pharmacological ac-
tivity. Central to the biological effects of anthracyclines is the DNA damage
mediated by inhibition of Top II function. A large number of agents, in par-
ticular several DNA intercalating agents (e.g., amsacrine, ellipticines), have
been described as Top II inhibitors. However, only quinone-containing in-
hibitors have a relevant antitumor activity. This observation suggests that
generation of ROS, which occurs in quinine-containing inhibitors, provides
a contribution to the drug cell-killing activity, and indirect evidence supports
this interpretation. The intracellular level of GSH, a major component of cel-
lular antioxidant defense, is known to confer resistance to doxorubicin [75].
Several lines of evidence support the notion that ROS may be involved in
the regulation of diverse cellular functions, including apoptosis induced by
DNA damaging agents [76]. Therefore, in addition to the production of ROS
generated by redox metabolism of the quinone moiety, oxidative stress, a con-
sequence of the apoptotic stimulus at the mitochondrial level, may provide
a contribution to the biological activity.

Thioredoxin has been reported to enhance the apoptotic death of breast
carcinoma cells in response to daunorubicin as a consequence of redox
cycling of the drug [77]. The redox cycling process should facilitate the
semiquinone intercalation with DNA. If the bioreductive processes generat-
ing free radicals (superoxide anion and semiquinone radical) play a relevant
role in cytotoxicity of anthracyclines, it is conceivable that the biological
background of various tumor types (in particular, the expression of enzymes
implicated in redox metabolism) is a critical determinant of cell sensitivity
and tumor response to drug treatment.

Whatever is the mechanism of DNA damage, it is now evident that drug
efficacy is markedly dependent on the persistence of drug effects. The dif-
ferent cellular pharmacokinetics likely accounts for the increased efficacy of
doxorubicin over daunorubicin.
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Abstract The clinical use of doxorubicin and other quinone-hydroquinone anticancer
anthracyclines is limited by a dose-related cardiotoxicity. Here, we review the correla-
tion of cardiotoxicity of doxorubicin with its peak plasma concentration and diffusion
in the heart, followed by reductive bioactivation or oxidative inactivation. One-electron
quinone reduction and two-electron side chain carbonyl reduction are accompanied by
iron and free radical reactions that are responsible for many aspects of anthracycline car-
diotoxicity. In contrast, one-electron hydroquinone oxidation serves as a salvage pathway
for degrading and detoxifying anthracyclines. Mechanism-based cardioprotective strate-
gies therefore involve replacing bolus administration with slow infusions (to reduce the
drug’s plasma peak), encapsulating anthracyclines in liposomes (to reduce the drug’s car-
diac diffusion), and administering antioxidants or iron chelators. Preclinical modelling
and clinical studies suggest that eliminating the side chain carbonyl group reduction
warranted a satisfactory degree of cardioprotection. Approved or investigational anthra-
cyclines that lacked the carbonyl group or showed an inherent resistance to carbonyl
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reduction might prove safer than doxorubicin, particularly when administered with new
generation drugs that otherwise caused a toxic synergism with doxorubicin.

Keywords Analogs - Anthracyclines - Cardiotoxicity - Metabolism - Pharmacokinetics
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DOX(OL) doxorubicin(ol)
EPI(OL) epirubicinol
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IDA(OL) idarubicin(ol)

CHF congestive heart failure
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Cmax peak plasma concentration
AUC area under the curve

RyR ryanodin receptor-2

0y~ superoxide anion

H,0, hydrogen peroxide

ROS reactive oxygen species
'OH hydroxyl radical

IRP-1 iron regulatory protein 1

MbT0,  oxyferrous myoglobin
MbYV=0  ferrylmyoglobin

Mb!! metmyoglobin

LVEF left ventricular ejection fraction
DIDOX  C-13 deoxy-5 imino doxorubicin
PTX paclitaxel

DCT docetaxel
VEGF vascular endothelial growth factor

1
General Concepts

In spite of their longer than 40 years record of longevity, the anthracyclines
remain among the most effective cytotoxics available to the oncologist. They
act primarily by forming a stable ternary complex with DNA and topoiso-
merase II [1]. The skeleton of anthracycline is composed of a tetracyclic
ring system with adjacent quinone-hydroquinone moieties, an aminosugar
(daunosamine) bound by a glycosidic bond to C-7, and a short side chain
with a carbonyl group at C-13. Relatively minor changes in this skeleton re-
sult in major changes of the spectrum of antitumor activity. Anthracyclines
with a primary alcohol at the side chain terminus, like doxorubicin (DOX)
and epirubicin (EPI), show activity against both solid and hematologic ma-
lignancies. Anthracyclines with a methyl group, like daunorubicin (DNR) and
idarubicin (IDA), are used primarily to treat acute myeloblastic leukaemia
and AIDS-related Kaposi’s sarcoma. EPI differs from DOX in a positional
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Table 1 Anthracycline structure and effects of substituents on the clinical spectrum of
antitumor activity

ANTHRACYCLINE R; R, R3 APPROVED
INDICATIONS
DOX CH,0H OCH;3 OH ax Carcinomas, sarcomas,
EPI CH,OH  OCH; OHeq lymphomas
DNR CH; OCH; OH ax  Acute myeloblastic leukaemia,
IDA CH; H OH ax  AIDS-relatedKaposi’s sarcoma

change of the hydroxyl group at C-'4 in daunosamine, while IDA differs from
DNR in the absence of a methoxy substituent at C-4 (Table 1).
Anthracyclines have long been known to induce also cardiotoxicity, an un-
toward effect that limits their clinical use. Patients exposed to anthracyclines
may experience arrhythmias, hypotension, and mild depression of myocar-
dial contractility; in a few cases, myocarditis and pericardial effusions may
also occur. This is the so-called acute cardiotoxicity, a reversible and usually
benign condition that develops shortly after one or two doses of an anthra-
cycline. Acute cardiotoxicity is relatively infrequent (~1% of patients), and
does not represent an indication to interrupt an anthracycline-based regi-
men [1,2]. Unfortunately, however, anthracyclines may also cause dilative
cardiomyopathy and congestive heart failure (CHF). In the absence of indi-
vidual risk factors (age, hypertension, preexisting arrhythmias or valvular
diseases, diabetes or other metabolic disturbances) cardiomyopathy and CHF
only develop when the “lifetime” cumulative dose of DOX exceeds a threshold
that is currently set at ~450 mg/ m? [3]. “Lifetime” means that the cumulative
dose of DOX should always be intended as the arithmetic sum of the individ-
ual doses administered to a patient, even if months or years occurred between
one cycle and the other. This concept rests with the fact that the cardiac half-
life of DOX may be surprisingly long, such that anthracycline-related material
could be measured in the heart of patients deceased long after the last ad-
ministration of DOX [4]. Cardiomyopathy therefore develops in response to
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the summation of injuries inflicted by de novo DOX and long-lived cardiac
residues of prior DOX.

Retrospective clinical studies have also shown that the severity of cardiac
damage in a given patient is inversely correlated to the levels of P glyco-
protein (Pgp) in the endothelium of arterioles and capillaries of the heart
of that patient [5]. Pgp is a prominent member of the superfamily of ATP-
binding proteins that extrude anthracyclines and many other drugs from
within the cells into the extracellular fluids. Thus, the dose-dependence of
cardiomyopathy and its inverse correlation with Pgp highlight a close link be-
tween myocardial damage and the amount of DOX that accumulates in the
heart.

Anthracycline-induced cardiomyopathy and CHF exhibit a time-related pat-
tern. In the vast majority of patients these cardiac events occur within a year
from the completion of a cumulative anthracycline regimen [2], but very late
forms of cardiomyopathy are not uncommon among the long-term survivors
of childhood cancer [6]. Cardiomyopathy and CHF therefore represent what is
popularly referred to as chronic cardiotoxicity. Full-blown chronic cardiotoxic-
ity is a life-threatening condition, especially if one appreciates that it may show
only partial or transient responsiveness to cardiovascular drugs like digitalis,
angiotensin converting enzyme inhibitors, and -blockers [7].

2
Pharmacokinetic Determinants of Cardiotoxicity

The relation between the myocardial content of DOX and the development
of cardiomyopathy anticipates that the risk of cardiac events will depend on
afew established pharmacokinetic determinants. Thus, a retrospective analysis
of several clinical studies demonstrates that the development of chronic car-
diomyopathy correlates with the peak plasma concentration of DOX (Cpax);
in laboratory animals, this correlates with the post-administration ventricular
peak of DOX and of its major metabolites [8]. This having being said, one can
understand how chronic cardiotoxicity occurs more frequently when a patient
is given DOX by i.v. bolus over 5-15 min, a modality that generates high Cpax
values; conversely, chronic cardiotoxicity occurs less frequently (or at higher
anthracycline cumulative doses) when DOX is administered by continuous in-
fusion over 2 or 4 h, a modality that generates a much lower Cr,ax while also
producing equal or higher Area Under the Curve (AUC) and objective tumor
response [9]. Note, however, that the safety of replacing bolus administration
with slow infusions was observed in studies of adult patients but not in pediatric
settings, as if the pharmacokinetic determinant(s) of cardiotoxicity depended
on age-related factors that await further clarification [10].

Further evidence that the cardiotoxicity of DOX correlates with its Cpax
and diffusion into the heart comes from the successful strategy of encap-
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sulating the anthracycline molecule in liposomal delivery systems. Liposo-
mal DOX reaches high Cpax values and diffuses through the discontinuous
“leaky” endothelium of tumors; however, the liposomes are too big to diffuse
through the normal microvasculature of the heart. Thus, the pharmacokinetic
harm associated with a high Cpax of DOX is counterbalanced by a limited
partitioning of DOX into the vulnerable cardiomyocytes.

Two liposomal formulations of DOX have been developed and ap-
proved for clinical use: an uncoated formulation (currently marketed as
Myocet®) and a sterically stabilized polyethyleneglycol-coated formulation
(Caelyx®). An uncoated liposomal formulation of daunorubicin is also avail-
able (DaunoXome®).

Myocet® has been examined in two phase III studies for the treatment of
metastatic breast cancer [11, 12]. In both studies Myocet® demonstrated a mg
for mg equipotency to free DOX, but it showed a dramatically reduced car-
diac toxicity. Myocet® was also probed in metastatic breast cancer patients
who had received DOX in the adjuvant setting. Also in these patients Myocet®
showed a good activity vis-a-vis a limited cardiotoxicity, a finding that con-
ceptually re-opened the door to the use of DOX in patients with a previous
exposure to anthracyclines [13]. Caelyx® was designed to escape degrada-
tion by cells of the reticuloendothelial system and hence, to generate a blood
circulation time and an intratumoral drug-liposomal deposition even higher
than those obtained with Myocet®. In agreement with these premises Caelyx®
showed very high activity but limited cardiotoxicity in patients with breast
or ovary cancer; unfortunately, however, the unique pharmacokinetic effects
of the polyethylenglycol coating also resulted in a dose-limiting hand-foot
syndrome [14].

DaunoXome® has been approved by the Food and Drug Administration
as first line therapy of AIDS-related Kaposi’s sarcoma; it shows activity and
tolerability as a single agent or in combination with other drugs also in
refractory/relapsed acute myeloblastic leukaemia, recently diagnosed or re-
current/refractory multiple myeloma, and poor-prognosis non-Hodgkin lym-
phoma [15,16]. In all such settings DaunoXome® exhibits an encouraging
cardiac tolerability. Of note, limited phase I dose-escalating studies indicate
that DaunoXome® may be active and cardiac-safe also in metastatic breast
cancet, a clinical setting in which DNR lacked a formal indication [17]. These
findings denote the many favorable effects of liposomal encapsulation on the
therapeutic index and spectrum of activity of DNR.

3
Metabolic Determinants of Cardiotoxicity

In cardiomyocytes anthracyclines cause vacuolar degeneration, mitochon-
drial inclusions, myofibrillar disarray and dropout, increased number of lyso-



26 P. Menna et al.

somes, apoptosis, and necrosis [1]. This morphologic pattern is seen almost
universally in patients and laboratory animals, but the underlying molecular
mechanisms and/or chemical mediators may be species-specific.

DOX per se was shown to downregulate cardiac-specific transcriptional
regulatory proteins, causing a reduced expression of the Ca?*-gated Ca®* re-
lease channel (ryanodin receptor-2, RyR2), «-actin, myosin light chain 2 slow,
and others [18-20]. Doxorubicin per se was also shown to bind to cardiolipin,
highly abundant in heart mitochondria, thereby altering the normal assembly
and functional coupling of the respiratory chain [21]. Whether such mechan-
isms contributed to inducing full-blown cardiotoxicity remained uncertain,
especially in the light of the rather high doses of DOX that had to be used in
vitro or in animal models; therefore, the current thinking is that DOX gained
more toxicity upon conversion to reactive metabolites or intermediates.

3.1
One-Electron Reductive Bioactivation

The bioactivation of anthracyclines to cardiotoxic species offers a typical ex-
ample of structure-activity relations. One-electron reduction of the quinone
moiety of DOX results in the formation of a semiquinone free radical which
regenerates its parent quinone by reducing molecular oxygen to superoxide
anion (Oy7) and hydrogen peroxide (H,0;), members of the broad family of
reactive oxygen species (ROS) (Fig. 1A).

Such a “redox-cycling” of DOX is supported by NADPH-dependent cy-
tochrome P450 or b5 reductases, mitochondrial NADH dehydrogenases
(NADH ubiquinone oxidoreductase and the so-called “exogenous reduc-
tase”), xanthine dehydrogenase, and endothelial nitric oxide synthase (re-
ductase domain). One-electron reduction of DOX is accompanied also by
a reductive release of Fe(II) from ferritin. On the one hand, the anthracycline
semiquinone (E® =- 0.4 V) redox-couples with the transprotein channels
of ferritin and initiates an electron tunnelling that reduces and mobilizes
the polynuclear ferric oxohydroxide core of ferritin (E” =-0.23 V); on the
other hand, a semiquinone-derived O~ would be small and electronegative
enough (E® =-0.33 V) to penetrate the transprotein channels and to reduce
ferritin iron directly [22]. All such processes elevate the cellular levels of
Fe(II) ions that convert the O, and H,0; into hydroxyl radical ("OH), one
of the most potent oxidants possibly formed in biologic systems (E® =2.31 V
at pH 7.0) [23]. A one-electron reduction of DOX and other anthracyclines
would therefore be expected to cause oxidative stress, especially if one ap-
preciates that cardiomyocytes are constitutively ill-equipped with O, or
H,0;-detoxifying enzymes like superoxide dismutase or catalase; in addition,
DOX-derived H,0, quickly inactivates selenium-dependent glutathione per-
oxidase and decreases the protein levels and activity of cytosolic copper- and
zinc-dependent superoxide dismutase [24, 25].
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Fig.1 Anthracycline reductive bioactivation vs. oxidative degradation and detoxifica-
tion. A One-electron quinone reduction; B Two-electron side chain carbonyl reduction;
C One electron hydroquinone oxidation. O,'~, superoxide anion; H,O;, hydrogen per-
oxide; Mb'0,, oxyferrous myoglobin; Mb'V=9, ferrylmyoglobin

3.2
Two-Electron Reductive Bioactivation

Anthracyclines are said to gain toxicity also after a two-electron reduc-
tion of the side chain C-13 carbonyl moiety. In laboratory animals such
reaction is mediated by heterogeneous families of cytoplasmic NADPH-
dependent aldo/keto- or carbonyl-reductases, but in human myocardial sam-
ples it seems to be mediated almost exclusively by a specific family of
aldehyde reductases [26,27]. Two-electron carbonyl reduction converts an-
thracyclines to secondary alcohol metabolites referred to as doxorubicinol
(DOXOL), epirubicinol (EPIOL), daunorubicinol (DNROL), or idarubicinol
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(IDAOL) (Fig. 1B). In cell-free systems or isolated rat heart preparations
these metabolites may be ~30-40 times more potent than their parent an-
thracyclines at inactivating ATP-dependent Ca®*-handling proteins [28-30];
DOXOL is also more potent than DOX at suppressing the gene expression of
RyR2 [31]. Perhaps more importantly, secondary alcohol metabolites exhib-
ited a unique reactivity toward the Fe-S cluster of cytoplasmic aconitase/Iron
Regulatory Protein-1, an important and versatile regulator of iron homeosta-
sis, energy metabolism, and redox balance of the cell [22, 32, 33].

While attesting to a unique biochemical reactivity of secondary alcohol
metabolites as compared with their parent drugs, the pharmacodynamics of
such metabolites and their possible contribution to cardiomyopathy and CHF
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Fig.2 Pharmacokinetics and toxicokinetics of DOX and DOXOL in human myocardium.
A DOX uptake and DOXOL formation were measured in human myocardial strips incu-
bated in plasma with 10 uM DOX for 4 h. B Human myocardial strips were incubated in
plasma with 10 uM DOX for 4 h and then placed in anthracycline-free plasma which was
assayed for DOX and DOXOL efflux. The values were expressed by normalizing DOX(OL)
in plasma to DOX(OL) in the strips. C DOXOL/DOX ratios were plotted by assuming an
immediate post-administration concentration of 10 or 0.05 uM for DOX or DOXOL, re-
spectively (cfr. panel A). [Concentration x potency] factors were calculated by assuming
that DOXOL was 40-times more potent than DOX toward ATP-dependent Ca?* handling
proteins; based on data in [26, 27, 29]
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should be interpreted with due caution. In human myocardial samples the
fractional conversion of DOX and EPI to DOXOL or EPIOL usually averaged
<1% [26, 27, 34, 35]: this would be too low for DOXOL or EPIOL to play a ma-
jor role in cellular damage, even if one considered that the metabolites were
~30-40 times more reactive than DOX or EPL

The role of secondary alcohol metabolites must therefore be appraised
also on pharmacokinetic grounds. Unmodified anthracyclines are lipophilic
enough to diffuse from cardiomyocytes back into plasma, while secondary al-
cohol metabolites are too polar to do so and show essentially no efflux [27]
(see Fig. 2A,B for a comparison of DOX with DOXOL). It is because of such
differences that the post-administration cardiac levels of DOX gradually de-
creased by >2 orders of magnitude while those of DOXOL remained station-
ary or increased up to a level where DOXOL eventually equalled DOX [4]. One
can therefore approximate that the [potency x concentration] factor of DOX
only transiently prevailed after DOX administration, while that of DOXOL in-
creased and eventually prevailed at the time when cardiomyopathy and CHF
became clinically evident (Fig. 2C).

Several lines of evidence support the notion that secondary alcohol
metabolites might represent the long-lived anthracycline species that best
correlates with a development of cardiomyopathy and CHF: (i) in labora-
tory animals the development of chronic cardiomyopathy correlated with
a time-related accumulation of DOXOL in the heart [28], (ii) mice with
a cardiac-specific overexpression of anthracycline carbonyl reductases exhib-
ited an increased conversion of DOX to DOXOL and an accelerated course of
development of chronic cardiomyopathy [36], (iii) mice with the genetic dele-
tion of one copy of the carbonyl reductase allele formed fewer amounts of
DOXOL and developed a less severe cardiotoxicity [37].

3.3
One-Electron Oxidative Degradation and Detoxification

For many years it was thought that one- or two-electron additions would
be the only metabolic pathways that influenced anthracycline toxicity in
the heart. Over the last few years it turned out that anthracyclines are li-
able also to one-electron oxidation, a process that was brought into focus
through an appreciation of the dual role of myoglobin in the heart. On the
one hand, oxyferrous myoglobin (Mb'0,) plays an established role in storing
and exchanging oxygen with mitochondria or other cellular sites that need
a steady-state oxygen supply; on the other hand, an oxidation of Mb 0, with
H,0, generates a long-lived iron-oxo moiety (Mb!V=0) that is formally iden-
tical to the compound II of peroxidases and catalyzes the oxidation of many
biomolecules [38]. Studies with cell-free systems uncovered that the redox
cycling of DOX, and the consequent formation of H,0;, could very well be
accompanied by Mb!V=C formation and one-electron oxidation of the B ring
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hydroquinone in juxtaposition to the C ring quinone. During the course of
this reaction Mb!V=C reduced to metmyoglobin (Mb'!), while DOX lost its
fluorescent and chromatographic properties in a manner that was highly sug-
gestive of anthracycline ring opening and degradation [39].

The precise chemistry of anthracycline oxidative degradation is only par-
tially understood. An Mb!V=C-dependent oxidation was observed also with
DNR and IDA or a simple quinone-hydroquinone compound like napht-
hazarin, but a less extensive oxidation occurred with an anthracycline ana-
log (aclarubicin) that lacked the hydroquinone moiety [39]. In confirming
that oxidation occurred at the hydroquinone moiety, these results suggested
that ring opening might occur through the formation of a highly unstable
diquinone intermediate (Fig. 1C) [39, 40]. 3-Methoxyphthalic acid, an oxida-
tively modified remnant of the D ring, was shown to be formed in vitro
during oxidation of DOX with the compound I of authentic peroxidases
or Hy0,/Mb!! mixtures that also formed a compound I-like species with
a porphyrin 7 cation radical [41, 42]; however, 3-methoxhyphthalic was not
detected during oxidation of DOX with H,0, and the physiologic Mb0,,
which only generates a compound II [43]. Regardless of such mechanistic
uncertainties, in vitro studies offered unambiguous evidence that neither pu-
rified 3-methoxyphthalic acid, nor DOX samples that had been oxidized with
H,0,/Mb"0,, were able to damage cardiomyocytes [41, 43].

The aforesaid observations suggested that one-electron oxidation might
serve to detoxify DOX in competition with its bioactivation by one- or two-
electron reduction, but one such concept had to be probed in a cellular
environment in which anthracycline reduction and oxidation occurred sim-
ultaneously. This experimental approach became possible upon discovering
that fert-butoxycarbonyl-alanine introduced sterical barriers to a reaction of
DOX with Mb!V=0, thereby blocking DOX degradation. When administered
to cardiomyocytes fert-butoxycarbonyl-alanine increased the steady state lev-
els of DOX, its conversion to ROS, and its concentration-related toxicity [43].
On balance, these results support the notion that anthracycline oxidation op-
erates a salvage mechanism against the reductive bioactivation of DOX in
cardiomyocytes.

4
Translating the Metabolic Determinants
of Cardiotoxicity into Protective Strategies

4.1
Antioxidants

The possible role of ROS in anthracycline-induced cardiotoxicity offered a ra-
tionale for using antioxidants that intercepted ROS and/or increased the ROS
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resistance of vulnerable targets like membrane lipids or labile thiols. In pre-
clinical models, good results were obtained with such diverse compounds as
probucol, piperidine nitroxides, spin traps, melatonin, vitamin E, membrane-
permeable thiol-reducing agents (like N-acetylcysteine), and rutoside-type
flavonoids [1]. In clinical settings, similar strategies were largely unsuccess-
ful: for example, robust doses of vitamin E or N-acetylcysteine neither de-
layed nor mitigated cardiotoxicity induced by cumulative doses of DOX [44].
Carvedilol, a S-blocker with potent but only partially characterized antiox-
idant and antiapoptotic properties [45], showed a promising protective ef-
ficacy in patients treated with DOX [46]; however, the study design and
statistical power were questioned [47]. The protective efficacy of carvedilol
should be probed in randomized trials that used nonantioxidant S-blockers
in the control arm.

4.2
Iron Chelators

Another protective strategy rests with the chelation of iron by dexrazoxane,
a bis-ketopiperazine which hydrolyzes to a diacid-diamide structurally simi-
lar to EDTA. The hydrolysis of dexrazoxane is a complex and fascinating
process: it may occur enzymatically through the action of dihydroorotases,
but it may also occur nonenzymatically upon ligand binding interactions with
metals [48]. Dexrazoxane shows an extraordinarily rapid diffusion in car-
diomyocytes, and meets the structural requirements to chelate iron before it
catalyzed the conversion of O~ and H,0; into "OH. Dexrazoxane prevented
histologic lesions and contractile dysfunction induced by DOX in both pre-
clinical and clinical studies, granting an FDA approval for its use in patients
who were scheduled to continue on DOX or EPI after a prior exposure to
a cumulative dose of 300 mg of DOX/m?. [1,49]. Here it is worth noting that
dexrazoxane had been suspected to reduce response rates in women receiv-
ing DOX for the treatment of metastatic breast cancer [50], but the current
thinking is that such an effect may have been overestimated [51].

In evaluating the lack of clinical protection by antioxidants vis-a-vis the
protection afforded by dexrazoxane one cannot escape the conclusion that the
role of iron may well extend beyond *OH formation. In the light of the avid-
ity of secondary alcohol metabolites for aconitase/IRP-1 one might envision
that anthracyclines disrupt iron homeostasis in the heart, thereby causing
the misplacement of iron ions at cellular sites that lose their function after
their sterical occupation by this metal: this might very well be the case of the
RyR2, which undergoes inactivation upon coordination of iron by the cys-
teine residues lining the channel [52]. Thus, dexrazoxane might protect the
heart by preventing iron misplacement rather than iron-catalyzed free radical
reactions. Similar conclusions were reached during the preclinical testing of
other iron chelators, like e.g., lipophilic aroylhydrazones [53, 54].
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4.3
Noncardiotoxic Anthracycline Analogs

The promising results obtained with slow infusions or liposomal anthracy-
clines did not halt the search for analogs that caused less cardiac toxicity
while also showing antitumor activity. There are several reasons to explain
the unabated search for such a “better anthracycline”. Liposomal anthracy-
clines are quite expensive, and many doctors perceive them as too laborious
to prepare and/or to infuse; moreover, as mentioned, pegylated liposomal
DOX causes a severe dose-limiting hand-foot syndrome [14]. Slow infusions
too are felt as a last-resort and laborious procedure, not to mention their
uncertain value in pediatric settings.

The search for a “better anthracycline” has produced some 2000 analogs,
but only a handful of them reached the stage of consideration for clinical use.
Before reviewing the main features of some newly designed anthracyclines, it
may be worth considering that the currently approved “old” anthracyclines
do exhibit discrete differences in their cardiotoxic potential. There have been
variable levels of interest in examining such differences; here, we will briefly
review some lessons from IDA or EPI.

Idarubicin (administered by the canonical iv route) was shown to decrease
the left ventricular ejection fraction (LVEF) in anthracycline-naive patients, or
to cause CHF in patients with preexisting cardiovascular disease or prior an-
thracycline treatment [55]. In the light of its very high lipophilicity, IDA was
subsequently administered also per os, and the studies that adopted this route
showed essentially no cardiotoxicity [56]. In examining the different outcomes
of these studies one may want to consider that an equiactive plasma drug ex-
posure would be achieved following oral doses of IDA ~2.5-fold higher than
the i.v. doses [57]. This was not the case in the available studies, which usually
adopted less than bioequivalent doses of IDA; hence, the cardiac tolerability
of oral IDA might well be a reflection of its lower bioavailability. Whether IDA
displayed a diminished cardiotoxicity awaits further clarification.

A more instructive lesson is offered by EPI, which only differs from DOX
in an axial-to-equatorial epimerization of the hydroxyl group at C-4 in
daunosamine (cfr. Table 1). This positional change has long been known to
facilitate the glucuronidation and body clearance of EPI as compared to DOX;
therefore, the dose of EPI equiactive to 1 mg of DOX increases to 1.5 mg [58].
Interestingly, however, the dose of EPI equicardiotoxic to 1 mg of DOX may
be as high as 1.8-2mg, as if glucuronidation and body clearance were not
the only factor that diminished the dose-related cardiotoxicity of EPI [59].
In practice, cardiomyopathy and CHF would not develop until the cumula-
tive dose of EPI exceeded 850-900 mg/m?, a dose level at which EPI would be
~1.3 times more active than DOX.

Recently, we demonstrated that EPI might cause less cardiotoxicity than
DOX because of its reduced intramyocardial conversion to ROS or its sec-
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ondary alcohol metabolite EPIOL. In human myocardial samples the bioac-
tivation of EPI to ROS was limited by a unique mechanism of anthra-
cycline protonation-sequestration in acidic organelles like recycling endo-
somes, lysosomes, or vesicles of the trans-Golgi network; this resulted in
a limited partitioning of EPI toward the mitochondrial sites of one-electron
redox cycling [60]. The avidity of EPI for the acidic organelles could not
be attributed to a commensurate avidity for protons, as the protonatable
aminogroups of DOX and EPI shared similar pK, values (8.34 vs. 8.08); in-
stead, it was caused by the higher lipophilicity of EPI compared to DOX (1.1
vs. 0.5, as determined by octanol:Tris buffer partitioning) [61], with this fac-
tor increasing the net amount of EPI that partitioned into the vesicles and be-
came available to protonation-sequestration [60]. While exhibiting very little
or no biotransformation to ROS, EPI also formed ~50% less alcohol metabo-
lite than DOX. This was caused primarily by an impaired catalytic specificity
of EPI for the same aldehyde reductases that converted DOX to DOXOL [27,
60]. It is worth emphasizing that neither a protonation-sequestration mech-
anism nor a defective conversion to EPIOL would be expected to diminish the
activity of EPI in tumor cells. Drug-naive tumor cells usually show a defective
acidification of their vesicular apparatus, and consequently fail to sequester
anthracyclines [62]; furthermore, secondary alcohol metabolites do not al-
ways mediate or sometimes diminish the antitumor activity of anthracyclines,
although the molecular foundations of such a reduced activity have not been
formally elucidated [1].

In providing formal explanations about how EPI caused cardiomyopathy
and CHF at doses higher than equiactive to DOX, the aforesaid results clearly
illustrate that anthracyclines lacking the formation of ROS or secondary al-
cohol metabolites may fulfill—at least in principle—the characteristics of
good activity vis-a-vis reduced toxicity. One should also note that, in the case
of EPI, a ~30% reduction of its dose-related cardiotoxicity would correlate
much better with a ~50% reduction of EPIOL formation rather than with
a near-to-complete abrogation of ROS formation. This might reinforce the
concept that secondary alcohol metabolites were more important than ROS in
promoting the development and/or progression of cardiotoxicity.

As mentioned, very many “new” anthracyclines have been designed in an
attempt to overcome the problem of cardiotoxicity. Some of them should not
be viewed as “analogs” obtained by chemical modifications of the anthra-
cycline chromophore and/or aminosugar; instead, they represent prodrugs
that deliver authentic DOX to tumor cells but not to cardiomyocytes, simi-
lar to what is obtained by entrapping DOX in liposomes. A good example
is offered by DOX covalently linked to N-glutaryl-[4-hydroxyprolyl]-Ala-Ser-
cyclohexaglycyl-Glu-Ser-Leu. This prodrug (code-named L-377,202) releases
DOX or diffusible leucine-DOX in prostate cancer cells after a cleavage of its
peptide moiety by the serine protease activity of the prostate cancer specific
antigen [63].
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Other prodrugs are obtained by linking DOX to polymers recognized by
tumor-specific receptors. A good example of this second strategy is offered by
PK2 (DOX linked to hydroxypropyl-methacrylamide-galactosamine copoly-
mers recognized by the liver-specific asialoglycoprotein receptor). PK2 holds
promise for an effective and safe therapy of primary hepatocarcinomas [64].

The number of true “analogs” keeps growing year after year. In return-
ing to comparisons of DOX with EPI, we will focus on those analogues that
proved to form fewer amounts of ROS and/or secondary alcohol metabolite;
this will serve as an opportunity to verify whether the free radical or alcohol
metabolite hypotheses of cardiotoxicity translated into chemical entities more
advantageous than EPI.

Attempts to eliminate an involvement of DOXOL in cardiotoxicity formed
the rationale to design C-13 deoxydoxorubicin (Fig. 3).

When probed in a rabbit chronic model of cardiotoxicity C-13 deoxydox-
orubicin caused essentially no effect on major indices of myocardial contrac-
tility nor did it suppress the expression of RyR2 [31]. The next logical step was
to design an anthracycline (5-imino, C-13 deoxydoxorubicin, provisionally
referred to as DIDOX), in which also the quinone moiety had been modified
to eliminate the formation of ROS (Fig. 3) [65]. DIDOX caused less cardiotoxi-
city than DOX in laboratory animals, but there is little or no room to conclude
that it caused less cardiotoxicity than C-13 deoxydoxorubicin. If anything,
it was noted that DIDOX caused ~3-4 times less myelotoxicity than DOX.
Inasmuch as myelotoxicity is a surrogate of the antiproliferative activity of
any given chemotherapeutic, these findings anticipate that an elimination of
the quinone moiety diminished the antitumor effects of DIDOX. In principle,
this might be caused by perturbances of the formation of an anthracycline-
topoisomerase II-DNA complex, which relies on a precise overlap of the B and
C rings with adjacent base pairs of DNA; it might also reflect the elimination
of ROS-dependent factors like telomere oxidation, formation and adduction
of malondialdehyde to DNA, formation of anthracycline-formaldehyde conju-
gates with longer cellular half-life and higher DNA cross-linking activity [1].

C-13 deoxy DOX C-13 deoxy, 5-imino DOX MEN 10755
(DIDOX) (sabarubicin)

Fig.3 Structures of C-13 deoxydoxorubicin, DIDOX, MEN 10755
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Face-to-face comparisons of C-13 deoxydoxorubicin with DIDOX suggest
that an elimination of alcohol metabolite formation suffices at reducing car-
diotoxicity while not impairing antitumor activity. On the basis of what we
know from EPI, it also seems that changes in alcohol metabolite formation
do not always require chemical modifications at C-13 but may well occur after
introducing modifications at a distance from C-13.

The most persuasive validation of these concepts comes from preclini-
cal and clinical studies of sabarubicin, formerly code-named MEN 10755.
Sabarubicin is the lead compound of disaccharide anthracyclines that were
designed to explore the effects of the aminogroup of daunosamine on the
inhibition of topoisomerase II: it is obtained by removal of the methoxy
substituent at C-4 in the aglycone and by insertion of 2,6-dideoxy-L-fucose
between the aglycone and daunosamine (Fig. 3). Studies with several tumor
cell lines and human tumor xenografts show that sabarubicin is equiactive or
sometimes superior to DOX [66]; it may show activity also in cell lines that
developed resistance to DOX because of the overexpression of antiapoptotic
factors like Bcl-2 [67]. Early preclinical trials showed that the higher antitu-
mor activity of sabarubicin occurred in the face of its defective conversion to
sabarubicinol, which was of the same order of magnitude as that described
for the defective conversion of EPI to EPIOL; however, sabarubicinol—but not
DOXOL or EPIOL—showed also a limited reactivity toward the Fe—S clus-
ter of aconitase/IRP-1 [68,69]. From a structure-activity view point it was
shown that the formation of sabarubicinol was limited by both the lack of
the methoxy group at C-4 and the presence of the disaccharide moiety, while
the [Fe — S]-reactivity of sabarubicinol was only limited by the presence of the
disaccharide moiety [68]. Because of such unique properties, studies with rats
proved that sabarubicin was appreciably less cardiotoxic than equimyelotoxic
DOX or EPI [70].

The lessons from sabarubicin are twofold. On the one hand, the studies
with sabarubicin confirm that modifications at distance from the side chain
can diminish carbonyl reduction and improve the cardiac safety of an an-
thracycline while also sparing, if not improving its antitumor activity. In ex-
tending this concept to the pharmaceutical engineering of anthracyclines one
would expect that combining modifications of the number of sugar moieties
with epimerization of the distal daunosamine might improve the therapeu-
tic index of an anthracycline even further. On the other hand, sabarubicin
offered a sound opportunity to translate the alcohol metabolite hypothesis
of cardiotoxicity into clinical trials. In a phase I study of 24 patients with
advanced solid tumors only two patients experienced an asymptomatic de-
crease of the LVEF [71], while in a phase II study of patients with advanced
platinum/taxane-resistant ovarian cancer no signs or symptoms of CHF were
observed [72]. And finally, a phase II study of patients with progressive hor-
mone refractory prostate cancer showed that moderate-to-severe cardiotoxic-
ity only occurred in 3 of 32 patients exposed to cumulative doses of >500 mg
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of sabarubicin/m? [73]. It is hoped that such promising results will soon be
confirmed in randomized phase III clinical trials.

44
Modulators of Anthracycline Degradation

Drugs that stimulated anthracycline oxidation might prove useful to dimin-
ish the cardiac levels of DOX and its reductive bioactivation to DOXOL or
ROS. Salicylic acid, a commonly used anti-inflammatory and analgesic drug,
was shown to form phenoxyl radicals that dimerized to biphenol quinone, an
oxidant able to degrade anthracyclines [74]. These limited observations do
not imply that salycilic acid improved the therapeutic index of anthracyclines,
as similar reactions might well occur also in tumors. Drugs that accelerated
the redox turnover of Mb'V=0 with DOX or facilitated sterical interactions
between the two (an effect opposite to that of tert-butoxycarbonyl-alanine)
might prove more specific at inducing DOX degradation in the heart.

5
Cardiotoxic Synergism of Anthracyclines with Other Drugs

The cardiotoxicity induced by DOX has long been known to be aggravated
by concomitant pharmacological or physical therapies. Cyclophosphamide
is suspected to synergize with DOX in the heart, but the mechanism of
such a synergism has not been formally elucidated. Cyclophosphamide,
as many other alkylating agents, can randomly and dose-independently
cause coronary events [75], but whether a latent myocardial ischemia pre-
cipitates the damage induced by anthracyclines should require ad hoc in-
vestigations. Chest irradiation is another factor that introduces a definite
risk of cardiac events. In the clinical practice, however, radiation ther-
apy and cyclophosphamide-anthracycline regimens remain essential com-
ponents of the treatment protocol of many cases of breast cancer or other
malignancies.

The last few years have witnessed novel clinical paradigms of a toxic syner-
gism between anthracyclines and other drugs, which resulted in symptomatic
CHEF at lower than expected cumulative doses of DOX. The synergism may be
caused by traditional cytostatics like taxanes, or by new generation targeted
drugs like the anti HER2/neu monoclonal antibody trastuzumab.

5.1
Anthracyclines and Taxanes

Paclitaxel (PTX) was the first approved member of a family of tubulin-
stabilizing agents referred to as taxanes. PTX is active in head, neck, breast,
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and ovary cancers; its most frequent nonhematologic toxicities include pe-
ripheral neuropathy and hypersensitivity reactions, with the latter being
caused by its vehicle Cremophor EL. PTX alone did not induce clinically rele-
vant cardiotoxicity, with the possible exception of post-infusion arrhythmias
also attributable to Cremophor EL; nonetheless, early pivotal trials of bo-
lus DOX immediately followed by PTX in metastatic breast cancer patients
showed that the combination caused a unacceptably high incidence of my-
ocardial dysfunction and symptomatic CHF at cumulative doses <480 mg
of DOX/m? [76]. Such an unexpected cardiotoxicity of DOX-PTX could be
dealt with by reducing the cumulative dose of DOX to 360 mg/m? or by sep-
arating the two agents by 4 hours or longer [77]. Combining DOX with the
other approved taxane docetaxel (DCT) did not show the same toxic syner-
gism as that observed with the DOX-PT doublet, but the largest phase III
trial that demonstrated the safety of DOX immediately followed by DCT was
biased by a cautionary reduction of the mean cumulative dose of DOX to
378 mg/m2 [78].

Over the last few years we were able to show that PTX is an allosteric mod-
ulator of the cytoplasmic aldehyde reductases that convert DOX to DOXOL
in human myocardium; by this mechanism PTX improves the catalytic ef-
ficiency (Vmax/Km) and causes a net increase of DOXOL formation in the
heart [26, 27] (Table 2).

Table 2 Effects of PTX and DCT on DOXOL or EPIOL formation in human myocardium

Anthra- Taxane Km?®  Viax® Vmax/Km® Alcohol
cycline (WM) (nmol/mgprot./min) ml/(mgprot./min) metabolite
(x107) (uM)

DOX - 81 0.015 1.9 0.054+0.01*
PTX 42 0.043 10 0.08+0.01
DCT 47 0.036 7.7 0.09+0.02

EPI - 250 0.0025 0.1 0.034+0.003
PTX 240 0.003 0.13 0.03+0.01
DCT 230 0.0027 0.11 0.03+0.004

The kinetics of DOXOL or EPIOL formation (a, b, c) were determined in incubations con-
taining isolated human heart cytosol, NADPH, and appropriate amounts of DOX or EPI,
with or without 1 M taxanes. Net values of DOXOL or EPIOL formation were determined
in human myocardial strips incubated in plasma with 10 uM anthracyclines for 4 h, with
or without 6 uM PTX or DCT formulated in Cremophor EL or polysorbate 80, respec-
tively.

* Indicates p < 0.05 for DOXOL vs. EPIOL and p < 0.05 for DOXOL vs. DOXOL + PTX or
DOXOL + DCT

Adapted from [27]

PTX, paclitaxel; DCT, docetaxel
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A kinetic model was developed to show that clinically relevant concentra-
tions of PTX bind with a high affinity (! Kj,~1.2 uM) to the regulatory site of
aldehyde reductases, inducing conformational changes that improve both the
orientation of DOX in the active site of the enzyme and the flow of electrons
toward the side chain carbonyl group of DOX. This model was strengthened
by the fact that high concentrations of PTX (i.e., concentrations that would
not be reached in the heart under standard clinical conditions) competed
with low affinity (K > 6 uM) for the active site of the reductases, thereby
displacing DOX and inhibiting DOXOL formation [26, 27]. Of particular note
is that PTX never increased ROS formation in human myocardial strips ex-
posed to DOX [27]. This suggests that the higher than expected cardiotoxicity
of DOX-PTX combinations would be caused quite specifically by the stim-
ulation of DOXOL formation, as one would expect if DOXOL served as the
long-lived anthracycline reservoir with a higher potency toward many cellu-
lar targets. Equally important is the observation that DCT stimulated DOXOL
formation—but not ROS formation—by the same allosteric mechanisms and
with the same efficacy as those described with PTX (Table 2). This raises con-
cerns about the actual safety of DOX-DCT doublets, and suggests that also
DCT might precipitate cardiac events if it were combined with cumulative
doses of DOX higher than those adopted in the available clinical studies.

The case of DOX-taxane combinations served an excellent opportunity to
probe the metabolic foundations and clinical correlates of replacing DOX
with analogues characterized by a defective conversion to DOXOL. Once
again, the “old” EPI proved useful to challenge “new” hypotheses. Clinical tri-
als of EPI immediately followed by PTX had shown that CHF only occurred at
cumulative doses of >900 mg of EPI/m?; this was more than twice as high as
the maximum cumulative dose of DOX that could be safely administered in
combination with PTX [79].

Likewise, EPI immediately followed by DCT only caused minor and clin-
ically manageable symptoms in a patient exposed to 870 mg of EPI/m? [80].
On balance, these results uncovered that combining EPI with taxanes caused
essentially the same cardiotoxicity as that observed with EPI alone, as if tax-
anes and EPI failed to engage toxic metabolic interactions. This proved to be
the case: when assessed in human myocardial samples, neither PTX nor DCT
improved the kinetics of EPIOL formation (Table 2). While correlating nicely
with the clinical tolerability of EPI-taxane regimens, these results confirmed
that the levels of secondary alcohol metabolites determined the cardiac toler-
ability of anthracycline-based regimens.

5.2
Anthracyclines and Trastuzumab

p185HER?2, product of the protooncogene HER2 (also known as c-erbB-2 or
neu), is a transmembrane receptor tyrosine kinase belonging to the epider-
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mal growth factor receptor family. p185HER2 (hereafter referred to as HER2
tout court) is overexpressed in approximately 15-25% of human breast can-
cers, and such alteration associates with a poor prognosis. Pivotal studies of
women with HER2* metastatic breast cancer showed that a great therapeutic
improvement could be obtained with Trastuzumab, a humanized monoclonal
antibody targeted against the extracellular domain of HER2. Unfortunately,
however, it turned out that also the heart expressed a definite level of HER2;
the clinical use of Trastuzumab therefore associated with a probability of car-
diac events, which increased dramatically if the patients received concomitant
300-360 mg of DOX/m? [81].

A retrospective analysis of the cardiac tolerability of Trastuzumab in the
metastatic setting then showed that the probability of a cardiac event de-
creased significantly if DOX and Trastuzumab were administered sequen-
tially [82]. This latter finding was confirmed by the HERA trial or other
similar trials which adopted DOX followed by Trastuzumab for the adjuvant
treatment of HER2" breast cancer [83, 84].

The mechanism(s) of Trastuzumab cardiotoxicity have not been fully
elucidated, nor is it clear why Trastuzumab synergized strongly with con-
comitant DOX but much less with other chemotherapeutics (PTX, platinum
compounds) or prior DOX. Studies with mice suggest that HER2 is a key
player of cardiac development and an important factor in maintaining car-
diac structure and function [85]. In vitro studies also show that the binding of
neuregulin-1 (physiologically produced by endothelial cells) to HER2-HER4
heterodimers triggers a cascade of growth and survival signals that are im-
portant for cardiomyocytes to withstand stressor agents: in the case of an
anthracycline-induced stress, neuregulin-1 prevents myofilament disorgani-
zation/degradation and necrotic or apoptotic death [85]. The fact that HER2
and HER4 localize primarily to the transverse tubules of ventricular myocytes
lends support to the concept that HER2-derived signals are essential for a dy-
namic regulation of sarcomeric proteins under physiologic and especially
pathologic conditions.

The last few years have witnessed attempts to highlight differences in
the cardiac toxicities induced by Trastuzumab or DOX. The current think-
ing is that Trastuzumab alone induces a myocardial dysfunction (heralded
by a decline of the LVEF) which develops dose-independently, usually lacks
ultrastructural changes at endomyocardial biopsy, shows reversibility upon
Trastuzumab withdrawal, does not recur upon rechallenge nor precipitates
late sequelae upon exposure to sequential stressors. The characteristics of
Trastuzumab cardiotoxicity are virtually opposite to those of DOX; therefore,
the cardiotoxicity induced by DOX or Trastuzumab is referred to as type I or
I1, respectively (Table 3) [86].

In the light of such differences the toxic synergism of Trastuzumab with
DOX might be recapitulated within the framework of a “two hits damage”.
With concomitant DOX and Trastuzumab, the toxicity of DOX is strongly
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Table 3 Anthracyclines vs. Trastuzumab: Type I vs. Type II cardiotoxicity

Clinical course,

Type I
Cardiotoxicity
(anthracycline)

May stabilize, but subclinical

response to medication damage seems to persist;

Dose-dependence
Mechanism
Ultrastructure
Noninvasive

cardiac testing
Effect of rechallenge

Effect of late
sequential stress

recurrence in months or years
may be related to sequential
cardiac stress

Cumulative, “lifetime”
dose-related

Free radical formation (?),

Type 1I
Cardiotoxicity
(Trastuzumab)

High likelihood of complete or
near-to-complete recovery upon
withdrawal and/or medication

Dose-independent

Elimination of HER2-related

alcohol metabolite formation (?) survival factors
Vacuoles, myofibrillar disarray With limited exceptions,

and dropout, apoptosis and
necrosis

Decreased LVEE,

global decrease in wall motion
High probability of recurrent
dysfunction that progresses

toward treatment-resistant CHF

High likelihood of sequential
stress-related cardiac
dysfunction

no apparent ultrastructural
abnormalities
As in type I

Increasing evidence for the
safety of rechallenge

Low likelihood of sequential
stress-related cardiac
dysfunction

Adapted from [82, 86]
LVEE left ventricular ejection fraction; CHF, congestive heart failure

amplified by elimination of the HER2-derived survival signals; with DOX fol-
lowed by Trastuzumab, cardiotoxicity is less severe and reflects an overlap of
the “mild” toxicity of Trastuzumab with the ongoing subclinical damage that
is induced by a residual intramyocardial pool of anthracycline. There are clin-
ical correlates to support such an interpretation. In the case of concomitant
anthracycline and Trastuzumab, studies in the metastatic settings show that
the incidence and severity of cardiac events may be diminished by replac-
ing DOX with analogs or formulations that produce fewer toxic species, like
EPI [87] and uncoated or pegylated liposomal DOX [14]. In the case of an-
thracycline followed by Trastuzmab, studies in the adjuvant setting show that
EPI can be administered at cumulative doses higher than equiactive to DOX,
as one would expect if the defective conversion of EPI to EPIOL diminished
the long-lived anthracycline reservoir that mediated an ongoing subclinical
damage [83].

The cardiac toxicity of Trastuzumab single agent or in combination with
anthracyclines is just one example of the untoward effects caused by drugs
targeted to “specific” tumor proteins. While popularly referred to as “magic
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bullets”, many such drugs are under scrutiny for their tendency to cause
undesired effects in normal tissues. In the case of the heart, or of the cardio-
vascular system in general, there is an increasing concern about the actual
safety of small tyrosine kinase inhibitors like lapatinib (targeted to HER2 and
HER1), imatinib (targeted to the leukaemogenic oncogene Bcr-Abl but also
to the receptor protein ¢-Kit of gastrointestinal sarcomas), sunitinib (targeted
to the vascular endothelial growth factor/VEGF receptor-2). Similar concerns
extend to anti-VEGF monoclonal antibodies such as bevacizumab. There is
more than one reason to foresee many new clinical paradigms of cardiotoxi-
city if these agents were considered for combination with anthracyclines. As
pointed out, chemists, pharmacologists, and oncologists might better serve
cancer patients by studying the terminal ballistics of new agents rather than
persisting in a search for wonder “magic bullets” [88].
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Abstract Daunomycin has shown interesting properties as a stabilizing agent for the anti-
gene methodology. This approach consists of targeting a polypurine region of a given
gene, with a triplex forming oligonucleotide (TFO), realizing a triple helix complex
(triplex), with the aim of down-regulating gene expression. This chapter describes
the basic principles of the triplex approach, the chemistry underlining the binding
of daunomycin to oligonucleotides, and some results of gene-inhibition obtained with
daunomycin-TFO conjugates with different targets.
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Abbreviations

DOTAP N-(2,3-dioleoyloxy-1-propyl)trimethylammonium
DTT 1,4-dithio-pL-threitol

Tm Melting temperature

TEAA  Triethylammonium acetate

TFO Triplex forming oligonucleotide

Tlc Thin-layer chromatography

TMSOTf Trimethylsilyl trifluoromethanesulphonate
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1
The Anti-Gene Methodology

The existence of a 1:2 complex between poly-A and poly-U was first de-
scribed by Fenselfeld and co-workers [1] in 1957, shortly after the discovery
of the double helix structure [2]. This discovery remained largely unex-
ploited until the end of the 1980s when pioneers like P. B. Dervan [3] and
C. Héléne [4] began their research in the field of artificial endonucleases.
Their work opened the way to research aimed at downregulating the expres-
sion of a given gene by interfering with the transcription process trough the
formation of a triple-helix (triplex) directed by a triplex-forming oligonu-
cleotide (TFO), thereby the topic began to be indicated as anti-gene method-
ology [5]. This methodology relies on the possibility to specifically bind an
oligonucleotide in the major groove of the targeted gene through specific
hydrogen bonds formed between the bases of the TFO and a homo-purine
region (Hoogsteen’s bonds) present in one of the strands of the gene. The pat-
terns of the most common triplets formed by the bases of the TFO and those
of the targeted duplex are depicted in Fig. 1.

When the sequence of the gene of interest is known, it is relatively easy to
find a homo-purine tract suitably long (10-30 bases) to which address a se-
ries of TFOs specific for that region. Fortunately, homo-purine tracts seem
to be located inside important regulatory regions of the genes [6] with high
frequency.

To be selective toward the intended target, the TFO should be 17 bases
long [7], but this holds only on a statistical base. Nowadays it is possible
to check the existence of potential molecular targets in unwanted genes by
a simple search in suitable databases. Also, if we consider that at any given
moment only a subset of the entire genome is translated, we can presume that
unexpressed genes will be less prone to bind the TFO than the target, and this
probably reduces the length required for selectivity.

In principle, the anti-gene methodology is quite straightforward: the idea
is to inhibit the synthesis of a given protein interfering with its transcription
by binding a TFO to a suitable homo-purine tract in the selected gene. For
real applications, however, many obstacles must be faced, including uptake of

Fig.1 Triplets in triplex. Scheme of some Hoogsteen’s (left side) and reverse Hoogsteen’s
(right side) hydrogen bonds between the bases of the TFO (fop of each triplet) and the
Watson-Crick base pairs. The arrows indicate the orientation of the strands. When the
TFO binds parallel to the polypurine sequence (Hoogsteen’s bonds) the adenine can be
bound by a thymine or by an inosine, while the guanine can be targeted by another gua-
nine or by a protonated cytidine. In the antiparallel series (reverse Hoogsteen’s bonds),
adenine can be recognized either by another adenine or by a thymine, while guanine can
be bound by another guanine or by a protonated cytidine. In the latter case, the strength
of the bond is pH-dependent
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TFOs in cells, susceptibility of oligonucleotides toward nucleases, availability
of the gene to binding by TFOs [8, 9], competition between the stability of the
triplex and strength of the transcription machinery, effects of the position-
ing of the triplex along the gene on the inhibition of transcription, life time
of the targeted protein, importance of the inhibition of the targeted protein
to the aim of the therapy, and behavior of the system in vivo. A full treatment
of such issues is out of the scope of this chapter but many papers dealing with
the anti-gene strategy report a certain degree of success despite the obstacles
mentioned above.

2
Synthesis of Daunomycin-Oligonucleotide Conjugates

Whatever the mechanism of interference with the transcription machinery
may be, it can be predicted that a more stable triplex will give a higher in-
hibition of the synthesis of the encoded RNA and protein. Since the first
experiments, a common way to stabilize a triplex was the linkage of an inter-
calating molecule to the TFO.

Our own approach was that of exploiting the intercalating properties of the
anthraquinone moiety to stabilize a triplex. A search of the literature showed
that only one attempt had been made before, with little improvement of the
binding capability of the TFO [10]. In that study, daunomycin was conjugated
with the TFO by linking it to the amino sugar. However, a similar arrange-
ment forces the amino sugar and ring A (Fig. 2) to be located in the major
groove and this is not compatible with the known structure of daunomycin-
DNA complexes [11] where anthracyclines intercalate into DNA with the long
axis of the aglycone moiety nearly perpendicular to the long axis of the ad-
jacent base pairs, and with the D ring protruding into the major groove while
the amino sugar fits into the minor groove and further stabilizes the complex.

On the other hand, the preferred orientation of daunomycin in complexes
with DNA would be respected upon linking the TFO to the D ring. This can

Fig.2 Daunomycin
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be achieved replacing the methyl group with a flexible spacer having a good
leaving group at the other end, and condensing it with a thiophosphate group
on the TFO (Scheme 1) [10].

O o

Daunomycin-linker-halide + S—P—O-—TFO ——— Daunomycin-linker—S—P—O0—TFO

Scheme 1 Post-synthetic conjugation of oligonucleotide (TFO) with daunomycin deriva-
tives

Our first approach to prepare the w-iodohexyl derivative of daunomycin is
summarized in Scheme 2 [12].

Daunomycin hydrochloride 1 was allowed to react with allyloxycarbonyl
chloride in dichloromethane in the presence of pyridine and the resulting
compound 2 was hydrolyzed with acid. Demethylation of 3 gave carmino-
mycinone 5 [13]. Alkylation of carminomycinone was performed at a high
dilution, partly for the low solubility of carminomycinone, partly to avoid
the bis-substitution, using six to eight equivalents of di-iodohexane and two
equivalents of fresh Ag,O for three or more days adding 25% of fresh Ag,0
every day. Two main compounds were formed and separated by silica gel
chromatography. Reaction of the amino sugar moiety with p-nitrobenzoyl
chloride gave two anomers that were isolated by crystallization being 8 (the
more abundant and the first to crystallize) the anomer that reacts faster in the
subsequent reaction with alkylated carminomycinone. The reaction took less
than 1 h to give 9, that was purified by chromatography.

Deprotection of 9 by a two-step procedure produced 10, isolated by
lyophilization. This compound proved to be stable in that form for several
years in the freezer.

Working with these compounds, we noticed that one of the by-products of
the coupling reaction (from 2 to 5%) was probably derived from N-alkylation
of the conjugate with the halide of a second daunomycin reagent. Also 10
was found to be unstable in the presence of traces of acid. These problems
were solved by protecting the amino group of daunomycin as a trifluoroacetyl
derivative and removing the protecting group after the conjugation with the
TFO as shown in Scheme 3 [14].

N-trifluoroacetyl-daunosamine was allowed to react with p-nitrobenzoyl-
chloride to give 86% of 1,4-bis-p-nitrobenzoyl-N-trifluoroacetyl daunosamine
with an «/f ratio of 9/1, the a-isomer (11) being obtained after crystalliza-
tion of the mixture from chloroform. The glycosylation of 6 to give 13 was
performed upon treatment of 11 with TMSOT( in dichloromethane/ether at
-40 °C to form the carbocation that was then reacted with a solution of 6 in
dichloromethane (variable yields between 50 and 70% after chromatographic
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OMe 0 /" OMe O  OH 0

o) a OH & b H oH 3
—_— +
\ OH
o o
1 2 O
NH, HC! NH=COAI NH—coAl 4
OH OH ’

NH—COAIll
OpNBz

8
9 NH—CO,AIll 10 NH,
OpNBz

Scheme 2 Early synthesis of 4-O-(6-Iodohexyl)-daunomycin. a Allyloxycarbonylchloride
in CH,Cl,/Py (yield 97.8%). b dioxane, aq. HCI (yield 98% of 3, 99% of 4). ¢ AlCl; in
refluxing CH,Cl, (yield 70%). d 1,6-diiodohexane, Ag,0, in refluxing CHCIl3, 3-5 days
(yield 15% of 6, 13% of 7). e p-nitrobenzoylchloride in py (yield 41% o/B = 2.3). f 6, TM-
SOTf in CH,CL/Et,0 4/1, 4 A MS (yield 60%). g 0.5M aq. K,CO3 in MeOH, (yield 58%
of de-pNBz compound) then 2-methylbutiric acid, PPhs, Pd(PPhs)4 in dark CH,Cl, (yield
80% of 10)

separation). Compound 14 was obtained by treatment of 13 with base. The
glycosylation reaction was also performed starting from 3 using the same
procedure. Protected carminomycin 12 was alkylated (reaction d) directly
with a higher yield of 13 (about 40% on tlc) although problems were encoun-
tered during the purification, which reduced the yield to only 20% of pure 13
after repeated column chromatography. This latter procedure however is of
interest in view of the potential availability of biosynthetic carminomycin 14
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NHCOCF, NHCOCF,
OpNBz OH

OpNBz
(0]
OH O OH OH OH O OH O NHCOCF,
3 OpNBz
12

(o] 11

NHCOCF,

OpNBz

Scheme3 Improved synthesis of 4-O-(6-Iodohexyl)-daunomycin. a 11, TMSOTf in
CH,CL,/Et,0 4/1, 4 A MS at -15 °C, then 6 from -15 to -5°C (yield 60%)

as the starting material. In this case (Scheme 4), direct alkylation of triflu-
oroacetyl carminomycin 15 allowed a satisfactory conversion to 13 that was
easily purified, with a 25-30% overall yield from 14.

O OH o

o o OH O OH 0 b ?
—_—
—— (CH,)g- |
(0] 0 0
14 15 13
NH
OH 2 c)HNHCOCF3 OHNHCOCF3

Scheme 4 Direct synthesis of 4-O-(6-Iodohexyl)-daunomycin from carminomycin

The coupling of the suitable iodoalkyl-daunomycin derivative and the 5’
(or 3’) thiophosphate-oligonucleotide was performed as shown in Scheme 5.
The 5'-thiophosphate-oligonucleotides (15) can be prepared using an
appropriate phosphoramidite as the last coupling step in an automated
oligonucleotide synthesizer, then replacing the oxidation step with a thio-
oxidation one. We usually employed bis-cyanoethyl-N,N-diisopropyl phos-

! From 2001 to 2003 we worked together with Biofin Laboratories, Porto Mantovano, Italy, to de-
velop the chemistry of daunomycin-TFO conjugates. They now have carminomycin 14 in their
catalog.
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Scheme 5 Synthesis of daunomycin-TFO conjugates

phoramidite [16] as a reactant, and Beaucage’s reagent [17] for the thio-
oxidation, but others amidites [18] and thio-oxidizers [19] can be used as
well. 3’-Thiophosphate oligonucleotides can be conjugated in the same way,
even if their synthesis requires the modification of the solid support [20, 21].
(In fact, the synthesis of 5,3’-bis-daunomycin oligonucleotides starting from
oligonucleotides containing a thiophosphate at each end has also been
achieved.) Final deprotection of the 5 (or 3’)-thiophosphate oligonucleotide
was performed with a concentrated solution of hot ammonia followed by
lyophilization. The compound was then converted to the sodium form by
the use of an ion-exchange resin treated overnight with DTT to cleave pos-
sible thiophosphate dimers recovered by precipitation with n-BuOH and
lyophilized.

General Procedure

The sodium salt of a crude 5'-PS-oligonucleotide (10 OD about 75 pure) was
dissolved in 125 pL of DMEF, 20 uL of water, 11 pL of 15-crown-5, 1 mg of 12
(13 can also be used) and 0.2 mg of DTT. The reaction mixture was kept in
a sealed vial for 16 h in a thermostat at 45 °C. The success of the conjugation
can be easily monitored by reversed-phase HPLC. The crude mixture was sep-
arated from excess of iododerivatives by diluting it with 150 uL of water and
extracting the unreacted iododerivative with CH,Cl,. The aqueous phase was
cooled to 0 °C, then 1 M aqueous NaOH was added to a final concentration of
0.06 M (the conjugate turns violet).

Under these conditions, the p-nitrobenzoyl group is easily cleaved
(5-10 min), followed by the removal of the trifluoroacetyl protecting group
(in 70-90 min) to give compound 18, whose retention time is sharply dif-
ferent from that of the protected precursors. The reaction is quenched by
neutralizing the pH with acetic acid (the solution turns again red-orange),
then the pure conjugate is recovered after purification on a reversed-phase
C-18 silica-gel column using a gradient of acetonitrile (0-30%) in a 0.1 M of
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triethylammonium acetate (TEAA) aqueous buffer. Usually, 5-6 OD of pure
conjugate was obtained [14].

The presence of the correct thiophosphate group in the oligonucleotide
and its correct ratio with the other phosphate linkages can be easily checked
by performing a 3! P-NMR analysis (0.5 umol are needed). The chemical shift
of the terminal thiophosphate changes from 46 ppm in the initial monoester
to 23 ppm in the conjugated compound (thiophosphate diester).

3
Physico-Chemical Properties of Daunomycin-Oligonucleotide Conjugates

The higher lipophilicity of the conjugates, as compared to the parent oligonu-
cleotides, was exploited for the purification on reversed-phase (C-18) chro-
matography. In the purification of dauno-C2 (see Table 2), eluting with
a 0.1 M solution of TEAA and a linear gradient from 5 to 30% of acetonitrile
in 30 min, the conjugate could easily be separated by HPLC from unreacted
oligonucleotides (and failed sequences) whose retention times were signifi-
cantly shorter than that of the conjugate (retention time of 16 was 27 min,

1.5

r dauno-C6

=T

UV-absorbance

T T T T T J

05 il S e e e .

nm

Fig.3 UV profile of daunomycin-HCl and two dauno-oligonucleotides. The concentration
of both compounds was 8 uM in water. (Conjugates are described in Table 2)
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that of 17 was 23 min while that of the full deprotected conjugate 18 was
17 min). Compounds like 13, 14, and their hydrolyzed derivatives require
a high percentage of acetonitrile (50-80%) in order to be eluted from the
column.

Daunomycin conjugates are red, showing a broad absorbance in the visi-
ble region centered around 490 nm. In aqueous solutions at neutral pH, the
molar absorption of the daunomycin or that of their conjugates at 490 nm is
about 12100 M~! cm™ while the contribution of the daunomycin moiety to
the UV absorption of the conjugates at 260 nm can be inferred from that of
the free daunomycin, and can be considered to be 20500 M~! cm™!. This value
can be added to the molar absorbance of the oligonucleotide moiety that, in
turn, can be calculated with the method of “the nearest neighbors” developed
by Borer [22]. Thus the ratio of the absorbances at 260 and 490 is a good in-
dicator to judge the number of incorporated daunomycin moieties into the
conjugate and the degree of purity.

The linkage of daunomycin to a TFO enhances by several degrees the
melting temperature (Tr,) of the TFO with its duplex, as already demon-
strated [12]. As shown in Table 1, the intercalating anthraquinone systems are
able to stabilize the triplex (compounds 20 and 21 vs. 19), but the amino sugar
contributes increasing stability (21 and 22). As expected, conjugation with
daunomycin increases the stability of the triplex only if the TFO is linked to
the D ring (20 and 23).

As expected, the dependence of the stability of the triplex from pH related
with the required presence of protonated cytidines for the formation of Hoog-
steen’s hydrogen bonds was observed (at pH 5.5 T, were respectively: 23, 43,
35, 45, and 25 °C for the compounds from 19 to 23).

Fluorescence of anthracyclines is quenched upon intercalation [23, 24]. Ac-
cordingly, the fluorescence of a solution containing the triplex formed by 22
and its duplex (Table 1) at pH 5.5 was almost zero [12], while a strong fluor-
escent signal was obtained after dissociation of the triplex upon changing the
pH from 5.5 to 8.22. This was proved true not only in the T,C series but also
with G,T containing TFOs?, as shown in Fig. 4 for dauno-GT11A in agreement
with the intercalation of the anthraquinone system of the daunomycin moiety
in the complexes formed in both series.

On the other hand, the fluorescence of the conjugate dauno-CO11, which
is unable to form a triplex, is not modified after the addition of the corres-
ponding duplex and remains high (about 35 a.u. at 590 nm). This behavior
indicates that when a triplex is not formed, the intercalation of the dauno-
mycin tagged to the TFO cannot occur. In other words, intercalation of tagged
daunomycin takes place only with the formation of the triplex.

2Isolated daunomycin and daunomycin-oligonucleotide conjugate do not show any quenching of
fluorescence after acidification of the solution from pH 8.2 to 5.5.

3 See following paragraph for details on the sequences.
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Table 1 Melting temperature for the triplex-duplex process

-TCC TCG TTT CTT CTT CTT GAA A =
“_AGG AGC ARA GAA GAA GAA CTT T-" duplex E (\
-TTT CTT CTT CTT-* TFO j

(;()

Compound Tm in °C at pH 6.8
(AT respect to 19)

19 S TTTCTTCTTCTT? (TFO) 13

20 31
(+ 18)
(CH,)s-SP-STFO

21 27
(+ 14)

22 36
(+23)

23 16
(+3)

on
CO(CHy)s— SP-5TFO

SP denotes a thiophosphate (-SP(0),0-) bond
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Fig.4 Fluorescence of free daunomycin and dauno-oligonucleotides. Fluorescence meas-
urements were taken of a 0.1 pM solution of daunomycin-HCl in 100 mM Tris-HCI pH 7.0,
50 mM NaCl, 10 mM MgCl, buffer (- --), dauno-GT11A conjugate alone at the same con-
centration and buffer (—), the conjugate after addition of 1 eq of corresponding duplex
(--), and after thermal denaturation of the triplex (-o-). See Fig. 5 for the composition
of conjugates

4
Biochemical and Biological Properties
of Daunomycin-oligonucleotide Conjugates

While there are many examples of gene downregulation through the use of
TFOs—at least in cell culture experiments—and it is clear that the binding of
a daunomycin on a TFO greatly increases its ability to form a stable triplex on
a given homo-purine region, until now, only a few attempts to down-regulate
gene expression by use of daunomycin-oligonucleotide TFOs have been pub-
lished. The reasons for this are in the difficulties encountered to obtain a clear
reduction of a given RNA or protein and to attribute the results to an indis-
putable triple helix mechanism.

The possibility that daunomycin could act with different mechanisms,
besides triplex stabilization, such as interference with the action of topo-



Daunomycin-TFO Conjugates for Downregulation of Gene Expression 57

isomerases and DNA cleavage through production of free radicals have not
yet been demonstrated. Unpublished experiments have shown that, in vitro,
cleavages by topoisomerase II of a duplex DNA, containing a triplex bind-
ing region, occurs at different positions in the absence or in the presence
of an appropriate daunomycin-TFO conjugate, but it is still unclear if this
can lead to biological consequences. Also, preliminary experiments aimed at
finding strand breakage of the duplex targeted region by free radicals, gener-
ated from the anthraquinone system after the triplex formation, have so far
demonstrated to be inconclusive.

4.1
PPT of HIV-1 as Target

The genome of HIV-1 contains a well-conserved poly-purine/poly-pyrimidine
tract, called PPT, present both in nef and pol genes [25], that could be a valu-
able target to fight HIV. It has been shown that the PPT sequence is accessible
in the chromatin structure to an oligonucleotide to form a triple-helical
structure [8]. Finding a suitable TFO able to strongly bind this region could
eventually lead to a reduced DNA transcription and translation, as well as
to irreparable DNA cleavage (by enzymes) followed by cellular death. This
approach could then represent one of the few alternatives to recognize and
destroy latently infected cells.

We have studied the hybridization properties of a series of different conju-
gates on duplexes of different length containing the PPT region [14, 26], see
Table 2.

To assess the stability of the triplexes formed with duplex-3, conjugates of
C2, C6 and G6 with non glycosylated 6 (derivatives A) and 7 (derivatives B)
were synthesized. The purification of G6-A and G6-B was hampered by the
formation of very stable aggregates (probably derived from self-association
of the G¢ regions somewhat stabilized by the presence of the anthraquinone
moiety) thus these series were not pursued further. Conjugates of the other
two series (C2-A, C2-B, C6-A, C6-B) showed the formation of retarded species
on gel electrophoresis ran at 15 °C at a concentration of 10 uM and pH 7.0
whereas in similar conditions unconjugated oligo C2, C6 and G6 did not show
triplex formation even at 4 °C [27]%.

Using 32P-labelled duplex-1 and duplex-2 at pH 7.2, we found a Ty, of 30
and 34 °C for dauno-C2 and dauno-C6, respectively [14], corresponding to an
ECsp at 20 °C of 2.6 and 1.6 pM, respectively. This means a more than three
times increased stability for dauno-C6 compared to that of unconjugated C6
and even larger stabilization for dauno-C2, considering that C2 alone did not
show any triplex formation even at a concentration of 40 pM! Notwithstand-

4 This same sequence had been reported to form a triple helix with Ty, of 34°C at pH 6.2 and at
lower concentration.



58 M.L. Capobianco - C.V. Catapano

Table 2 List of oligonucleotides and compounds used on the PPT region of HIV-1

Duplex-1 (49-mer)
> CAAGGCAGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACTG?'
3 GTTCCGTCGACATCTAGAATCGGTGAAAAATTTTCTTTTCCCCCCTGAC®'

Duplex-2 (29-mer)
> CCACTTTTTAAAAGAAAAGGGGGGACTGG?'
3 GGTGAAAAATTTTCTTTTCCCCCCTGACC®'

Duplex-3 (25-mer)
S TTTTTAAAAGAAAAGGGGGGACTGG?'
3 AAAAATTTTCTTTTCCCCCCTGACCY'

TFOs

S'TTTTCTTTTCC? (where C =>V°Cy) C2
S'TTTTCTTTTCCCCCC® (where C =>V<Cy) C6
> TTTTCTTTTGGGGGG®' (where C =MCy) G6

oH 6 0 OH
(CH,)¢-SP->TFO (CH,)s-SP-STFO SP-5TFO

A-type conjugates B-type conjugates dauno conjugates

ing these improvements, the formed triplexes were deemed to be not stable
enough at physiological conditions.
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4.2
The c-myc Promoter as a Target

The positive results reported so far encouraged us to take advantage of the
unique DNA-binding and triplex-stabilizing properties of anthracyclines and
synthesize conjugates that could bind with high affinity to a critical sequence
in the promoter of a prominent human oncogene, the c-myc gene. The c-myc
gene is amplified, translocated, and over-expressed in many cancers [28-30].
In the past, we and others investigated various means, including the triplex
DNA-based approach, to down-regulate the expression of this oncogene in
cancer cells. TFOs directed to regulatory sequences in the c-myc gene were
shown to inhibit binding of transcription factors and transcription in vitro,
promoter reporter activity and gene expression in cells [31-35]. We found
that GT-rich TFOs directed to a sequence near the P2 promoter were particu-
larly effective in inhibiting c-myc expression in cancer cells [36-38]. There-
fore, in the attempt to increase the activity of TFOs by enhancing triplex
stability, we synthesized daunomycin-conjugated GT TFOs targeting this site
in the c-myc gene promoter.

The TFO target sequence was within a highly conserved region known to
regulate the activity of the P2 promoter, which is the major transcription ini-
tiation site in the c-myc gene [36,37]. A purine-rich tract is present about
40 bp upstream of the P2 start site [36,37]. This region overlaps with the
binding sites for transcription factors, such as Sp1/Sp3, MAZ, Ets, E2F and
Stat 3 and is absolutely required for transcription of the c-myc gene [39, 40].
TFOs directed to the purine-rich core sequence were found to inhibit bind-
ing of transcription factors, transcription in vitro and promoter activity in
cells [34,35]. An antiparallel 23-mer GT TFO that we designed to target this
site inhibited c-myc expression and cell proliferation [36, 37]. Therefore, we
synthesized oligonucleotides conjugated to daunomycin to target the site near
the P2 promoter (Fig. 5).

An 11-mer GT TFO, dauno-GT11A, was directed to the 3’ portion of the
poly-purine sequence. We had previously shown that the 11-bp homo-purine
sequence (GGAGGGAGGGA) was sufficient to drive triplex DNA formation
in the antiparallel orientation [38]. However, unlike the 23-mer GT TFO, the
unmodified 11-mer TFO formed a complex that was unstable at physiolog-
ical and near-physiological temperatures (T < 37 °C), thereby offering an
ideal system for testing the effects of daunomycin on triplex stability [38].
Therefore, most of the initial studies were done with this 11-bp daunomycin-
conjugated GT TFO dauno-GT11A. A second TFO, dauno-GT11B, was dir-
ected to a similarly short 11-bp purine-rich sequence (GGGAAGGGAGA)
located about 100 bp downstream of the P2 transcription start site (Fig. 5).
This second target site did not overlap with any known transcription factor
binding site. We hypothesized that binding of dauno-GT11B at this site could
interfere with the assembly of the transcription initiation complex or block
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transcription elongation. All the TFOs were synthesized with a phosphodi-
ester backbone and covalently linked via a hexamethylene bridge to the O-4
position on the ring D of daunomycin. TFOs were also modified at the 3’ end
by addition of a propanediol tail to increase nuclease resistance [41].

Two additional oligonucleotides, dauno-CO11 and dauno-GT11C, were
used as controls in these studies (Fig. 5). Dauno-CO11 matched in parallel
orientation a sequence adjacent to the dauno-GT11A binding sequence [38].
Dauno-GT11C was identical in sequence to dauno-GT11A but was linked to
the amino group of daunomycin in an incorrect position through an amide
bond (see compound 23 in Table 2).

At the time we started working on this project, the previous study
with daunomycin-conjugated CT TFOs showing a considerable increase
in binding affinity of the conjugated compared to the unconjugated TFO
had been particularly encouraging [12]. However, it remained to be seen
whether this approach would work at physiological pH and tempera-
ture and, ultimately, whether it would lead to increased activity in cells.
Using the experimental tools available in our laboratory (i.e., c-myc pro-
moter reporter vectors and cell types with distinct c-myc expression lev-
els), we set out to address these questions regarding the activity and po-
tential uses of daunomycin-conjugated TFOs as bioactive molecules and
therapeutic compounds: Does conjugation to daunomycin improve DNA
binding and biological activity of TFOs? Does it interfere with sequence-
selectivity and does it hinder target-selectivity of the conjugated TFOs in
cells?

P Target A 1 Target B /)

/4 — /i
5’ -GGAGGGAGGGA-3’ |2 Promoter 5’ -GGGAAGGGAGA-3’
3’ -CCTCCCTCCCT-5' 3/ -CCCTTCCCTCT-5'

Dauno-GT11A Dauno-> TGGGTGGGTGG"---
Dauno-GT11B Dauno-> TGTGGGTTGGG ---
Dauno-CO11 Dauno-> GGGTTTTTGTT---
Dauno-GT11C NH-Dauno->TGGGTGGGTGG"---

Fig.5 Triplex target sites in the c-myc gene promoter and daunomycin-conjugated
TFOs. Top, Target A and B are two 11-bp sequences located 40 bp upstream and 100 bp
downstream of the P2 promoter, respectively. Bottom, dauno-TFOs (dauno-GT11A and
dauno-GT11B) and control oligonucleotides (dauno-CO11 and dauno-GT11C) used in
the studies. NH-Dauno symbolizes that the in this conjugate the dauno moiety is linked
through the amino-group (cfr. comp. 23 in Table 2), - - - symbolizes the propandiol tail at
the 3’ end of the conjugate
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4,21
Binding of Daunomycin-conjugated TFOs to Double-Stranded DNA

Gel mobility shift assays showed that binding of dauno-GT11 was efficient
with approximately 50% of triplex DNA seen at a concentration of 250 nM
of dauno-TFO (Fig. 6A). The affinity of the 11-mer dauno-TFO for the target
sequence was in fact comparable or even greater than that of longer un-
modified TFOs directed to the same site [34-37]. Triplex DNA formation
was not detected in samples incubated with the unmodified GT11, which
dissociated from the duplex when gel electrophoresis was done at tempera-
tures > 20 °C (Fig. 6B). Thus, the addition of daunomycin clearly increased
the triplex stability and allowed its persistence at physiological temperatures.
Similar results were obtained with dauno-GT11B that bound with high affin-
ity to its own target duplex [42]. The control oligonucleotide dauno-CO11 did
not bind to the target duplex (Fig. 6C).

To confirm that daunomycin attached to the TFOs intercalated at the
duplex-triplex junction and its intercalation was important for triplex stabi-
lization, we performed additional assays using a shorter duplex lacking five
nucleotides at the 3’ of the TFO binding site. The shortening of the duplex
at the end of the triplex binding site would not affect binding of the TFO

Triplex- -— -. Triplex-
our M 0 0 | oo
0 0.01 01 025 05 1 0 001 01 025 05 1
Dauno-GT11 (pM) GT11 (uM)
Triplex- (]
Triplex-
Duplex- | Duplex- .- —]
0 D-GT11 D-CO11 0 01 05 1
1 uM Dauno-GT11 (uM)

Fig.6 Triplex DNA formation by daunomycin-conjugated TFOs. Oligonucleotides corres-
ponding to the different duplex targets were incubated with dauno-TFO (dauno-GT11A)
or control oligonucleotides (dauno-CO11 or dauno-GT11C) and triplex formation as-
sessed by gel mobility shift assay. A Binding of dauno-GT11A to the 28-bp duplex.
B Binding of non-conjugated GT11 to the 28-bp duplex. € Binding of dauno-GT11A and
dauno-CO11 to the 40-bp duplex. D Binding of dauno-GT11A to the shorter 23-bp duplex
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but would hinder the intercalation of daunomycin. Indeed, binding of dauno-
GT11A to the shortened duplex was considerably reduced, almost to the level
seen with the unmodified TFO (Fig. 6D). Thus, the increased stability of the
triplex formed by dauno-GT11A depended upon the intercalation of dauno-
mycin at a site near the duplex-triplex junction.

To further prove that the attached daunomycin did not drive per se the
binding of dauno-TFOs but only secondarily stabilized the triplex DNA com-
plex, we synthesized an oligonucleotide, dauno-GT11C, with the sequence
identical to dauno-GT11A but conjugated to the amino sugar instead of the
aglycone of daunomycin. This mode of attachment would eliminate any con-
tribution of daunomycin to the triplex stability upon binding of the oligonu-
cleotide to the duplex [12] (cf. compounds 22 and 23 in Table 2). Gel-shift
assays confirmed our prediction showing that dauno-GT11C was unable to
form a stable triplex, like to the non-conjugated GT11 [43].

Overall, the in vitro binding assays showed that there was a consider-
able increase in triplex stability upon conjugation of antiparallel TFOs with
daunomycin. This was consistent with the observations made previously with
parallel CT TFOs [12] Thus, daunomycin stabilized binding of TFOs both
in the parallel and antiparallel orientation. The potency of daunomycin as
a DNA-binding agent and the high degree of stability conferred to triplex
DNA upon conjugation to a TFO could be explained by its mode of interac-
tion with double-stranded DNA. Both the anthraquinone and amino sugar
make contact with the DNA at the intercalation site and the attachment of
the TFO to position O-4 of the anthraquinone preserved the orientation of
the intercalating moiety in the double helix, while maintaining the TFO and
the amino sugar in their correct positions in the major and minor groove,
respectively. Indeed, modifications of the site of attachment, as we did with
the dauno-GT11C, eliminated completely any triplex stabilizing effect of the
anthracycline.

4.2.2
Sequence-specific Recognition of the Target Sequence
by the Daunomycin-conjugated TFOs

Attachment of a non-sequence-specific DNA-binding agent could affect the
specificity of the interaction of the TFO with duplex DNA. In a previous
study, random intercalation of daunomycin-conjugated TFOs was excluded
by fluorescence-quenching experiments [12]. Intercalation and quenching of
the chromophore occurred only when the DNA contained the appropriate tar-
get sequence, thus proving that site recognition and binding were dictated
exclusively by the oligonucleotide component of the intercalator-conjugated
TFO [12]. Although the previous studies had suggested a specific interaction
of dauno-GT TFOs with their duplex targets, it was critical to provide more
direct evidence that their binding was sequence-specific. We addressed this
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issue by performing gel mobility shift assays and DMS footprinting studies to
show that dauno-TFOs were able to bind exclusively to their target sequences
in the c-myc gene promoter.

We examined first triplex DNA formation by dauno-GT11A on a mutated
target duplex by gel mobility shift assays. The mutated duplex contained
four mismatched bases in the 11-bp target sequence. These centrally located
mismatches were expected to destabilize binding of the oligonucleotide with-
out affecting the intercalation of daunomycin. Dauno-GT11A was unable to
bind to the mutated duplex, indicating that binding required the presence
of the correct target sequence in the duplex [43]. Similarly, dauno-GT11B
bound efficiently to the target duplex (target B), but did not bind to the non-
complementary target A, even though the two sequences were quite simi-
lar [42]. Thus, despite the presence of daunomycin, binding of dauno-TFOs
was driven by the oligonucleotide sequence and required perfect matching
with the sequence in the duplex.

DMS footprinting was used to examine further the specificity of the inter-
action of dauno-TFOs with duplex DNA. DMS footprinting is a more strin-
gent test of the ability of TFOs to recognize unique sequences in DNA than gel
mobility shift assays. In our study, a 339-bp fragment of the c-myc promoter
was incubated with dauno-GT11A or dauno-CO11 and then analyzed on se-
quencing gels [43]. Triplex DNA formation results in an area of protection
(“footprint”) from DMS/piperidine cleavage at the TFO binding site. Binding
of dauno-GT11A was clearly visible as an area of protection corresponding
exactly to the 11-bp target sequence within the larger purine-rich region of
the c-myc gene promoter (Fig. 7).

Instead, no sites of protection were seen in samples incubated with dauno-
CO11 (Fig. 7). For comparison, we show the footprint formed by the 23-mer
GCT-TFO that was complementary to the entire 23-bp c-myc target se-
quence [38]. Binding of a 23-mer GCT-TFO produced a larger area of protec-
tion corresponding to the entire purine-rich sequence in the c-myc promoter
and including the 11-bp target site of dauno-GT11A (Fig. 7).

The extent of the protection achieved with dauno-GT11A was determined
by densitometric analysis. Interestingly, more than 90% of the target se-
quence was protected in the presence of dauno-GT11A, confirming the high
binding affinity of the dauno-TFO. The unconjugated GT11 gave a much
weaker footprint at the same concentrations, consistent with reduced triplex
stability [38]. The interaction of dauno-TFOs with duplex DNA was highly
sequence-specific, since no other region of the 339-bp fragment showed any
alteration of the DMS cleavage pattern upon incubation with dauno-GT11A.
This is remarkable since the c-myc promoter fragment used for footprinting
contained multiple sequences (e.g., GAACGGAGGGA and AGAGGGAGCGA),
which were very similar to the target site and could have allowed binding of
the dauno-TFO.
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Fig.7 Sequence-specific binding by the daunomycin-conjugated TFOs. A radiolabeled
339-bp fragment of the c-myc promoter was incubated with oligonucleotides and then
treated with DMS and piperidine to cleave unprotected guanines. Samples were ana-
lyzed on sequencing gels under denaturating conditions. Bars indicate the position of
the 11-bp and 23-bp target sequences. Lane 1, no oligonucleotide control; lane 2, 0.1 pM
dauno-GT11A; lane 3, 1 uM dauno-GT11A; lane 4, 10 uM dauno-GT11A; lane 5, 1 uM
dauno-CO11; lane 6, 10 uM dauno-CO11; lane 7, 5uM CT11 control oligonucleotide;
lane 8, 5 WM 23-mer GTC TFO

Taken together, these studies provided compelling evidence that binding
of dauno-TFOs depended strictly on the oligonucleotide sequence and was
limited to the specific target site. Gel-shift assays confirmed the inability of
dauno-TFOs to bind to duplex DNA with altered sequences. Footprinting as-
says showed that dauno-TFOs bound with high affinity to the target site but
were able to discriminate against non-target sequences that contained even
a limited number of mismatched bases. The presence of the TFO probably
abolished random binding of daunomycin to DNA. Repulsion between the
oligonucleotide tail attached to the daunomycin and duplex DNA that did not
contain the complementary sequence prevented DNA intercalation at non-
target sites. Therefore, binding of the intercalator-conjugated TFOs took place
only at sites where the TFOs could find the exact matching sequence.
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423
Transcriptional Inhibition by Daunomycin-Conjugated TFOs

In vitro transcription assays confirmed that triplex formation directed by
dauno-TFOs blocked transcription from the P2 promoter site [43]. The block
of transcription initiation by dauno-GT11A was probably due to its ability
to prevent binding of transcription factors, like Spl, to the site near the P2
promoter [38]. Interestingly, dauno-GT11A did not have any effect on Spl
binding to a similar sequence upstream of the P1 promoter. The next logi-
cal step was to determine whether the dauno-TFOs were able to affect c-myc
promoter activity and gene transcription in cells. This was done initially
using a luciferase reporter system, in which the reporter gene (i.e., firefly lu-
ciferase) was put under the control of the c-myc promoter. Reporter assays are
a reliable and rapid way to assess transcription inhibitory activity of small
molecules and oligonucleotides in cells [44,45]. In these studies, cells were
transfected with the reporter plasmids along with dauno-TFOs (Fig. 8).

After 24 h, luciferase activity was measured in cell extracts. Dauno-GT11A
induced a dose-dependent inhibition of the c-myc reporter activity with
70-80% reduction at doses ranging from 0.25 to 1 uM [43]. Similar results
were obtained with distinct reporter constructs and in different cell types
(e.g., prostate and breast cancer cells). Dauno-GT11B also inhibited c-myc
promoter activity, while the control oligonucleotide dauno-CO11 did not [42,
43]. This was consistent with the fact that the effects of dauno-TFOs on the
c-myc promoter were sequence-specific and not due to delivery of dauno-
mycin into cells.

To further rule out non-triplex mediated mechanisms of inhibition of
c-myc promoter activity, similar experiments were performed with dauno-
GT11C that was linked to daunomycin via the amino sugar and unable to
bind to the target. Dauno-GT11C was unable to inhibit c-myc promoter ac-
tivity in cells, consistent with its inability to form triplex DNA [46]. Taken
together, these results confirmed that inhibition of ¢-myc promoter activity
by dauno-TFOs required triplex formation at the target site and ruled out al-
ternative non-triplex dependent mechanisms that might lead to non-specific
activity.

These data suggested that dauno-TFOs could form stable triple helical
complexes with the target sequences and inhibit transcription of the c-myc
gene in cells. To investigate this aspect further, dauno-TFOs were delivered
into cells using cationic lipid preparations, like DOTAP. Like unmodified
oligonucleotides, cellular and nuclear uptake of dauno-TFOs was enhanced
by co-administration with cationic lipids [42,46]. After 24h from trans-
fection, the expression of c-myc was determined by RT-PCR and Western
blotting. c-myc RNA was reduced in cells treated with 1 pM of either dauno-
GT11A or dauno-GT11B compared to untreated and control oligonucleotide
treated cells (Fig. 8). The c-myc protein level was similarly reduced in cells
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Fig.8 Inhibition of c-myc transcription by daunomycin-conjugated TFOs. A Cells were
transfected with the c-myc reporter, a control vector and 1 pM of dauno-TFOs or con-
trol oligonucleotide. Luciferase activity was measured after 24 h. * P < 0.05 compared to
control cells. B Cells were transfected without oligonucleotide (lane I) or with 1 pM of
dauno-GT11C (lane 2), dauno-GT11A (lane 3) and dauno-GT11B (lane 4). Total RNA was
extracted after 24 h and c-myc transcript levels were determined by RT-PCR

treated with dauno-TFOs compared to control cells [42,43]. Interestingly,
dauno-TFOs did not affect c-myc RNA and protein level in cells transiently
transfected with a c-myc expression vector and expressing the gene from
a heterologous promoter lacking the TFO target sequence [42].

We also monitored the expression of two genes, ets and ets-2, which had se-
quences with great similarity to the TFO target sequence in their regulatory
regions [46]. The ets-2 gene had a sequence (GGAAGGAGGGA) with a sin-
gle mismatch compared to the c-myc site and corresponding to a critical Sp1
binding site [45]. The ets-1 gene had a similar sequence (AGAGGGAGGGA)
with a single mismatched nucleotide and adjacent to a Spl site [47]. Ex-
pression of both genes was not affected in cells transfected with dauno-
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TFOs, indicating that their antigene activity was selective for the target
gene [42, 43].

These data provided evidence of the ability of dauno-TFOs to reach the
chromosomal target site, form stable triplex DNA under physiological condi-
tions and affect transcription in cells. The experiments with dauno-GT11C,
a similar daunomycin-conjugated oligonucleotide unable to form triplex
DNA, demonstrated that the effects of dauno-TFOs on transcription could
not be attributed to a decoy-like mechanism (e.g., trapping of transcrip-
tion activators required for c-myc promoter activity). Indeed, multiple lines
of evidence support the conclusion that the activity of dauno-TFOs was
sequence-specific and consistent with a triplex-mediated mechanism. The
interaction of dauno-TFOs with the respective targets in vitro was strictly
sequence-dependent as shown by the inability to bind to alternative target
sites despite close sequence homology [42,43]. Inhibition of transcription
factor binding was also sequence-dependent, excluding both binding of the
TFOs to non-target sequences and direct interaction of TFOs with transcrip-
tional activators via a decoy or aptamer effect. However, we cannot exclude
that additional mechanisms are involved in the inhibition of c-myc tran-
scription by dauno-TFOs. The presence of the intercalating agent might in-
duce DNA damage or recruit DNA repair enzymes with secondary effects
on gene transcription. Another possibility due to the presence of the dauno-
mycin moiety is the recruitment of DNA topoisomerase II that might result
in topoisomerase-mediated DNA cleavage. Conjugation of topoisomerase-
interactive compounds to TFOs has been shown to direct the DNA cleaving
activity of topoisomerases to specific genomic sites [48, 49]. However, any of
these additional mechanisms would still require triplex-directed binding of
dauno-TFOs at the target sites in the c-myc promoter.

4.2.4
Anticancer Activity of Daunomycin-Conjugated TFOs

To assess the potential of dauno-TFOs for therapeutic applications, we in-
vestigated their effects on proliferation and survival of normal and cancer
cells. The c-myc gene is over-expressed in many cancers, including prostate
cancer [28,30,50]. Studies with transgenic mice indicate that c-myc has an
important role in development of prostate cancer [51]. C-myc also contributes
to the androgen-independent phenotype of advanced prostate cancer [52].
Reducing c-myc levels was shown to be sufficient to cause growth arrest
and death of cultured cancer cells and tumor regression in mice [30]. Thus,
dauno-TFOs directed to the c-myc promoter might inhibit proliferation of
prostate cancer cells that depend on constitutive expression of the gene. To
test this hypothesis, we evaluated the effects of the myc-targeting dauno-
TFOs on growth and survival of established prostate cancer cell lines. Cells
were transfected with dauno-TFOs and cell viability was measured after
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4 days using a standard colorimetric assay. Both dauno-GT11A and dauno-
GT11B inhibited growth of prostate cancer cells (e.g., DU145, PC3, LNCaP
and 22Rv1) by > 50% at concentrations of 0.5-1 pM (Fig. 9).

Control oligonucleotides dauno-CO11 and dauno-GT11C had minimal ef-
fects on cell growth with no significant differences with respect to untreated
control cells [42]. Dauno-TFOs inhibited proliferation of prostate cancer cells
also in long-term clonogenic assays [42]. The number of colonies was sig-
nificantly lower in cells treated with dauno-TFOs compared to cells treated
with vehicle or a control oligonucleotide (p < 0.05). Since daunomycin is
a potent cytotoxic drug, one must be careful in interpreting the results of
cell growth inhibition assays with dauno-TFOs. However, our data strongly
argued against the possibility that the anti-proliferative effects of dauno-
TFOs were due to toxicity associated to the daunomycin moiety. When
daunomycin was conjugated to oligonucleotides unable to form triplex DNA
either because of the nucleotide sequence (dauno-CO11) or the attachment
mode (dauno-GT11C), there was no evident cytotoxicity both in short- and
long-term assays [42]. This was consistent with the fact that conjugation
to oligonucleotides altered many biophysical and biochemical properties of
daunomycin, including cellular uptake, intracellular trafficking, and DNA
binding [43].

Dauno-TFOs inhibited growth of prostate cancer cells constitutively ex-
pressing high levels of c-myc. We expected that on the contrary, selective
down-regulation of c-myc would be less toxic to cells that express low levels
of the target gene, like normal human fibroblasts. This would also rule out
the concern that dauno-TFOs, because of their short length and the presence
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Fig.9 Antiproliferative activity of daunomycin-conjugated TFOs in prostate cancer cells
and normal human fibroblasts. Prostate cancer cells (DU145, PC3, LNCaP, and 22Rv1)
and normal human fibroblasts (NHF) were transfected with 0.5 uM of dauno-GT11A,
dauno-GT11B or dauno-CO11. Percent of cell survival (means 4+ SD) compared to un-
treated control cells was determined 4 days later using a colorimetric assay. * p < 0.01
compared to control cells

% cell survival
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of daunomycin, would bind to multiple sites in the genome with identical
or similar sequences producing non-target specific cytotoxic effects. If this
were the case, then even low-expression cells would be affected. To test this
hypothesis, primary cultures of normal human fibroblasts were transfected
with dauno-TFOs and cell growth and viability was measured by a colori-
metric assay. Under these conditions, normal fibroblasts took up dauno-TFOs
with an intracellular distribution similar to that of prostate cancer cells [42].
The total amount of intracellular dauno-TFOs measured by flow cytometry
was similar in normal fibroblasts and prostate cancer cells and in both cell
types dauno-TFOs accumulated both in the cytoplasm and nucleus [42]. Fur-
thermore, dauno-TFOs inhibited c-myc promoter activity and endogenous
c-myc expression in normal fibroblasts as in prostate cancer cells [42]. How-
ever, despite the ability to inhibit c-myc transcription, dauno-TFOs did not
have any effect on the growth of normal fibroblasts (Fig.9). Thus, c-myc-
targeting dauno-TFOs had antiproliferative effects only toward cells with high
c-myc levels, while they were minimally toxic against normal cells with low
expression of the gene. This was in striking contrast to the effects of free
daunomycin that was toxic both in cancer and normal cells independently
of the c-myc expression level [43]. These suggested that the antiproliferative
activity of dauno-TFOs was a direct consequence of their ability to interfere
with ¢-myc transcription.

5
Conclusions

Thus far, our studies have collectively provided evidence of the activity of
dauno-TFOs as transcriptional repressors in vitro and in cells and may open
new avenues for design of selective gene-targeted therapeutics that might be
particularly useful for cancer treatment. The activity of dauno-TFOs was con-
sistent with a triplex-mediated mechanism and was clearly different from
the non-gene selective effects of free daunomycin, supporting the idea that
daunomycin and dauno-TFOs have distinct modes of action. DNA binding,
transcriptional inhibition, and antiproliferative activity of dauno-TFOs ap-
peared to be dictated exclusively by the oligonucleotide component of the
intercalator conjugates.

Our studies also revealed that triplex-mediated targeting of relatively short
homo-purine sequences in genomic DNA and transcriptional modulation of
gene expression are possible with the addition of a strong intercalating and
triplex stabilizing moiety, like daunomycin, to the TFOs. We believe that the
range of applications of the triplex-mediated gene targeting strategy could be
considerably increased by this approach.
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Abstract The endosomal and/or lysosomal pathway of macromolecules, as well as the
slightly acidic extracellular environment in solid tumors, form the rationale for design-
ing carrier-linked prodrugs with pH-dependent linkers. In the past 20 years, a spectrum
of acid-sensitive doxorubicin prodrugs has been developed with antibodies, serum pro-
teins, and synthetic polymers. For a number of these, a convincing proof of concept has
been obtained preclinically, showing an enhanced therapeutic efficacy of the prodrugs
compared to free doxorubicin in tumor models. Clinically, the (6-maleimidocaproyl)-
hydrazone derivative of doxorubicin, which binds either to the monoclonal antibody
BR96 or to endogenous albumin, has been evaluated in clinical trials.

Keywords Acid-labile - Acid-sensitive - Doxorubicin - Drug conjugates - Prodrugs
1
Introduction

In the field of cancer chemotherapy, designing and developing truly tumor-
specific prodrugs remains a challenge. On one hand, active targeting strate-
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gies aim to exploit membrane-associated receptors or antigens for drug de-
livery. On the other hand, the enhanced vascular permeability and retention
of macromolecules in the tumor tissue substantiates the concept of passive
targeting. Consequently, research efforts have concentrated on conjugation
of anti-cancer agents with a wide spectrum of carriers including antibodies,
peptides, serum proteins, and synthetic polymers [1-3]. Conversely, low-
molecular weight prodrugs of anti-cancer agents have been developed that do
not bear an active or passive targeting moiety, but are activated by tumor-
associated enzymes at the tumor site [4].

Anthracyclines, such as doxorubicin, epirubicin, idarubicin, and daunoru-
bicin, are widely used to treat solid and hematological tumors. However,
the clinical application of anthracyclines is limited by their dose-related side
effects, which include bone marrow toxicity, gastrointestinal disorders, stom-
atitis, alopecia, acute and cumulative cardiotoxicity, as well as extravasation [5].
Bone marrow suppression is generally a dose-limiting toxicity. After each
course of treatment, myelocytopenia and thrombocytopenia are the most
prominent side effects, with their toxicity reaching its maximum 7 to 10 days
after each treatment course, followed by a rapid recovery thereafter. Of special
concern is the cuamulative cardiotoxicity (cardiomyopathy and congestive heart
failure) which is irreversible, and steadily increases once cumulative doses of
doxorubicin and epirubicin exceed 500 and 900 mg/m?, respectively [6].

Tumor-targeted delivery is based on the development of less toxic deriva-
tives of the parent drug that are activated within the tumor or that carry an
additional ligand with tumor-targeting properties, which transport the pay-
load to the tumor, where the drug is then released, either intracellularly or
extracellularly. Anthracyclines probably represent the most widely utilized
class of anti-cancer agents used for the development of prodrugs [7].

The extracellular as well as intracellular drop in the pH value in solid
tumors forms the rationale for the design of acid-sensitive prodrugs. This art-
icle summarizes various attempts to design prodrugs using the most promi-
nent anthracycline, doxorubicin, with a focus on those derivatives that have
reached an advanced preclinical or clinical stage.

2
Rationale for Developing Acid-Sensitive Prodrugs

The endosomal and/or lysosomal pathway of synthetic or natural polymers
are attractive routes for the delivery of polymer-bound drugs to cells. Indeed,
the significant drop in the pH-value, from 7.2-7.4 in the blood or extracellular
spaces to 4.0-6.5 in the various intracellular compartments, is a fairly unique
physical property in living systems. This property can be exploited for intra-
cellular drug delivery by coupling drugs to macromolecular carriers through
acid-sensitive bonds.
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In general, macromolecules are taken up by cells either through receptor-
mediated endocytosis, adsorptive endocytosis, or fluid-phase endocyto-
sis [8-10]. Endocytosis is a complex process in which invaginations occur at
the cell surface, and form endosomes, which migrate into the cytoplasm. De-
pending on the macromolecule and the kind of endocytotic process involved,
a series of sorting steps take place. Endosomes are transported to certain cell
organelles (e.g. the golgi apparatus), or they return to the cell surface (re-
cycling), or they form primary and secondary lysosomes, respectively [9].
In the endosomes and lysosomes, a significant drop in the pH-value takes
place, from the physiological pH (7.2-7.4) in the extracellular space, to pH
6.5-5.0 in the endosomes, and to around pH 4.0 in primary and secondary
lysosomes. Additionally, a great number of lysosomal enzymes,(such as phos-
phatases, nucleases, proteases, esterases, and lipases), become active in the
acidic environment of these vesicles..

Furthermore, the microenvironment of tumors is reported to be slightly
acidic in animal models and humans. Non-invasive techniques demonstrate
that the pH-value in tumor tissue is often 0.5-1.0 units lower than in nor-
mal tissue [11]. This pH-shift could contribute to the extracellular release of
drugs bound to the carriers through acid-sensitive linkers, especially if the
drug is trapped by the tumor for longer periods of time. The acidic pH-value
in solid tumors is, therefore, an intracellular and/or extracellular property,
which can be exploited for the release of polymer-bound drugs into tumor
cells.

3
Design of Acid-Sensitive Prodrugs with Doxorubicin

From a chemical point of view, doxorubicin is ideally suited for the de-
sign of prodrugs, due to the presence of two different functional groups, i.e.
the 3’-amino group of the sugar moiety and the C-13-keto position. Acid-
sensitive derivatives are developed by forming a carboxylic hydrazone bond at
the C-13 carbonyl group, or by attaching a cis-aconityl spacer at the 3'-NH;-
group (see Fig. 1).

Both bonds are highly stable at pH values of 7.0-7.4. However, they release
the anthracycline within a few hours at pH 5.

4
Doxorubicin Prodrugs with Antibodies

As of 1975, coupling of drugs to macromolecular carriers received an import-
ant impetus with the development of monoclonal antibodies due to the intel-
lectual attractiveness of selectively targeting tumor-specific antigens or recep-
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X = carrier or linker

Fig.1 Structure of acid-sensitive doxorubicin prodrugs with hydrazone linkers (left) or
cis-aconityl linkers (right)

tors, ideally propagating the therapeutic concept of drug targeting founded
on Paul Ehrlich’s vision of “the magic bullet”.

With respect to doxorubicin, the pharmaceutical research team at Bristol-
Myers Squibb has developed monoclonal antibody conjugates with doxoru-
bicin, which incorporate an acid-sensitive hydrazone bond, and a clinical
candidate, the BR96-doxorubicin immunoconjugate, has been assessed in
phase I and phase II studies (see Chap. 7).

In the late 1980s, researchers at Bristol-Myers Squibb synthesized a 6-male-
imidodocaproyl and a 3-(2'-pyridinyldithio)propanoyl hydrazone derivative
of doxorubicin (see Fig. 2) [12, 13].

Both compounds were coupled to thiol-bearing monoclonal antibodies,
which bind to tumor-associated antigens with subsequent internalization of
the antibody conjugate, allowing a release of doxorubicin in the acidic pH
environment of endosomes and lysosomes. Such antibody conjugates have
shown promising in vitro and in vivo activity [14-16].

Due to the high plasma stability of the resulting thioether bond formed
after a reaction of the maleimide with thiol groups, the (6-maleimidocaproyl)
hydrazone derivative of doxorubicin was selected for further clinical devel-
opment in combination with the chimeric human/mouse monoclonal anti-
body BR96, which is specific for Lewis-Y, an antigen abundantly expressed
on the surface of several human carcinomas. In this conjugate, known as
the BR96-doxorubicin immunoconjugate, approximately eight molecules of
doxorubicin are bound to the antibody. Therapy with the BR96-doxorubicin
immunoconjugate induced complete remissions in a number of xenograft tu-
mor models, and it was superior to unbound doxorubicin even at equivalent
doxorubicin doses [14-16], which were below the effective dose for free dox-
orubicin. It also showed synergistic effects with paclitaxel in several xenograft
models [17]. Phase I and phase II studies have been performed with this im-
munoconjugate (see Chap. 7) [18-20].
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Fig.2 Structure of (6-maleimidocaproyl) and 3-(2'-pyridinyldithio)propanoyl hydrazone
derivative of doxorubicin, coupled to monoclonal antibodies

Interesting variants of the (6-maleimidocaproyl)hydrazone derivative of
doxorubicin are branched systems, in which two doxorubicin molecules are
linked to a maleimide spacer (see Fig. 3) [21,22].

Applying these linkers achieved a 2-fold increase in the loading capacity
(16 mol doxorubicin per mol mAb). These conjugates demonstrated an en-
hanced in vitro antigen-specific cytotoxicity, compared to the non-branched
system [21].
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Fig.3 Branched systems of (6-maleimidocaproyl) hydrazone derivatives of doxorubicin
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5
Doxorubicin Prodrugs with Serum Proteins

Amongblood proteins, serum albumin and transferrin have attracted the most
interest, due to their potential as drug delivery systems for improving can-
cer chemotherapy. These proteins are suitable as drug carriers for a number
of reasons: (a) They exhibit a preferential uptake in tumor tissue; (b) Tumor
cells express high amounts of specific transferrin receptors on their cell sur-
face; (c) They are readily available in a pure form exhibiting good biological
stability; (d) They are biodegradable, non-toxic, and non-immunogenic.

There is meanwhile a large body of evidence available that demonstrates
that albumin and transferrin accumulate in experimental solid tumors. Up-
take of these macromolecules in tumor tissue has been demonstrated using
various imaging methods, including labeling of the polymer with radioactive
derivatives, fluorescent derivatives, or dye derivatives [3].

A number of doxorubicin conjugates with albumin and transferrin have
been developed by Kratz and colleagues. In addition, acid-labile doxorubicin
conjugates with lactosaminated albumin have been developed by Fiume et al.
that target the asialoglycoprotein receptor over-expressed in liver cancer. The
respective conjugates are described in detail below.

5.1
Doxorubicin Conjugates with Transferrin and Albumin

In the initial work by Kratz et al., maleimide derivatives of doxorubicin were
synthesized during the first step, in which 3-maleimidobenzoic acid hydrazide
or 4-maleimidophenylacetic acid hydrazide was bound to the 13-keto position
of doxorubicin through an acid-sensitive carboxylic hydrazone bond. In the
second step, the doxorubicin maleimide derivatives were coupled to thiolated
albumin or transferrin, and the conjugates were isolated using size exclusion
chromatography (see Fig. 4) [23, 24].

The results of subsequent in vitro studies with these conjugates showed
in vitro efficacy comparable to free doxorubicin in 5-10 human tumor cell
lines [25]. Interestingly, the corresponding acid-sensitive transferrin and al-
bumin conjugates of doxorubicin demonstrated almost identical cytotoxicity.
As shown by confocal laser scanning microscopy, there are marked dif-
ferences between the intracellular distribution of the doxorubicin protein
conjugates and unbound doxorubicin [26]. Free doxorubicin is initially lo-
calized in the cell nucleus and, with time, it is additionally observed in the
golgi apparatus and mitochondria. Predominant sites of accumulation for
doxorubicin, transferrin, and albumin conjugates are the golgi apparatus
and mitochondria. Finally, the cellular distribution pattern and cytotoxic-
ity are very similar for the acid-sensitive transferrin and albumin conjugates
of doxorubicin.
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R= A1,T1  R= @—/ A2, T-2

Fig.4 Structures of transferrin and albumin conjugates with doxorubicin, containing an
acid-sensitive carboxylic hydrazone bond

In vivo antitumor activity of acid-sensitive transferrin and albumin con-
jugates of doxorubicin (A-2 and T-2 - see Fig.4) were evaluated against
murine renal cell carcinoma (RENCA) and in the MDA-MB-435 mamma
carcinoma [25,27]. The maximum tolerated dose (MTD) of acid-sensitive
doxorubicin transferrin and albumin conjugates was 2-3-fold higher than
for free doxorubicin. The conjugates showed a significantly reduced toxicity
(reduced lethality and body weight loss) with a concomitantly stable or im-
proved antitumor activity, compared to the free drug. As observed in the in
vitro analyses, there was no pronounced difference between identically con-
structed transferrin and albumin doxorubicin conjugates with regard to in
vivo efficacy [25].

As a consequence, research efforts focused on the development of albumin
drug conjugates, considering that the costs for obtaining albumin are 10-fold
lower than for transferrin. In addition, we wanted to improve the coupling
methods of drug derivatives, in order to obtain better defined drug albumin
conjugates, which would have high purity, a constant drug loading ratio, and
a minimal alteration of the three-dimensional protein structure.

Commercially available albumin is a mixture of mercaptalbumin and non-
mercaptalbumin, containing approximately 20-60% free sulfhydryl groups
per molecule albumin. This is due to the fact that the cysteine-34 position
is blocked by sulfhydryl compounds, such as cysteine, homocysteine, or glu-
tathione. Therefore, we developed a procedure for selective reduction of HSA
with suitable agents, such as dithiothreitol (Cleland’s reagent), in the first
step, so that approximately one sulfhydryl group per molecule albumin can be
determined (see Fig. 5).
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HSA |—Cys34—S—S—R
OH pH 7.0
—_— HSA —Cys34—SH
* * HS/?:)/;SH Gel filtration
HSA —Cys34—SH DTT, Cleland’s reagent human serum albumin in which
90-100 % of the thiol group
HSA = human serum is in its reduced form
albumin
human serum albumin is R = e.g. cysteine, homocysteine, gluthathione

a mixture of mercaptalbumin and
and non-mercaptalbumin

Fig.5 Selective reduction of the cysteine-34 position of commercially available human
serum albumin

In a second step, doxorubicin maleimide derivatives, such as the 4-male-
imidophenylacetyl hydrazone derivative of doxorubicin (abbreviated DOXO-
HYD), were coupled to this reduced form of albumin. The resulting con-
jugate, A-DOXO-HYD, was isolated through size-exclusion chromatography
(see Fig. 6).

In the subsequent biological studies, the in vivo efficacy and pharma-
cokinetic properties of the acid-sensitive doxorubicin albumin conjugate,
A-DOXO-HYD, were evaluated against murine metastatic renal cell carci-
noma, (RENCA), in comparison to free doxorubicin at equitoxic dose [28].
At equitoxic dose, A-DOXO-HYD was superior compared to free doxorubicin
against murine renal carcinoma. As shown in Fig. 7, therapy with the conju-
gate resulted in complete remissions of the primary kidney tumors at a dose
of 4x12 mg/kg doxorubicin equivalents. Only two metastases in the lungs
were observed. In contrast, mice treated with doxorubicin at the maximum
tolerated dose of 4x6 mg/kg manifested clearly visible kidney tumors and
a large number of lung metastases at the end of the experiment.

At a dose of 12 mg/kg doxorubicin equivalents, the AUC (0-72 h) was ap-
proximately two times higher for A-DOXO-HYD in the kidney tumor and in
the liver. In contrast, the AUC (0-72 h) was approximately two times lower for
A-DOXO-HYD in the healthy kidney and in the heart [28].

Encouraged by these results, we focused our work on a prodrug con-
cept that uses endogenous albumin, the chief circulating protein in the blood
stream (35-50 mg/mL), as a drug carrier [29, 30]. In this therapeutic strategy,
the prodrug is designed to bind rapidly and selectively to the cysteine-34 pos-
ition of circulating serum albumin after intravenous administration, thereby
generating a macromolecular transport form of the drug in situ in the blood.
We reasoned that exploiting circulating albumin as the drug carrier would
have several advantages over ex vivo synthesized drug albumin conjugates,
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+ HS—Cys34—

OH size-exclusion
chromatography

Fig.6 Synthesis of albumin doxorubicin conjugate, A-DOXO-HYD, in which 4-maleimido-
phenylacetyl hydrazone derivative of doxorubicin is bound to the cysteine-34 position of
human serum albumin

due to the following: (a) The use of commercial and possibly pathogenic albu-
min is avoided; (b) Albumin-binding drugs are chemically well-defined and
based on straight-forward organic chemistry; (c) Albumin-binding drugs are
fairly simple and inexpensive to manufacture; (d) A broad range of drugs for
developing albumin-binding drugs can be used; (e) The analytical require-
ments for defining the pharmaceutical products are comparable to any other
low-molecular weight drug candidate.

The macromolecular prodrug approach targets the cysteine-34 position
of albumin. Approximately 70 percent of circulating albumin in the blood
stream is mercaptalbumin, containing an accessible cysteine-34, which is
not blocked by endogenous sulfhydryl compounds, such as cysteine or glu-
tathione. Considering that free thiol groups are not found on the majority
of circulating serum proteins, except for albumin, cysteine-34 of endogenous
albumin is a unique amino acid on the surface of the circulating protein.

A proof of this concept was obtained with two acid-sensitive doxorubicin
prodrugs, i.e. the (4-maleimidophenylacetyl)hydrazone derivative of dox-
orubicin and the (6-maleimidocaproyl)hydrazone derivative of doxorubicin
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Fig.7 Therapeutic effects of doxorubicin (4x6 mg/kg) and A-DOXO-HYD (4x 12 mg/kg)
on kidney tumor weight and kidney tumor volume (A), and on the number of lung metas-
tases (B). C: Representative photographic images of control kidney (right) and tumor cell
treated kidney (left) of two mice from the control group, the doxorubicin treated group,
and the A-DOXO-HYD treated group. Body weight loss in both treatment groups was
comparable (-10 and -12%, respectively)

(DOXO-EMCH) (Fig. 8) which are rapidly and selectively bound to circulat-
ing albumin within a few minutes. They are distinctly superior to the parent
compound doxorubicin in murine tumor models [29, 30].

_o © o
‘i)
WIS, H

OH

Fig.8 Structure of (6-maleimidocaproyl)hydrazone (left) and (4-maleimidophenylacetyl)
hydrazone derivative of doxorubicin (right, investigated in a prodrug concept that ex-
ploits endogenous albumin as a drug carrier

In a murine renal cell carcinoma model, both prodrugs were superior to
free doxorubicin, the clinical standard, with regard to antitumor efficacy and
toxicity. In addition, DOXO-EMCH showed a superior activity in two mamma
carcinoma xenograft models in nude mice (MDA-MB 435; MCF-7) at equi-
toxic dose. Therapy with DOXO-EMCH dramatically improved the efficacy
of doxorubicin in all three animal models, exhibiting a maximum tolerated
dose, which was approximately four times higher than for free doxorubicin.

DOXO-EMCH was selected as the investigational product for clinical eval-
uation, after toxicology studies in mice, rats, and dogs had shown that DOXO-
EMCH exhibits a 2-fold to 5-fold increase in the maximum tolerated dose
(MTD) in these animals, when compared to conventional doxorubicin [31].
A 4-cycle intravenous study of DOXO-EMCH at dose levels of 4x2.5, 4x5.0
or 4x7.5mg/kg doxorubicin equivalents in rats revealed an approximate
3-fold decrease in side effects on the bone marrow system when compared to
4x2.5 mg/kg doxorubicin. The effects on the testes, thymus, and spleen were
comparable between both drugs at equitoxic dose, but with a clear indica-
tion for recovery in the animals treated with DOXO-EMCH. A no-observable
adverse effect level (NOAEL) for DOXO-EMCH of 4x2.5 mg/kg doxorubicin
equivalents was established in this study. This dose is equivalent to the MTD
of doxorubicin in rats.
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In a six-week long, 2-cycle study in Beagle dogs (intravenous adminis-
tration of DOXO-EMCH at dose levels of 1.5, 3.0, or 4.5 mg/kg doxorubicin
equivalents) only temporary effects on hematology, urinary function, and
histopathology in mid- and/or high-dose animals were observed. The low
dose of 2 x 1.5 mg/kg was considered to be the NOAEL in this study, which
is equivalent to twice the MTD of doxorubicin in Beagle dogs [31].

DOXO-EMCH has also shown a significant decrease in chronic cardiotoxi-
city at equimolar, as well as equitoxic doses, compared to doxorubicin in a rat
model [32]. Details of the phase I study, carried out with this prodrug, are
summarized in Chap. 7.

5.2
Doxorubicin Conjugates with Lactosaminated Albumin

A further application of albumin for drug delivery is liver targeting using al-
bumin conjugates containing galactose residues. These neoglycoprotein con-
jugates are designed to selectively enter hepatocytes by binding to the asialo-
glycoprotein receptor, with subsequent internalization and degradation of the
carrier in lysosomes, thus circumventing extrahepatic side effects, such as
neurotoxicity of antiviral nucleoside analogues in the treatment of chronic vi-
ral hepatitis. The validity of this therapeutic strategy has been demonstrated
in a clinical study, where adenine arabinoside monophosphate (ara-AMP)
conjugated to lactosaminated albumin exerted an antiviral effect compara-
ble to the free drug, without producing any major side effects, including the
severe neurotoxicity of free ara-AMP [33].

Fiume and co-workers adapted their carrier system for a potential treatment
of hepatocellular carcinoma [34-36]. In a study on needle biopsies of 60 human
hepatocellular carcinoma, the asialoglycoprotein receptor was histochemically
detected in 80% well-differentiated and in 20% poorly differentiated forms
of the tumor [37]. This forms the basis for exploiting the asialoglycoprotein
receptor as a molecular target for the selective delivery of drugs to hepatocellu-
lar carcinoma. In line with this rationale, the (6-maleimidocaproyl)hydrazone
derivative of doxorubicin (DOXO-EMCH) was coupled to a thiolated form of
lactosaminated human albumin (L-HSA) (see Fig. 9).

The resulting conjugate, L-HSA-DOXO, achieved a very efficient targeting of
the drug to the liver of treated mice, with doxorubicin concentrations reaching
levels 7-20 times higher than those raised in extrahepatic tissues [34].

In further experiments for treatment of hepatocellular carcinoma induced
in mice by N,N’-diethylnitrosamine, L-HSA-DOXO significantly inhibited tu-
mor growth without decreasing body weights (see Fig. 10) [36] at a dose of
4 x 1 mg/kg doxorubicin equivalents.

In contrast, free doxorubicin administered at the same dose as the coupled
drug, did not affect tumor growth, and it produced a significant decrease
in the body weight of the treated animals. Experiments in healthy rats have
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Fig.9 Structure of L-HSA-DOXO, an albumin conjugate, bearing, on average, 20
molecules of galactose and 5 molecules of DOXO-EMCH, targeting the asialoglycoprotein
receptor

Doxorubicin 4 x 1 mg/kg BWC -10% 10 rats per group

L-HSA-DOXO 4x1mg/kg BWC +1% 10 rats per group

Fig. 10 Efficacy of doxorubicin and L-HSA-DOXO in a chemically induced hepatocellular
carcinoma model. Representative images of liver tumors for the control group, doxoru-
bicin treated goup, and L-HSA-DOXO treated group

shown that even a dose of 4 x 2 mg/kg L-HSA-DOXO (which is twice the dose
of that used in the therapeutic model), produces essentially no liver toxicity,
indicating an excellent therapeutic index for the novel conjugate [35].
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6
Doxorubicin Prodrugs with Synthetic Polymers

In 1975, Ringsdorf proposed a general schematic design of the drug deliv-
ery system for low-molecular weight drugs, using synthetic polymers [38, 39].
One to several drug molecules are bound to a polymeric backbone through
a spacer, which incorporates a predetermined breaking point, to ensure re-
lease of the drug after cellular uptake of the conjugate. The system can also
contain solubilizing groups or targeting moieties, which render the conjugate
biorecognizable. Inspired by this pioneering work, a great number of anti-
cancer drug-polymer conjugates with different macromolecular carriers have
been developed in the last three decades. The vast majority of them are appli-
cations consistent with the Ringsdorf’s model [39].

This chapter will focus on doxorubicin conjugated with poly(ethylene
glycol) (PEG), copolymers of N-(2-hydroxypropyl)methacrylamide (HPMA,)
and dendritic polymers, since these polymers have primarily been used for
obtaining acid-sensitive prodrugs with doxorubicin.

6.1
Doxorubicin Conjugates with Poly(Ethylene Glycol)

Pendri and colleagues [40] introduced doxorubicin-PEG conjugates with non-
cleavable amino bonds or hydrazide bonds, as well as a derivative with an
acid-sensitive hydrazone bond. The prodrugs were prepared by reductive am-
ination of PEG (MW 5 kDa) aldehyde with doxorubicin, or by reaction of PEG
carbazate with doxorubicin, and, in the case of the hydrazide derivative, by
subsequent reduction of the formed hydrazone. In vitro studies against two
murine cell lines showed that the prodrug with the cleavable hydrazone bond
reached ICsg values that were slightly higher, but still in the range of the par-
ent drug.

While early studies focused on PEG-conjugates with low-molecular weight
polymer backbones, recent approaches were carried out using PEG of high-
molecular weight, considering that the renal clearance of these polymers
occurs at much slower rates, leading to prolonged half-lives of the conju-
gates [41]. In 1999, Rodrigues et al. published various PEG conjugates of
doxorubicin incorporating acid-sensitive carboxylic hydrazone bonds, which
were designed to be cleaved in the acidic environment of lysosomal or endo-
somal compartments after cellular uptake (see Fig. 11) [42].

The prodrugs were similar in their design to those developed by Pen-
dri and colleagues [40]. In contrast to former studies, Rodrigues employed
high-molecular weight (m)PEGs (MW 20 and 70 kDa), and varied the chem-
ical nature of the carboxylic hydrazone bond [aromatic benzoyl (Hyd;)
to aliphatic phenylacetyl (Hyd;) spacer]. Incubation studies revealed that
at pH 7.4 all prodrugs were stable, whereas at pH 5 the conjugates re-
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Fig. 11 Structure of various acid-sensitive PEG conjugates of doxorubicin

leased free doxorubicin with half-lives ranging from 2-30h. Remarkably,
the rate of hydrolysis depended on the molecular weight of the polymer
backbone with the high-molecular weight prodrug PEGyo-Hyd; being sig-
nificantly more stable to acidic conditions than the PEG,g analogue. Fur-
thermore, it was observed that the spacer group influenced the cleavage
rate. Hydrazones with the aromatic benzoyl spacer exhibited a pronounced
lability over the phenylacetyl congener. In vitro studies showed that all
PEG conjugates with carboxylic hydrazone bonds were cytotoxic against
three human cell lines. Although IC;y values were 1-2 order of magni-
tudes above those obtained with the parent drug, there was a correla-
tion between acid-lability and cytoxicity. The PEGok conjugate was up to
20-fold less active than its PEG,gk analogue, and conjugates with the ben-
zoyl spacer proved to be more cytotoxic than those with the phenylacetyl

group.
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6.2
Doxorubicin Conjugates with HPMA Copolymers

Water-soluble synthetic polymers based on N-(2-hydroxypropyl)methacryl-
amide (HPMA), first developed by Kopecek et al. as a plasma expander [43],
are non-toxic, non-immunogenic, and non-biodegradable macromolecules.
In the early 1980s, the research groups of Kopecek and Duncan recognized
the potential and the advantages of HPMA copolymers as macromolecular
carriers for anti-cancer drugs such as doxorubicin.

Non-targeted polymeric doxorubicin, in which the drug is bound through
either acid-cleavable carboxylic hydrazone bonds or cis-aconityl spacers, was
reported by Ulbrich and Rihova et al. [44-50]. Several HPMA copolymer con-
jugates of the drug were synthesized (see Fig. 12), varying in their molecular
weight as well as the linkers between doxorubicin and the polymer.

Three of them were designed to be enzymatically and acid-cleavable (those
with the GFLG spacers incorporated). Incubation studies at different pH
values revealed that all conjugates were relatively stable in a buffer solu-
tion at pH 7.4 [45,47]. At pH 5.0, the prodrugs with incorporated hydrazone
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Fig.12 Structures of acid-sensitive HPMA copolymer conjugates of doxorubicin
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bonds released doxorubicin with half-lives of approximately 5 h, whereas the
doxorubicin bound via cis-aconityl spacers was released at a much slower
rate (half-lives > 50h) [47]. The in vivo efficacy of four of the conjugates
with hydrazone linkers was evaluated in mice bearing EL4 T cell lymphoma
xenograft models [45, 48]. In this model, the acid-labile doxorubicin polymer
conjugate proved to be significantly more active than free doxorubicin as well
as PK1, the HPMA-doxorubicin conjugate, in which doxorubicin is bound
to the polymer through the GFLG spacer, which is cleaved in lysosomes re-
leasing doxorubicin [45]. Furthermore, in vitro studies against various cell
lines [46] revealed that the cytotoxic effect of the acid-cleavable prodrugs
is up to two times higher when compared to PK1, and in some cell lines
even comparable to the free drug. In the erythroblastoid cell line K 562, with
a limited content of lysosomes, acid-labile polymeric doxorubicin exerted
pronounced antiproliferative activity.

6.3
Doxorubicin Conjugates with Dendritic Polymers

In the last 10 years, several research attempts have focused on the develop-
ment of dendrimers or dendritic polymers as high loading capacity carriers
for anti-cancer drugs [51]. Dendrimers or dendritic polymers are branched
molecules with a defined number of functional groups on their surface, which
can be derivatized with anti-cancer agents [52].

An example of a high-loaded PEG conjugate of doxorubicin was published
by Fréchet and colleagues [53]. The architecture of the prodrug is based on
a star-shaped PEG scaffold (MW 23 kDa), which is grafted with polyester den-
drons (see Fig. 13).

Each of the terminal dendrimers bears four molecules of doxorubicin
bound through acid-labile hydrazone bonds. Although theoretically up to
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Fig.13 Structure of an acid-sensitive doxorubicin prodrug containing a PEG scaffold
grafted with polyester dendrons
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twelve molecules of the drug can be loaded onto the carrier, loading ratios ob-
tained experimentally were much lower, at approximately 50%. The molecular
mass of the conjugate, as determined by MALDI-TOF MS, was reported to be
27 kDa. HPLC incubation studies performed with the prodrug, showed a clear
correlation between the pH and the rate of drug release [54]. Furthermore,
in vitro cytotoxicity was determined using three different cell lines (B16F10,
MDA-MB 231, MDA-MB 435). In these experiments, the conjugate was 6-fold
to 50-fold less potent than the parent compound.

Problems associated with the use of perfect (monodisperse) dendrimers
are obviously related to the synthetic difficulties of achieving sufficiently high
molecular masses for passive tumor targeting. Furthermore, attaching drugs
to the dendimer peripherally can lead to unpredictable aggregation [55].

Recent research efforts to combine the advantages of linear poly(ethylene
glycol) (PEG) and dendritic structures resulted in the development of inter-
esting hybrid materials of different architectures, such as dendronized linear
polymers [56], star-like PEG with terminal dendrons [53], or so-called “bow-
tie” hybrids [57,58]. The bow-tie dendrimers synthesized by Gillies et al.
consist of two covalently attached polyester dendrons, each of them bearing
different terminal groups. One dendron is usually grafted with solubilizing
PEG. The other can be loaded with drugs. By using PEG chains of various
lengths, it was possible to synthesize well-defined PEG-dendrimer hybrids
with low polydispersity and different molecular weights [57]. Due to their
lack of toxicity and an advantageous biodistributive profile, selected polymers
were considered to be suitable carriers for anti-cancer drugs [59]. Recently,
the synthesis of a bow-tie dendrimer conjugated with doxorubicin was re-
ported [60]. The prodrug is based on a pegylated dendritic scaffold (45 kDa)
and contains eight PEG chains (5kDa), and up to sixteen molecules of the
drug (8-10% w/w), the latter attached to the dendritic core via acid-sensitive
carboxylic hydrazone bonds (Fig. 14).

In an in vivo experiment with C-26 tumor bearing mice, a single i.v. appli-
cation of the prodrug (20 mg/kg doxorubicin equivalents) produced a com-
plete tumor regression with a 60-day survival of 100%, whereas no cures were
achieved with free doxorubicin close to its MTD (6 mg/kg). To the best of my
knowledge, this is the first convincing proof that an acid-sensitive dendritic
conjugate with an anti-cancer agent holds superior efficacy and tolerability
over the parent compound.

6.4
Doxorubicin Conjugates with Other Polymers

Kataoka et al. reported a pH-sensitive supramolecular nanocarrier for dox-
orubicin, based on biocompatible block-copolymer micelles [61]. Doxoru-
bicin was coupled to a PEO-b-PAsp-copolymer (Fig. 15) through an acid-
labile hydrazone linker.
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OH

Fig.15 Doxorubicin block-copolymer conjugate, which self-assembles to form block-
copolymer micelles in water. The acid-labile hydrazone bond is cleaved at pH <6, and
doxorubicin is released

After spontaneous self-assembly of the drug-loaded supramolecular
nanocarrier, the release kinetics clearly demonstrated the effective cleavage
of the hydrazone bonds at pH <5, with concomitant release of doxorubicin.
Under physiological conditions of the cell culture medium (pH ~7), the re-
lease of doxorubicin was negligible.

The doxorubicin nanocarrier demonstrated in vitro cytotoxicity against
a human small-cell lung cancer cell line (SBC-3) in a time-dependent man-
ner, suggesting cellular uptake via endocytosis. The recent research shows
that the pH-sensitive polymeric micelle drug carrier improves antitumor ef-
ficacy in tumor bearing mice (C 26 colon adenocarcinoma) at doses of 20 and
40 mg/kg doxorubicin equivalents, compared to 10 mg/kg doxorubicin [62].
At a dose of 10 mg/kg doxorubicin, biodistribution studies showed a 4.2-fold
increase in the AUC in the tumor for the doxorubicin micelle over free dox-
orubicin.

7
Prodrugs of Doxorubicin in Clinical Trials

One acid-sensitive prodrug of doxorubicin has been and one is currently
being evaluated in clinical trials. In both cases the prodrug (6-maleimido-
caproyl)hydrazone derivative of doxorubicin (DOXO-EMCH) is bound either
to the monoclonal antibody BR96 or to endogenous albumin (see Fig. 16).
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Fig.16 The (6-maleimidocaproyl)hydrazone derivative of doxorubicin (DOXO-EMCH)
bound either to the monoclonal antibody BR96 or to endogenous albumin have been
evaluated in clinical trials

In the BR96-doxorubicin conjugate, eight molecules of DOXO-EMCH are
bound to the chimeric human/mouse monoclonal antibody BR96, which is
specific for Lewis-Y, an antigen that is abundantly expressed on the sur-
face of several human carcinomas, especially in breast cancer [15]. Alter-
natively, in the passive targeting approach, DOXO-EMCH is bound in situ
to the cysteine-34 position of circulating albumin after intravenous appli-
cation [30, 63]. The results of the clinical trials with these prodrugs are sum-
marized below.

Phase | and Phase Il Studies with the BR96-Doxorubicin Inmunoconjugate,
an Acid-Sensitive Antibody Conjugate of Doxorubicin

The BR96-doxorubicin immunoconjugate (BR96-DOX,) which reacts specific-
ally with the tumor-associated antigen, Lewis-Y, has been evaluated in phase
I and phase II studies [18-20]. In the phase I study, the immunoconjugate
was administered to 66 patients as an intravenous infusion every 21 days [18].
Doses of BR96-DOX ranged from 66 to 875 mg/m?, which is equivalent to
2 to 25mg/m? of free doxorubicin. BR96-DOX showed dose-limiting gas-
trointestinal toxicity at the highest dose. A dose of 700 mg/m? (equivalent to
20 mg/m? doxorubicin) was recommended for phase II studies. Two patients
exhibited a partial response, one with breast carcinoma and the other with
gastric carcinoma.

Three phase II studies have been completed with BR96-DOX. A random-
ized phase II study was performed to evaluate the activity of BR96-DOX
in metastatic breast cancer in patients with confirmed sensitivity to the



94 E. Kratz

single-agent doxorubicin [20]. Patients with immunohistochemical evidence
of Lewis-Y antigen received either 700 mg/m? of BR96-DOX (equivalent to
20 mg/m? DOX) or 60 mg/m? doxorubicin every three weeks. Out of 14 pa-
tients receiving BR96-DOX, there was one partial response. However out of
9 patients treated with doxorubicin alone, there were one complete and three
partial responses. The cross-reactivity of BR96-DOX with normal gastroin-
testinal tissue led to prominent toxicities, and probably impaired the delivery
of the immunoconjugate to the tumor sites. The low clinical response rate
observed in these studies suggests that the dose which could be safely admin-
istered every three weeks was insufficient for maintenance of the intratumoral
concentration of doxorubicin required to achieve tumor regression.

In the second phase II study, 15 patients with advanced gastric adenocar-
cinoma expressing the Lewis-Y antigen were treated with 700 mg/m? BR96-
DOX every three weeks. Although stable disease was seen in five patients,
no objective responses were achieved. Reversible gastrointestinal toxicity, pri-
marily nausea, and emesis were the predominant toxicities.

Finally, a phase II study of BR96-DOX in combination with Taxotere® was
initiated, for the treatment of patients with non-small cell cancer, in light
of the fact that BR96-DOX demonstrated synergistic effects with paclitaxel
and docetaxel in preclinical tumor models (www.seattlegenetics.com) [17].
The data indicate that the combination was well-tolerated, and resulted in
improved overall survival, compared to Taxotere® alone, in some patients
(www.seattlegenetics.com).

In summary, the shortcoming of this agent was the cross-reactivity of
BR96-DOX with normal gastrointestinal tissue, which led to prominent toxic-
ities, and it likely impaired the delivery of the immunoconjugate to the tumor
sites. Further development of the antibody conjugate of this drug has been
discontinued (Seattle Genetics news release, 6 July 2005).

Phase | Study with DOX0-EMCH, an Albumin-Binding Doxorubicin Prodrug

DOXO-EMCH emerged as a clinical candidate, due to its superior efficacy in
several murine tumor models. A 2-fold to 5-fold increase in the maximum
tolerated dose and a low cardiotoxic potential were observed, when com-
pared to doxorubicin [30-32, 63, 64]. DOXO-EMCH is selectively bound to
the cysteine-34 position of endogenous albumin within a few minutes after
intravenous administration. It contains an acid-sensitive hydrazone linker,
which allows doxorubicin to be released either extracellularly, in the slightly
acidic environment often present in tumor tissue, or intracellularly, in acidic
endosomal or lysosomal compartments after cellular uptake of the conju-
gate by the tumor cell. In the phase I study, a starting dose of 20 mg/m?
doxorubicin equivalents was chosen, and 41 patients with advanced cancer
were treated at the dose levels of 20-340 mg/m? doxorubicin equivalents [64].
Treatment with DOXO-EMCH was well-tolerated up to 200 mg/m?, without
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manifestation of drug-related side effects. Myelosuppression (grade 1-2) and
mucositis (grade 1-2) were the predominant adverse effects at dose levels
of 260 mg/m?. Myelosuppression (grade 1-3) and mucositis (grade 1-3) be-
came dose-limiting adverse effects, at 340 mg/m?. The expected spectrum of
toxicities known from doxorubicin was observed as DLT: Neutropenia, neu-
tropenic fever, and mucositis/stomatitis. No clinical signs of congestive heart
failure were observed. In terms of pharmokinetics, the albumin-bound form
of DOXO-EMCH has a large AUC, a small volume of distribution and low
clearance, compared to doxorubicin [64].

Thirty of 41 patients were assessed for response analysis. Three patients
(10%) showed partial response. Fifteen patients (50%) showed stable disease
at different dose levels ranging from 2 to 15 weeks. Twelve patients (40%) had
evidence of tumor progression. 3 anthracycline-naive patients had partial re-
sponse lasting for 80, 24 and 17 weeks, respectively. A patient with small-cell
lung cancer, pretreated with etoposide and cisplatin, who received six courses
of 180 mg/m? DOXO-EMCH, achieved an excellent tumor control with time
to progression of 18 months. A patient with liposarcoma, pretreated with
an angiogenesis inhibitor, was treated with 260 mg/m? DOXO-EMCH, and
reached a partial remission with time to progression of 17 weeks. A patient
with metastatic breast cancer, pretreated with adjuvant CMF, different hor-
monal treatments was treated with 340 mg/m? DOXO-EMCH, and reached
a partial remission, and time to progression of 24 weeks.

The recommended dose for phase II studies of DOXO-EMCH is 200-
260 mg/m2 doxorubicin equivalents, which is a 3-fold to 4.5-fold increase
over a standard dose of 60 mg/m? free doxorubicin. A phase II study of small
cell lung cancer (SCLC) has been initiated in June 2007 to assess the anti-
tumor potential of DOXO-EMCH, which has been renamed INNO-206 (see
www.innovivepharmaceuticals.com).

In summary, both prodrugs have been investigated preclinically and
clinically. A shift in the maximum tolerated dose for both prodrugs over
free doxorubicin was noted in preclinical mice models. For DOXO-EMCH
(i.v.) [30] this represents an approximate 4.5-fold increase, and for the BR96-
doxorubicin conjugate a 2.5-fold increase. In addition, both formulations
were superior to doxorubicin, and were able to induce complete remissions
in the tumor models studied [15,30]. The doses needed to achieve complete
remissions were higher for DOXO-EMCH than for the BR96-doxorubicin im-
munoconjugate.

In clinical trials, the shift in the MTD for DOXO-EMCH correlated with
that observed preclinically (260 mg/m? doxorubicin equivalents for DOXO-
EMCH administered as the MTD to humans, compared to standard dose
of doxorubicin of 60 mg/m?), but not for the BR96-doxorubicin immuno-
conjugate, where the MTD was already reached at 15 mg/m? doxorubicin
equivalents, due to severe gastrointestinal toxicity, likely caused by the cross-
reactivity with the respective normal tissue expressing the target antigen.
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Abstract With the aim of improving the therapeutic utility of doxorubicin, numerous
conjugates or prodrugs have been prepared to be selectively activated at the tumor site
while releasing the cytotoxic drug.

Among immuno-conjugates representing a widely studied class of doxorubicin deriva-
tives, the clinical development of cBR96-Dox, undoubtedly the most quintessential deriva-
tive, was discontinued due to severe secondary effects. More potent cBR-96 analogues and
IMMU-110, another doxorubicin immunoconjugate, are still under study.

Antibody-directed prodrug therapy has been designed to overcome some of the prob-
lems associated with the treatment of solid tumors. Concerning the anthracycline-based
prodrugs, two glucuronide conjugates have reached the preclinical level, HMR 1826 and
DOX-GA3. Both conjugates were subsequently evaluated against several human cancer
xenografts without preliminary administration of fusion protein. Among the novelty in
ADEPT approaches, one of the most relevant was based on the design of multiple spacer
systems.
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Closely related to ADEPT, new approaches to selectively deliver prodrug-releasing en-
zymes in tumor cells have been still studied or proposed by means of gene (GDEPT),
polymer (PDEPT), bacteria (BDEPT), or exploiting endogenous carbohydrate-lectin bind-
ing (LEAPT).

Activation of conjugates by tumor-associated endogenous enzymes such as prostate
specific antigen, plasmin, matrix metalloproteinase, and various extra and intracellu-
lar peptidases has also been reported, some of these conjugates like L377,202, a PSA
substrate, having reached the clinical level. Doxorubicin peptide conjugates were also
designed to be activated by endopeptidase legumain, and extracellular thimet oligopep-
tidase to deliver Leu-Dox, known to be cleaved intracellularly by peptidase.

A third class of conjugates has been designed for receptor-mediated targeted delivery,
including folate, somatostatin, bombesin, LHRH receptors or integrin and lectin.

Transportation of doxorubicin with peptide vectors has been simultaneously investi-
gated to overcome the problem of penetration in the brain or the problem of multidrug
resistance.

Keywords Doxorubicin - Targeting - Conjugate - Prodrug - Antibody-receptor

Abbreviations

ADEPT Antibody-directed enzyme prodrug therapy
BDEPT Bacterial-directed enzyme prodrug therapy
DNR  Daunorubicin

Dox  Doxorubicin

GDEPT Gene-directed enzyme prodrug therapy
ICsg 50% Inhibitory concentration

ip. Intraperitoneal

iv. Intravenous

LD Lethal dose

LEAPT Lectin-directed enzyme-activated prodrug therapy
Leu Leucyl

LHRH Luteinizing hormone releasing receptor
PDEPT Polymer-directed enzyme prodrug therapy
PSA Prostate specific antigen

SST Somatostatin

SSTR  Somatostatin receptor

1
Doxorubicin Inmuno-Conjugates

Conjugates of monoclonal antibodies (Mabs) with drugs have been investi-
gated for many years as a potential approach to deliver cytotoxic agents to the
tumor target more specifically. The efficacy of drug-MAb immunoconjugates
in vitro and in vivo have been several times [1-3] reviewed and besides My-
lotarg (gemtuzumab ozogamicin) a conjugate of the anti-CD33 antibody with
the highly potent cytotoxic drug, calicheamicin, which has been approved by
the FDA, some of them are under clinical studies.
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The Bristol-Myers Squibb’s group (BMS) has synthesized several immuno-
conjugates [4] of doxorubicin by joining MAb and Dox via disulfide or
thioether bonds to the Mab moiety and hydrazone bonds to the doxorubicin
C-13 carbonyl. One such immunoconjugate that utilizes the C-13 hydrazone
and involves an anti-Lewis Y Mab, the cBR96-Dox 1 (Fig. 1), is very stable
but release Dox following exposure to the acidic pH of endosomes/lysosomes.
This conjugate is selectively internalized by a wide variety of human carcino-
mas expressing an extended form of Lewis Y antigen, and displayed relevant
activity on large human tumor xenografts implanted in mice at doses of 5
to 20 mg/kg in doxorubicin with a selectivity in the range of 8-25. Due to
its broad and potent activity against multiple tumor models, cBR96-Dox was
developed for clinical trials.

(0]
O o]
O‘O‘ L
OH CHZOH
OMe O
N OMe O OH
HO 2 Immu-10

cBR96-DOX 1

Fig.1 cBR96-Dox conjugate 1 and immu-110

However, when administered alone in a phase I clinical trial in patients
suffering predominantly of metastatic colon and breast cancer and whose tu-
mors expressed the LeY antigen [5], no significant activity was found. Thus,
despite tumor stabilization and some partial responses during a random-
ized phase II study [6] in metastatic breast cancer, secondary effects such as
gastrointestinal toxicities, nausea and vomiting with gastritis precluded dose
escalation. Although a dramatic increase in regression rates of breast cancers
was observed when ¢cBR96-Dox was combined to paclitaxel [7], BMS decided
to discontinue further clinical development of cBR96-Dox in breast cancer.

Next this conjugate was licensed to Seattle Genetics [8] and developed
under the name of SGN-15. After having been shown that treatment with
cBR96-Dox prior to paclitaxel administration resulted in a steady increase
in sensitivity to taxanes [9], a randomized, multicenter phase II study of
SGN-15 combined with docetaxel including 62 patients with advanced stage
of metastatic non-small cell lung cancer was undertaken [10]. Despite the fact
that SGN-15 plus docetaxel was well tolerated and active in second and third-
line treatment of NSCLC patients, Seattle Genetics decided to discontinue
development of SGN-15 on July 2005 [11].
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It should be noticed that the BR96-Dox immunoconjugate was also found
effective against intracerebral tumors when delivery is enhanced with os-
motic disruption of the blood-brain barrier [12] but was not effective against
glioma cells.

A series of more potent cBR-96 analogues was synthesized during the
2000-2007 period, involving 5-diacetoxypentyl Dox (DAPDox) 2 and mor-
pholinoDox 3 [13], which are 2-250 times more potent against Dox-sensitive
cell lines in vitro, are not substrates for P-glycoprotein and thus do not dis-
play MDR phenotype (Fig. 2). Inmunoconjugate molar ratios were generally
7.5-8.5 and the linkers released parent drug at lysosomal pH 5 while remaining
stable at neutral pH. The BR96-diacetylpentyl Dox displayed an IC5¢ 0£0.03 mM
against L2987 lung carcinoma cell line (BR96 antigen positive) and was at least
300-fold more potent that a non-binding morpholinoDox control conjugate.

Fig.2 5-diacetoxypentylDox and morpholineDox

To prepare more potent doxorubicin conjugates, use of a bivalent or
branched linker was also designed. Indeed for the usual access to BR96-Dox,
the method of conjugation used eight thiol groups, generated by dithiothre-
itol reduction of four interchain disulfides. This limits molar ratios to a max-
imum value of 8 mol drug/mol BR96. Immunoconjugates involving branched
peptide-doxorubicin linkers as bivalent compound 4 (Fig. 3) increased this
molar ratio to 16 mol drug/mol BR96 but [14] as the first immunoconjugates

H
O N-N=R
0
- 0 H
S N-N=R -
n

Fig.3 Bivalent immunoconjugate 4
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were prone to noncovalent, dimeric aggregation, a hydrophilic methoxytri-
ethylene glycol chain was subsequently added [15]. These last immunoconju-
gates were highly potent and immunospecific in vitro. After antigen-specific
internalization, liberation of doxorubicin would occur by hydrolysis of the
methoxytriethylene glycol chain into tumor lysosomes in vitro, and subse-
quent enzymatic degradation of the peptide linker. Aggregation was well
prevented by the introduction of hydrophilic mTEG residues.

Dox-immunoconjugates containing dipeptide linkages cleavable by lysoso-
mal proteases, such as cathepsin, following internalization of the conjugate,
were also reported. According to Dubowchik et al. [16], drug-dipeptide (Phe-
Lys) linker was still linked to the free thiol groups generated on MAb by
treatment with dithiothreitol (DTT). This bivalent maleimide Dox-containing
(Fig. 4) was next conjugated to chimeric BR96 to give the bivalent conjugate
5 with a drug/MAb mole ratio of 14 : 1 which demonstrated antigen-specific
in vitro cytotoxic effect equipotent to Dox with an ICsq of 0.2 uM, against the
antigen-positive L2987 lung carcinoma cell line.

OHO

O‘O‘ o v ‘O‘O
OMeO \i‘/ O OH O OMe
N N% CHj
ﬁv PR i
OH
o

Fig.4 Bivalent immunoconjugate 5

On the other hand, dipeptide-based more highly potent conjugates were
prepared (Fig. 5). The purpose was to deliver cyclic derivatives of Dox such
as the morpholino cyanide derivative 6 [17] or the pyrrolidine derivative 8
arising from cyclization of the n-butyl and n-pentyl diacetates 7 under es-
terase hydrolysis [18], both analogues displaying largely higher cytotoxicity
than Dox.

Two approaches (Fig. 6) were followed involving protease-mediated re-
lease of 8. According to the first approach (route A), the drug was released
from the MADb by proteolytic hydrolysis of a peptide linker, prior to the
formation of the reactive pyrrolidine ring. The second approach involved
tethering the molecule through an oxazolidine carbamate which would sta-
ble and masked the activating aldehyde group until proteolytic cleavage from
the mAb (route B) occurred. Cleavage of the dipeptide would result in 1,6-
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Fig.6 Mechanism of proteolytic release of doxorubicin

elimination to liberate an intermediate that should rapidly cyclized to af-
ford 8.

Thus, the two linkers a (R; = (CH;)3-NH-CONH;; R, = Isopropyl) and
b (CH3; R, = Isopropyl) were synthesized and conjugated to the chimeric
MAbs 1F6 (which binds to CD70 antigen of the TNF receptor superfamily)
and cAC10 (which binds to the CD30 antigen), affording 9a,b and 10a,b. Both
conjugates 9 and 10 were substrates for the lysosomal enzyme cathepsin B
and were cleaved at comparable rates. When tested in vitro against CD70" or
CD30" cell lines, > 40% specificity were observed with values of ICsy between
0.4 and 2.3 nM, which means that conjugates were > 70 fold more potent than
DOX. On the other hand, the ICsy values of conjugates with 4 or 5 as linker
were similar suggesting that the active drug was similarly delivered.

IMMU-110, another doxorubicin immunoconjugate (Fig. 1) is structurally
closely related to the cBR96-Dox conjugate but involves murine and human
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versions of the anti-B cell, antibody LL1, targeting CD74, a rapidly internaliz-
ing antibody that is highly expressed in several tumors. This conjugate, which
carried approximately eight drugs per MAb, has been tested successfully on
SCID mice bearing human B-lymphoma xenografts [19]. Moreover, with re-
spect to the high prevalence of CD74 antigen expression in multiple myeloma,
IMMU-110 was evaluated [20] in mice and monkeys as well as in a xenograft
model of the human multiple myelome cell line (MC/CAR). Treated with
a single dose of IMMU-110 as low as 50 ug antibody/mouse (or 1.4 pg of
dox/mouse), 5 days post injection of multiple myeloma cells resulted in cure
of most mice. No toxicity was observed, including myelotoxicity and car-
diotoxicity, up to the maximum single dose tested of 125 mg/kg (3.6 mg/kg of
Dox). The therapeutix index of IMMU-110 in the MC/CAR mouse xenograft
model was found to be > 50 fold. In nonhuman primates like cynomolgus
monkeys, still no acute cardiotoxicity was observed as well as adverse effects
to other major organs at doses up to 90 mg/kg, except bone marrow toxicity
which appeared at 30 mg/kg.

A MADb-Dox conjugate has been also reported in an attempt to target head
and neck cancers and squamous cell carcinoma (SCC). This immunocon-
jugate directed against hsp47/CBP2 has been prepared [21] by linking the
13-keto position of the drug to the MAb via an hydrazone linker. Biologi-
cal studies revealed that SCC cells treated with this SPA470-Dox conjugate
retained the original binding activity for SCC cells and was significantly
more potent that unconjugated Dox, Dox-hydrazone or MAb + Dox. Further
demonstrations indicate that SPA470-Dox is effective during hypoxia, condi-
tion which influences the expression of hssp47/CBP2 and thus presumes the
further utility of the conjugate in treating head and neck cancers.

Hepatocellular carcinoma cell (HepG2) were also targeted by linking dox-
orubicin to a monoclonal antibody anti-midkine [22] which is a heparin-
binding growth factor, preferentially expressed in tumor cells.

Targeting Dox via copolymers linked to MAbs has also been reported.
In one case, such a copolymer has been linked to C225 MAD [23] directed
against epidermal growth factor receptors (EGFRs) through a polyethylene
glycol spacer. Combination chemotherapy and photodynamic therapy has
been evaluated in the second case by targeting with OV-TL 16 MADb, directed
against ovarian cell lines, a copolymer-bound doxorubicin and mesochlo-
rin [24]. In both cases, enhanced delivery of dox was observed which, besides
the role of antibody-targeting, may attributed to enhanced permeability and
retention (EPR) effects.
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2
Conjugates for Directed-Enzyme Prodrug Therapies

2.1
Antibody-Directed Enzyme Prodrug Therapy (ADEPT)

The antibody-directed prodrug therapy has been designed [25] to overcome
some of the problems that were associated with the treatment of solid tumors,
including poor penetration of the immunoconjugates, antigen heterogeneity,
low drug potency and inefficient drug release. In this two-step therapeutical
approach, a mAb-enzyme conjugate is administered in a first phase. Once it
localized within the tumor mass and cleared from the systemic circulation, an
anticancer prodrug is given in a second phase which is converted to the active
drug by the targeted enzyme.

Many enzymes of mammalian and non-mammalian origin have been re-
ported for use within the ADEPT [26-28]. Concerning the drugs, a large
panel has been studied, and among them, anthracycline antibiotics. Never-
theless, to our knowledge, concerning the anthracycline-based prodrugs, only
two glucuronide conjugates have reached the preclinical level, HMR 1826 and
DOX-GA3.

HMR 1826 (Hoechst-Marion-Roussel) is a doxorubicin prodrug (Fig. 7)
developed in our laboratory [29] in collaborative work with Dr. Bosslet et al.
from Behring Institute. In order to target the enzyme at the tumor cell sur-
face of gastro-intestinal tractus, a fusion protein was elaborated from human
B-glucuronidase and a single chain fragment of the humanized mAb anti-
CEA [30]. Self-immolative spacer-containing prodrugs were designed on the
basis of preliminary results [31].

The main results observed with HMR 1826 were its stability in plasma,
its high detoxification with an ICsp = 2 WM versus 0.02 uM for the doxoru-
bicin and a MTD, which was > 1200 mg/kg versus 12 mg/kg for DOX. In vivo
a 4-12 fold higher doxorubicin concentration in tumors and a five-fold lower
drug concentration in normal tissues were measured [32]. Moreover, HMR
1826 was found to be 100-fold less cardiotoxic than doxorubicin [33].

Elevated activity of B-glucuronidase in tumor tissue relative to normal
tissue was first observed by Fishman and Anlyan [34] but exploitation has
not been widely used except by Connors and Whisson [35], and Double
and Workman [36], who reported therapeutic response to aniline mustards
in high glucuronidase tumor-bearing mice. Taking into account these data,
Bosslet et al. [37] re-examined tumors using enzyme histochemical methods
and found that lysosomal B-glucuronidase is liberated in necrotic tumors
area, the cells responsible for the liberation of the enzyme being mainly
acute and chronic inflammatory cells [38]. Thus, it became evident that glu-
curonide prodrugs designed for ADEPT could be used in prodrug monother-
apy (PMT). This was demonstrated on isolated human lungs perfusion with
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HMR 1826 [39,40] by enhanced uptake of doxorubicin into bronchial carci-
noma but also on a large panel of human tumor xenografts in nude mice [38].

Interest in HMR 1826 has been underlined by comparison with free Dox and
liposomal Dox [41] and by the fact that elevated expression of S-glucuronidase
has been observed in pancreatic cancer (100 to 300%) [42, 43]. Nevertheless,
development of HMR 1826 was discontinued by decision of Hoescht-Marion-
Roussel and then Aventis.

Carbamate-based spacers were also designed and synthesized in the group
of Scheeren and evaluated by the group of Haisma et al. [44, 45]. Among the
numerous prodrugs they prepared [46], DOX-GA3 was selected for develop-
ment (Fig. 7).

First experiments [47, 48] were conducted in the presence of an enzyme-
conjugate prepared from the murine MAb 323/A3, which is specific for a pan-
carcinoma Ep-CAM, and slightly modified human glucuronidase (mGUS). In
nude mice bearing s.c. human ovarian cancer xenografts, improved antitu-
mor effects were observed at doses of 500 mg/kg, the maximum tolerated
dose of DOX-GA3 being of 500 mg/kg weekly x2. However, at lower dose of
250 mg/kg, tumor-growth inhibition was not better than that of doxorubicin
alone [49]. Next, a fusion protein was prepared [50] consisting of a human
single-chain Fv antibody C28 against the epithelial cell adhesion molecule,
and the human enzyme fS-glucuronidase. The sequences encoding C28 and
human g-glucuronidase were joined by a flexible linker. As DOX-GA3 is
rapidly excreted by the kidneys, the same group further hypothesized [51]
that a slow release of DOX-GA3 from its carboxymethyl ester (DOX-mGA3)
by esterase activity in blood would result in improved circulation half-life of
DOX-GA3. Not only DOX-mGA3 is synthesized more efficiently than DOX-
GA3, but improved pharmacokinetics were observed with this more lipophilic
prodrug. It was postulated that this effect may even be more pronounced in
man, because of the lower plasma esterase than measured in mice.

Based on the release of glucuronide prodrugs in necrotic area of tumors
like HMR 1826, the corresponding daunorubicin-GA3 was successfully eval-
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uated against human ovarian cancer xenografts without preliminary admin-
istration of fusion protein [52].

In order to improve the efficacy, selectivity and non-immunogeneicity of
ADEPT approaches during the last 10 years, three main directions have been
followed:

e development of non-immunogenic, new fusion protein,
e used of selective enzymes ...,
e design of elongated self-elimination or multiple spacer systems.

Concerning the first direction, B-lactamase is a versatile enzyme that can
activate a variety of anticancer drugs and among them, doxorubicin [53]. The
rationale of using this non-mammalian enzyme was based on the data that
the corresponding prodrugs are stable, non-toxic, and are not substrates for
endogenous human enzymes, avoiding premature activation. However, such
enzymes elicit immune responses in human. Therefore intense efforts have
been made to prepare less immunogenics variant S-lactamase [54] or fusion
proteins such as TAB2.5, which results from the fusion of the MAb CC49 with
the enzyme [55].

p-galactosidase as S-glucuronidase belongs to the class of enzymes of
mammalian origin and thus is expected to be much less immunogenic
than enzymes like lactamase or carboxypeptidase. In the 1990s, prodrugs
of DNR [56-59] as substrates for « or § galactosidase have been synthe-
sized. More potent Dox analogues were also involved in these approaches.
Thus a series of various w-[bis(acetoxy)]alkyl or w-(bis(acetoxy)]alkoxyalkyl
derivatives, substituted at the 3’-amino position were designed [60] to be
hydrolyzed in the presence of carboxylate esterases giving N-(5-oxypent-1-
yl)doxorubicin as illustrated (Fig. 8) with the most potent compound of the
series. It was shown that the chain length of the 3’-amino substituents and
the stability of the derived aldehydes to form five- or six-membered carbino-
lamines are critical determinants for the biological activity.

esterase
(@) _ >

\ N
oH ~NH OAc HO N
) :

Fig.8 Bis(acetoxy)alkyl doxorubicin derivatives
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More recently, the L49 MAD directed against the p97 antigen on melanomas
and carcinomas was chemically conjugated [61] to E. coli §-galactosidase in
order to activate the daunorubicin conjugate as illustrated in Fig. 9. Activation
of this conjugate led to a highly cytotoxic drug with a cytotoxic differential
of approximately five orders of magnitude (10 pM versus 0.8 uM), which may
be fruitful if very small percentages of conjugate accumulate within the solid
tumor.

HsC7~—0 —
! - .
oH NH
Ho OH O~ CHs
0 .
HO ;

OH " glycosidase
cleavage

Fig.9 Hexyloxy-galactosyl-butyl doxorubicin derivative

With regard to more specific enzymes involved in ADEPT, an example
with post-proline cleaving endopeptidase was reported. The human prolyl
endopeptidase was expressed in Escherichia coli and purified. In order to
improve its stability and thus to obtain a thermostable enzyme, a single
amino-acid mutation (Glu289 — Gly) was carried out, resulting in a half-life
of 16 h at 37 °C in phosphate buffer. The purified prolyl endopeptidase mu-
tant was chemically coupled to mAb SIP(L19), which recognizes DE-B domain
of fibronectin. On the other hand, N-protected glycine-proline dipeptide was
covalently coupled to doxorubicin. However, whereas a melphalan prodrug
was efficiently activated, the doxorubicin prodrug remained stable, probably
due to steric hindrance [62].

Concerning the third direction, since a successful in vivo selective pro-
drug depends on an efficient activation by the site-specific enzyme, Shabat
et al. designed and synthesized self-immolative dendrimers. The first gen-
erations were based on adaptable molecules, 4-hydroxymandelic acid [63]
and above all, 2,6-bis(hydroxymethyl)-p(-cresol) [64, 65] that have three func-
tional groups, and thus represents a potential platform for a multiple pro-
drug. In the case of the cresol derivative, the two hydroxymethyl groups
(Fig. 10) were attached through a carbamate linkage to the enzyme target and



110 J.-C. Florent - C. Monneret

R
>FO
o]

on HN

Fig. 10 Bis-hydroxy-p-cresol conjugates

the phenol function was linked to the drug through a short spacer, N,N’-
dimethylethylenediamine.

As proof of the concept, they designed a pilot system for which catalytic
antibody 38C2 was selected as the cleaving enzyme [66]. The antibody cat-
alyzes a sequence of retroaldol retro-Michael cleavage reactions as illustrated
as follows, affording two doxorubicin units by a single cleavage. Moreover,
substrates of the enzyme are not recognized by human enzymes.

A single-triggered trimeric prodrugs system was further designed [67]
that proceeds through a triple quinone methide rearrangement under phys-
iological conditions. They synthesized two prodrugs, one containing exclu-
sively three camptothecin units, the other containing three different drug
molecules, camptothecin, etoposide and doxorubicin. The same system of
delivery as above with retro-aldol and retro-Michael activation by antibody
38C2 was able to simultaneously release the three different chemotherapeutic
drugs at the same site. A heterodimeric prodrug combining a camptothecin
unit and a doxorubicin unit was also prepared.

It must be noted that de Groot et al. [68] and Szalai et al. [69] have also
designed dendritic units that are able to release several drug molecules with
a single enzymatic cleavage but no application for doxorubicin release were
involved in both papers.

As elongated spacer systems could decrease steric hindrance to a larger ex-
tent than conventional spacer, de Groot et al. designed [70] different types
of elongated cascade spacer. Three Dox conjugates that contain one, two, or
three self-immolating spacers as depicted in Fig. 11 were thus synthesized. All
these prodrugs were stable in 0.1 M Thris/HCl buffer (pH 7.3) for 3 days at
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Fig. 11 One, two, or three spacer-containing Dox conjugates

37 °C. In the presence of plasmin, the time of enzymatic hydrolysis to reach
a 50% conversion to Dox was in the following order: A > B > C. Thus, the
triple spacer prodrug C shows the highest enzymatic activation rate. Compar-
ison to prodrugs containing a 2’-carbonate linkage (no represented) indicates
that a 2’-carbamate function as in A, B, and C increase drug stability.

2.2
Gene-Directed Prodrug Therapy (GDEPT)

GDEPT or suicide gene therapy is another approach to target cytotoxic agent
to tumor cells in a selective and specific manner [71]. It has been proposed
as an alternative to solve the major problem of tumor gene therapy, the low
transduction efficiency of the vectors.

It only differs from ADEPT in delivering the enzyme in the tumor cells by
introducing a gene which encodes for this enzyme, instead of using a conju-
gate or a fusion protein. This means that prodrugs must be able to penetrate
across tumor cell membranes instead of being localized at the cell surface in
ADEPT and therefore, must be lipophilic [72].

However, among the few examples of GDEPT approaches with Dox, two
of them were based upon use of a gene encoding for secreted human
B-glucuronidase, so that previous hydrophilic prodrugs such as HMR 1826 or
DOX-GA3 were involved in assays. The first example was reported by Weyel
et al. [73] who demonstrated that tumor cells transduced with a secreted form
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of B-glucuronidase (s-B-Gluc) convert HMR 1826 (vide supra) to Dox and
that the generated drug produces a strong by-stander effect in cell culture.
In vivo functionality of the s-8-Glu/HMR system was assessed by comparing
the sensitivity of established con JEG-3 (non-expressing control) and JEG-3sG
xenografts with HMR 1826 and Dox. Only tumors established with JEG-3sG
immediately started to regress. Comparing Dox and HMR 1826, a dramatic
effect was observed with the prodrug, already at 100 mg/kg confirming the
superiority of the prodrug-converting system.

Four years later, transduction of tumor cells to secrete a targeted form
of B-glucuronidase was also reported by de Graaf et al. [74] who noted
a pronounced antitumor efficacy of DOX-GA3 after such adenoviral vector-
mediated expression of human glucuronidase (GUS). The adenovirus vector,
designated Ad/C28-GUSh, encoding GUS was fused to a human single-chain
Fv against the epithelial cell adhesion molecule (EpCAM). Growth inhibition
of well-established FMa human ovarian cancer xenografts was significantly
delayed after i.v. injection of DOX-GA3 versus placebo. This effect was more
pronounced after intratumoral administration. Virus alone has no effect.

Nitroreductase gene-directed enzyme prodrug therapy led Hay et al. to
design and synthesize nitroaryl carbamate prodrugs of Dox [75]. Draw-
ing a lesson from their own experiments in GDEPT with other cytotoxic
agents and from the fact that a 4-nitrobenzylcarbamate linked to the
3’-amine of the sugar moiety was not released upon reduction [76], they
prepared two types of prodrugs including or not a self-immolative spacer
(p-aminobenzylcarbamate) and a nitroimidazole or a p-nitrophenyl ring as
reductive units (Fig. 12).

Fig. 12 Nitroreductase doxorubicin substrates
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Prodrugs 1, 2, and 4 showed modest deactivation of Dox and relatively low
selectivity for NTR. Whereas in the case of 4, the addition of a spacer did not
provide any significant increase in the deactivation of Dox or in selectivity for
NTR+ve cells, in the nitrobenzyl analogues 1 and 2, such addition affording
5 and 6, did them. Prodrugs 5 and 6 were thus selected for in vivo evalu-
ation. However, when evaluated against EMT6 tumors comprising c.a. 10%
NTR+ve cells, no statically significant levels of killing, even for NTR+ve cells
were observed. Moreover, the instability of 5 and 6 in culture medium along
with the lack of in vivo activity represents a potential problem so authors
concluded that optimization of pharmacokinetic and pharmacodynamic pa-
rameters were needed.

Self-immolative Dox and daunorubicin prodrugs for suicide gene ther-
apy activation by carboxypeptidase G2 (CPG2) were prepared [77] by linking
a glutamate residue to the 3’-amine of daunorubicin and doxorubicin. As
a previous report [78] indicated that direct addition of L-glutamyl residue did
not generate molecules that are substrates for CPG2, self-immolative spac-
ers (i.e., p-amino or p-hydroxybenzyl carbamate) were inserted between these
two units. The four conjugates 1-4 (Fig. 13) were stable and substrates for
CPG2, 1 and 2 being more rapidly hydrolyzed than 3 and 4. A significant de-
crease of cytotoxicity was displayed in the case of Dox prodrugs compared to
that of daunorubicin prodrugs. Not only Dox-based prodrugs 2 and 4 were
more deactivated (~20-fold versus ~7 fold) than the corresponding daunoru-
bicin prodrugs 1 and 3, but they yield higher cytotoxicity differential between
control and cells expressing CPG2 intracellularly or extracellularly (1.4 to 23.3
versus 0.7 to 10.7 for 1 and 3).

1.R=H
2.R=0OH

H
OH

3.R
4.R

Fig.13 Carboxypeptidase doxorubicin and daunorubicin substrates



114 J.-C. Florent - C. Monneret

23
Polymer-Directed Enzyme Prodrug Therapy (or PDEPT)

Most solid tumors possess pathophysiological characteristics such as ex-
tensive angiogenesis and hence hypervasculature, defective vascular archi-
tecture, and production of a number of permeability mediators. From im-
paired reticuloendothelial/lymphatic clearance results intratumor retention
of macromolecular drugs thus delivered. All these characteristics, known as
the enhanced permeability and retention (EPR effect), in macromolecular
therapeutics have been reviewed by Maeda et al. [79]. On the other hand, as
polymer applications for targeting of Dox are reviewed elsewhere by Kratz
et al., only PDEPT will be briefly treated in this chapter.

Closely related to ADEPT, PDEPT, or polymer-directed enzyme prodrug
therapy is a two-step antitumor approach in which the enzyme is linked to
a polymer instead of a MADb, this polymer-enzyme conjugate generating cy-
totoxic drug outside the tumor cells, within the tumor interstitium through
EPR effect.

The first PDEPT synthetic application in the field of doxorubicin was the
report on the N-(2-hydroxypropyl)-methacrylamide copolymer doxorubicin
or PK1, FCE28068, a conjugate (Fig. 14), which reached phase II clinical devel-
opment [80, 81]. Following cellular uptake via pinocytosis, the linker of PK1 is
cleaved by lysosomal enzymes, mainly cathepsin B.

From a practical point of view, in a first step, there is a systemic adminis-
tration of a polymeric prodrug (MW ~30000 g/mol) containing a linker de-
signed for cleavage by the activating enzyme. Once the circulating polymer-
drug conjugate has cleared (1-2h), a polymer-enzyme can be administered
as a second step. Having a higher molecular weight (~50000-100 000 g/mol),
this last conjugate circulated longer.

During a phase I study [82], PK1 demonstrated antitumor activity in re-
fractory cancers, and no polymer-related toxicity. PK1 was about five-fold
less toxic than Dox. This polymer conjugation, as expected, decreases dox-
orubicin dose-limiting toxicities. Next, using the model combination of PK1
and HMPA copolymer-cathepsin B, the feasibility of different aspects of the
PDEPT concept was confirmed [83]. Thus these conjugates retain enzyme ac-
tivity in vitro against both the low-molecular-weight and macromolecular
substrates, increased circulation time in the blood until the passive target-
ing by the EPR effect was ascertained by using 12°I-Labelled cathepsin. In the
B16F10 model it was showed that i.v. administration of PK1 produced a total
doxorubicin AUC that was 17-fold higher than that seen for free Dox at equi-
dose. Activity of the PDEPT combination was also controlled in COR-L23
tumor models.

Despite a large number of research studies, PK2 (FCE28069) is still the only
targeted conjugate to be tested clinically [84]. Designed to recognize the hep-
atocyte asialoglycoprotein receptor, it has been explored for treating hepato-
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Fig.14 PK 1 structure
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Fig.15 Partial structure of HMPA-copolymer-S-lactame-Dox

cellular carcinoma. In phase I/II, the MTD was 160 mg/m? in Dox equivalent.
The majority of the conjugate was present (gamma camera imaging) in nor-
mal liver with lower accumulations within hepatic tumor. Nevertheless, it was
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estimated that the concentration of this drug was still 12-50 fold higher than
could be achieved with administration of free Dox [85].

More recently [86] a new model combination was investigated that
included HMPA Copolymer-S-lactamase and HMPA Copolymer-C-Dox.
Cephalosporine derivatives of doxorubicin have already been described as
substrates of fS-lactamases for the antibody-enzyme-prodrug-therapy [87].
Here, the potential disadvantage of B-lactamases that are not from mam-
malian origin and thus induce immunogenicity, should be counterbalanced
by HMPA copolymer conjugate as conjugation of PEG and HMPA copolymers
is well known to reduce immunogenicity of bound proteins.

24
Bacterial-Directed Enzyme Prodrug Therapy or BDEPT

This represents a new approach to use bacteria as vectors to deliver prodrug-
releasing enzymes in tumor cells. In preliminary studies, Minton et al. [88]
described the cloning of the gene-encoding nitroreductase enzyme into
Clostridium beijerinicki NCIMB 8052. Following intratumoral injection into
mice, localization of enzymatic activity to the tumor was observed. For their
part, Vogelstein et al. created a strain of Clostridium novyi devoid of its
lethal toxin called Clostridium novyi-NT [89]. When C-novyi-NT spores were
administered together with cytotoxic drugs necrosis of tumors developed
within 24 h, resulting in significant and prolonged antitumor effects [90].
They subsequently showed that such bacterial therapy can generate a po-
tent immune response against experimental tumors [91], and then postulated
that the bacterium’s hemolytic properties could be exploited to enhance the
release of liposome-encapsulated drugs within these tumors. To test this
hypothesis with doxorubicin, they [92] treated syngeneic CT26 colorectal tu-
mors in BALB/c mice by i.v. administration of C. novyi-NT spores and once
germination has begun in the tumors, administered a single i.v. dose of li-
posomal Dox (Doxil). This combination resulted in complete regression of
tumors in 100% of mice, 65% of the mice being still alive at 90 days. Identifi-
cation of the liposome-disrupting factor led to a polypeptide, a neutral lipase
encoded by the NT01CX2047 gene, originally called liposomase. As none of
the commercially available lipase had significant liposome-disrupting activ-
ity, this means a specific activity of the NT01CX2047 lipase. Administration
of C. novyi-NT spores plus Doxil resulted in increased drug concentration in
the tumor without increasing in normal tissues. This effect was specific to
C. novyi-NT and not the result of inflammation per se. This preclinical ef-
ficacy experiment, which was also similar with liposomes carrying CPT-11
(irinotecan) open the way to the possibility for liposomase to be attached
to antibodies or to be encoded within vectors for gene-directed prodrug
therapy.
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25
Lectin-Directed Enzyme-Activated Prodrug Therapy or LEAPT

In this approach, the enzyme is targeted to the tumor cells by exploiting en-
dogenous carbohydrate-lectin binding, followed by administration of a pro-
drug specifically activated by the targeted enzyme.

The asialoglycoprotein receptor or AGSPR is an endocytic lectin found in
abundance on the surface of hepatocytes in the liver. In their synthetic appli-
cation to deliver doxorubicin, Robinson et al. [93] used the cell-specific de-
livery of a synthetically glycosylated enzyme «-L-rhamnosidase (naringinase)
and then a rhamnoside-capped prodrug. For this lectin-targeted enzyme,
galactose was selected as the cell-specific ligand as well as the multivalent
effect (10-15 carbohydrates per enzyme) exploited while combining enzy-
matic and chemical glycosylation. To establish the therapeutic usefulness of
this strategy, intrasplenic injection of the human hepatocellular carcinoma
HepG2 in nude mice was realized, followed after 20 min, by injection of
prodrug Dox-Rha (10 mg/kg). Efficacy was demonstrated after 42 days of
three-times-weekly dosing by quantification of the liver tumor burden. Total
tumor burden and foci were significantly reduced compared with the control
groups, galactosylated enzyme alone or Rha-Dox alone.

3
Tumor-Associated Enzymes Activation of Doxorubicin-Conjugates

Recently there has been increasing interest and achievement in the develop-
ment of tumor-activated prodrugs which are based on the concept of utilizing
endogenous enzymes that are consistently overexpressed in tumors to acti-
vate conjugates [94] similar to what has been done with exogenous enzymes.

3.1
Prostate-Specific Antigen or PSA

PSA is a serine protease with chymotrypsin-like activity that is a member
of the kallikrein gene family [95]. PSA has been immunodetected in numer-
ous human normal and tumor tissues [96] with breast and prostate tissues
expressing the highest levels of PSA. However, PSA is relatively specific to
prostate tissue, which synthesizes and secretes at least 100 times more PSA
than breast tissue. PSA is used as a serological marker for the presence of
prostate cancer. Serum PSA levels correlate not only with the existence of
but also with the extent of prostate cancer; higher levels indicate a larger
tumor burden, including metastatic disease. In the prostate gland, the ma-
ture form of PSA is enzymatically inactive because of the high concentra-
tion of zinc ion [97]. In addition, the proteolytic activity of secreted PSA is
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substantially reduced in the systemic circulation because of the formation
of a covalent complex between PSA and the plasma protease inhibitors, 1-
antichymotrypsin and 2-macroglobulin [98, 99]. Thus, secreted PSA is only
enzymatically active in the microenvironment that surrounds prostate cells.
The use of a prodrug being activated by PSA should therefore preferentially
target PSA-secreting cells.

Researchers at Merck Research Laboratories [100] established a PSA cleav-
age map for human semenogelin created by digestion of semenogelin with
human PSA and isolation of the digestion fragments. The peptide bond be-
tween Gln and Ser at positions 349 and 350 in semenogelin was the most
readily cleaved peptide bond in this substrate. Then a systematic modifi-
cation of the amino-acid residues surrounding this site led to the synthe-
sis of a peptide of seven amino acid residues that was rapidly hydrolyzed
by PSA. This peptide, N-glutaryl-(4-hydroxyprolyl)AlaSer-cyclohexaglycyl-
GlnSerLeu-CO, H was covalently linked to the aminoglycoside of doxorubicin
giving the L-377,202 conjugate.

In vitro, L-377,202 was evaluated in cell culture and animal models
of human prostate cancer cell growth and tumorigenesis. This compound
has a greater than 20-fold selectivity against human prostate PSA-secreting
LNCaP cells relative to the non-PSA-secreting DuPRO cell line.

In vivo, nude mouse xenograft studies showed reduced PSA levels by 95%
and tumor weight by 87% at a dose below its MTD. Both free Dox and Leu-
Dox were ineffective in reducing circulating PSA and tumor burden at their
maximum tolerated doses. In contrast to mice with conventional treatment
with doxorubicin, mice given L-377,202 showed a sharp reduction in average
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Fig. 16 Dox conjugate L-377,202 as substrate for PSA activation
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tumor size. Overall, L-377,202 was about 15 times better than doxorubicin at
inhibiting tumor growth in the mice. None of the mice treated with L-377,202
died.

Similar results were obtained using a second transplantable human
prostate cancer tumor that secrets PSA, CWR22. In control studies, treatment
of a non-PSA-producing cancer tumor xenograft (DuPro-1) with L-377,202
showed only a small amount of anti-tumor activity. As expected, a peptide-
doxorubicin conjugate related to L-377,202, L-374,948 that was not cleaved
by PSA was no more effective than conventional doxorubicin against PSA-
secreting CWR22 tumors. L-377,202 was approximately 15 times more effect-
ive against LNCaP tumors than was doxorubicin. Moreover, L-377,202 did not
show signs of gross toxicity at its maximally effective treatment doses.

In human [90], to evaluate safety and pharmacokinetics (PK), and deter-
mine the recommended dose for efficacy studies, 19 patients with advanced
hormone-refractory prostate cancer were treated intravenously with 71 cy-
cles of L-377,202 at escalating dose levels, once every 3 weeks. Toxicity, re-
sponse and PK of L-377202 were assessed. It appeared that L-377202 was well
tolerated. Dose-limiting grade 4 neutropenia was noted in two of two pa-
tients administered 315 mg/m? (both patients were able to resume therapy
at 225 mg/m?). The recommended dose for efficacy studies was 225 mg/m?,
which induced grade 4 neutropenia in one of six patients. Pharmacokinetics
studies demonstrated that L-377202 was metabolized to Leu-Dox and Dox. PK
were linear after administration of single doses of 225 mg/m?, the mean area
under the concentration-time profiles of L-377202, Leu-Dox, and Dox were
6 pmol-L/h, 4 pmol-L/h, and 1 wmol-L/h, and peak concentrations were
14 umol/L, 5 wmol/L, and 120 nmol/L, respectively. At 225 and 315 mg/m?,
five patients completed at least three cycles of therapy; two patients had
a greater than 75% decrease in PSA, and one patient had a stabilized PSA. No
response was noted at dose levels less than 225 mg/m?.

3.2
Plasmin

The plasmin system plays a key role in tumor invasion and metastasis by its
matrix degrading activity and its involvement in tumor growth, in particular
by its participation in growth factor activation and angiogenesis [102]. Active
plasmin catalyzes the breakdown of extracellular matrix proteins and, thus,
contributes to migration, invasion, and metastasis of tumor cells [103]. In
the body, plasmin is predominantly present in its inactive pro-enzyme form
plasminogen. Active plasmin is formed locally at or near the surface of tu-
mor cells by urokinase-type plasminogen activator (u-PA) produced by the
cancer and/or stroma cells. Plasmin activity is kept localized because cell-
bound urokinase can activate cell-bound plasminogen into active plasmin,
which stays cell-bound. Active urokinase and active plasmin do not occur



120 J.-C. Florent - C. Monneret

in the blood circulation since they are very rapidly inhibited by inhibitors
such as PAI-1 and «;-antiplasmin, respectively. Many tumor cell lines and
tumors have a significantly higher u-PA level than that of their normal coun-
terparts, and u-PA was shown to be correlated with invasive behavior and to
be a strong prognostic factor for reduced survival and increased relapse in
many types of tumors [104-106]. Plasmin is a very promising enzyme for ex-
ploitation in a tumor-specific prodrug approach because the proteolytically
active form is localized at tumor level.

The first anthracycline prodrugs that were designed for specific activa-
tion by plasmin were reported by Katzenellenbogen et al. [107]. However,
the bipartate anthracycline prodrugs consisting of a tripeptide coupled to
the 3’-amino sugar moiety appeared to be poor plasmin substrate because
of steric factor as hypothesized [108, 109]. In a recent report [110], plasmin
served as the target enzyme for tripartate prodrugs consisting of a tripep-
tide specifier (Fig. 17) coupled to the drug via self-immolative 1,6-elimination
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Fig. 17 Dox conjugates as plasmin substrates

Two compounds have been studied including a short spacer, ST-9802, and
a longer one, ST-9905. Both prodrugs demonstrated selective cytotoxicity
against plasminogen-activating cells in culture. A much higher cytotoxic po-
tency was observed against murine EF43.fgf-4 cells, which produce high levels
of uPA, versus MCF?7 cells, which produce low levels of uPA. Confirming the
implication of plasmin, an in vitro selective cytotoxicity of ST-9802 against
uPA-transfected MCF-7 cells and not against parental cells was also observed,
whereas prodrug toxicity against uPA-transfected cells markedly decreased in
the presence of the plasmin inhibitor, aprotinin. The plasmin-mediated pro-
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drug activation was confirmed by a markedly decreased cytotoxicity when
aprotinin was added to EF43.fgf-4 cell cultures.

In vivo, no systemic toxic effects of ST-9802 and ST-9905 were displayed, in
contrast to Dox. This was consistent with hydrolysis of prodrugs by plasmin
mainly locally generated in the vicinity of tumor cells. The presence of phys-
iological plasmin inhibitors in the systemic circulation would likely restrict
exposure of the heart to active Dox, avoiding cardiotoxicity. The MTD of the
ST-9905 derivative was more effective than the MTD of ST-9802 at equimo-
lar concentration. Comparison of equimolar concentrations of ST-9905, ST-
9802 and Dox in mice bearing EF43.fgf-4 or MCF7 tumors revealed that
both prodrugs, in sharp contrast to Dox, displayed antiproliferative without
discernible toxicity. Compound ST-9905 was cleaved more rapidly by plas-
min than ST-9802, displaying a significantly greater antitumor efficacy than
ST-9802 in EF43.fgf-4 tumors (68% of tumor inhibition with ST-9905 vs. 43%
with ST-9802).

This marked in vivo antitumor efficacy of prodrugs was associated with
strong inhibition of angiogenesis, as determined by vessel density assays and
immunostaining with anti-vWF, anti-PECAM, or anti-type IV collagen anti-
bodies [111].

33
Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of Zn-dependent enzymes
(>20) that are synthesized as inactive proenzymes to become activated by
proteolysis. MMPs have functions essentials for tumor formation, invasion
and progression to the metastatic phenotype [112] For instance, the secreted
enzyme pro-MMP-2 is proteolyzed and activated by the membrane-anchored
MMP-14 [113]. Once activated, MMPs can cleave a variety of extracellular ma-
trix proteins, such as collagen, laminin, fibronectin, and elastin, which are
potentially important for tumor angiogenesis, invasion, and metastasis. Ad-
ditionally, MMPs cleave a variety of other proteins, such as growth factor
receptors and cell-adhesion molecules, which may be important for tumor
growth and survival. The increased MMP activity in tumorogenic as com-
pared to normal processes has made theses proteases attractive targets for
inhibitors. MMP-2 (gelatinase A), and MMP-9 (gelatinase B) share many char-
acteristics in their activation and regulation pathway. They must be localized
on specific cell-surface receptors to be activated. They are associated with
both the early and later stage in tumor progression and are particularly rec-
ognized for their roles in invasiveness in a variety of solid tumors and thus
represented interesting targets for fighting cancer.

P. Senter et al. from Seattle Genetics [114] reported on the capacities
of these proteases to be potentially good candidates for enzyme prodrug
monotherapy. The design Dox prodrug was obtained by N-acylation of the
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amino-sugar moiety with the MMP substrate sequence, acetyl-L-prolyl-L-
Leucyl-glycyl-L-Leucine, which by occupation of the P3-P1’ substrate sites
should be cleavable at the scissile Gly-Leu bond by the metalloproteinase
MMP-2 and MMP-9.

The prodrug (Fig. 18) was significantly deactivated (30 times less toxic
than Leu-Dox) and hydrolyzed at the predicted Gly-Leu bond to restore the
fully active Leucyl Dox with a complete proteolysis within 4-16 h with MMP-
9 protease but with a longer time with MMP-2. However these encouraging
results were obtained with enzyme concentration and exposure time that
are likely not to be physiologically relevant. Unfortunately, in a preliminary
in vitro cytotoxicity experiment, authors were unable to detect any differ-
ences in the sensitivities of HT-1080 human fibrosarcoma cell line (expressing
MMP-2 and MMP-9) and MB-MDA-453 (not expressing). Therefore, prodrugs
need to be structurally optimized.
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Fig. 18 Dox conjugate as substrate for MMP9 from [114]

A researcher from Bristol-Myers Squibb also recently reported (MMP)-
activated prodrugs formed by coupling MMP-cleavable peptides to doxoru-
bicin [115]. The resulting conjugates, such as that represented in Fig. 19, were
excellent in vitro substrates for MMP-2,-9, and -14. The same fibrosarcoma
cell line HT1080 as above, was used as a model system to test these prodrugs
as these cells. In cultured HT1080 cells, simple MMP-cleavable peptides are
known to be primarily metabolized by neprilysin, a membrane-bound metal-
loproteinase. Finally, MMP-selective metabolism in cultured HT1080 cells was
obtained by designing conjugates that were good MMP substrates but poor
neprilysin substrates.

Metabolization studies showed that MMP-selective conjugates were pref-
erentially metabolized in HT1080 xenografts, relative to heart and plasma,
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Fig. 19 Dox conjugate as substrate for MMP9 from [115]

leading to 10-fold increases in the tumor/heart ratio of doxorubicin. The dox-
orubicin deposited by a MMP-selective prodrug was more effective than dox-
orubicin at reducing HT1080 xenograft growth. In particular, this compound
cured 8 of 10 mice with HT1080 xenografts at doses below the maximum
tolerated dose, whereas doxorubicin cured 2 of 20 mice at its maximum tol-
erated dose. It appeared less toxic than doxorubicin at this efficacious dose
because mice treated with compound do not show detectable changes in body
weight or reticulocytes, a marker for marrow toxicity. Hence, MMP-activated
doxorubicin prodrugs possess a much higher therapeutic index than dox-
orubicin using HT1080 xenografts as a preclinical model. Mouse tumors are
poor models for human tumors with respect to MMP expression and activ-
ity. There is a lack of correlation between the in vitro enzymatic efficiencies
for conjugate cleavage and the metabolism rates in cultured HT1080 cells,
which is unclear. The MMP-activated prodrugs do not possess the optimal
property of slowest rate of initial activation step and subsequent rapid steps
compared with the initial step, for optimal prodrug performance. Optimiza-
tion of the final release mechanism has to be done for further application
in humans.
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34
Endopeptidase Legumain

Legumain is a novel evolutionary offshoot of the C13 family of cysteine pro-
teases. It is well conserved in plants and mammals, including humans. It
is a robust acidic cysteine endopeptidase with remarkably restricted speci-
ficity, absolutely requiring an asparagine at the P1 site of its substrate se-
quence [116]. The selection of legumain as a target for tumor therapy was
based on the fact that the gene encoding of this asparaginyl endopeptidase
was found to be highly upregulated in many murine and human tumor tis-
sues [117] but absent or present only at very low levels in all normal tissues
from which such tumors arise. Importantly, overexpression of legumain oc-
curs under such stress conditions as tumor hypoxia, which leads to increased
tumor progression, angiogenesis, and metastasis.

The function of proteinases is to recognize a specific sequence (a stretch
of peptide) in proteins and cleave to the proteins to either activate or destroy
them. Tumors produce legumain to activate other proteinases, and together,
these proteinases will digest the proteins that make up the surrounding tis-
sues, and therefore make way for tumor cells and facilitate the spread of the
tumor to nearby areas.

To take advantage of this activity of legumain, Liu et al. [118] designed
a tumor-activated prodrug of Dox for potential breast cancer adjuvant
chemotherapy, called legubicin.

It has been shown that doxorubicin tolerates the addition of a leucine
residue at this site. However, incorporation of additional amino acids
abolishes cytotoxic activity [119]. Thus a prodrug analog such as N-(-t-
Butoxycarbonyl-L-alanyl-L-alanyl-L-asparaginyl-L-leucyl) doxorubicin, was
synthesized by the addition of an asparaginyl endopeptidase substrate pep-
tide Boc-Ala-Ala-Asn-Leu to the amino group of doxorubicin through a pep-
tide bond at COOH terminus of leucine. Upon cleavage by legumain, the
prodrug is converted to a leucine-Dox derivative, thereby regaining cytotoxic
function. The protective Boc group at the NH, terminus prevents aminopep-
tidase hydrolysis of the peptidyl component.

Legubicin led to tumor eradication in human breast cancer models with no
toxicity compared to its parent drug, indicating that this prodrug has a good
potential for developing anticancer drug.

First, the cytotoxic activity of legubicin [118] upon activation by legumain
was analyzed in vitro using legumain expressing cell (+ 293 cell) and negative
as control (- 293 cells). The effect of doxorubicin on both 293 cell types was
similar, with legumain + cells only slightly more resistant to doxorubicin. In
contrast, the cytotoxic effect of legubicin on control 293 cells was < 1% of that
of doxorubicin, indicating peptide conjugation had abolished the cytotoxic
effect of the doxorubicin. In contrast, a profound cytotoxic effect of legubicin
was observed for legumain + 293 cells.
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The in vivo effects of legubicin on normal and tumor-bearing hosts, and
efficacy in tumor eradication were investigated using the CT26 murine syn-
geneic colon carcinoma model. Legubicin was very well tolerated in mice with
much reduced toxicity compared with doxorubicin. I.p. injection of legubicin
at 5mg/kg three times at 2-day intervals induced complete growth arrest
of the tumors with little evidence of toxicity, as most readily evidenced by
the absence of weight loss. In contrast, doxorubicin failed to produce similar
antitumor efficacy at doses approaching its maximume-tolerable dose. When
doxorubicin was administered by the same protocol and dosage as for legu-
bicin, toxicity was fatal.

A single injection of 5 mg/kg legubicin histologically induced more pro-
found tumoricidal effects than animals given a comparable dose of doxoru-
bicin. TUNEL assay analysis of tumor tissues revealed a higher apoptotic
index for legubicin than for doxorubicin treatment. Surprisingly, in organs
that do express legumain, such as kidney and liver, no injury was evident.
These observations indicate that legubicin has significantly improved safety
and therapeutic indices compared with doxorubicin.

3.4.1
Extracellular THIMET Oligopeptidase (TOP)

Trouet et al., rather than to target known peptidase specific of a given tumor,
preferred to use a more empirical approach, the concept of extracellularly
tumor activated prodrug (ETAP). On the basis of previous experience with
L-Dox [120], they have developed a new compound CPI-004Na [121-123], un-
able to enter cell, stable in plasma, but which could be activated by enzymes
specifically released from solid tumor cells. From the screen of a library of
small peptides, a tetrapeptide N-p-alanyl-L-leucyl-L-alanyl-L-leucyl-Dox as
peptide moiety was identified (Fig. 20).
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Fig.20 Dox conjugates activation with endopeptidase legumain and THIMET oligopep-
tidase
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The S-alanyl residue in the first position was chosen to provide blood sta-
bility. Hence, after 1h, when 99% of N-alanyl-L-leucyl-L-alanyl-L-leucyl-Dox
was degraded, only 10% of degradation was observed with N-p-alanyl-L-
leucyl-L-alanyl-L-leucyl-Dox. The later is only 25% degraded after 7 h.

Upon incubation with MCF-7/6 cells, the conjugate is rapidly cleaved to
yield dipeptidyl derivative Ala-Leu-Dox that gives, later on, Leu-Dox, known
to be cleaved intracellularly by peptidase. Thus, a two-step extracellular acti-
vation is processing.

In vivo, two breast tumors MCF-7/6 and MAXF-1162 were studied. A re-
duced in vivo toxicity was observed of CPI-004Na as compared with Dox.
The LD50 was 100 pM/kg and 155 pM/kg by i.p. route. The range of toxic-
ity between CPI and Dox is 3.3 to 6.9 fold by i.v and i.p route, respectively.
CPI-004Na is more active than Dox in human tumor Xenograft models. In
mice bearing established tumor xenograft, an inhibition of tumor growth by
63% on day 63 at 34.5 pmole/kg was observed. From tissue distribution and
pharmacokinetics studies the AUCs obtained for all tissues are much lower
than after Dox.HCL treatment and importantly decreased, ranging from 80%
for lung to 93% in the heart. In particular the heart exposure is reduced
> 10-fold. The AUC in mice tumors treated with CPI-004Na is almost dou-
bled (192%) vs. Dox.HCI. A relative high dose concentration was observed
in kidney, but it is known that nephrotoxicity is higher in rodent than in
human. In 2006, the identity of the enzyme responsible for the first rate-
limiting step of CPI-004Na activation was initially attributed to a 70 KDa
acidic (pI = 5.2) thiol dependant metallopeptidase further characterized as
Thimet oligopeptidase (TOP). Interestingly, the activity of the enzyme is in-
hibited in oxygenated media such as blood and enhanced in mildly reducing
and anoxic environments that are often characteristic of solid tumor.

4
Receptor-Mediated Targeted Delivery

4.1
Folate Receptor

Many types of cancer cells have a great affinity for folate—a form of water-
soluble B vitamin—because they need the nutrient in order to grow and
divide. The vitamin folic acid is a ligand capable of targeting covalently at-
tached bioactive agents, quite specifically, to folate-receptor (FR) positive
tumor cells. Thus, folate-targeted drug delivery has emerged as an alterna-
tive therapy for the treatment and imaging of many cancers and inflammatory
diseases. Due to its small molecular size and high and specific binding affin-
ity for cell surface folate receptors (FR), folate conjugate have the ability to
deliver a variety of molecular complexes to pathologic cells without caus-
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ing harm to normal tissues, and the number of molecules internalized can
be very large (> 10° per h). Moreover, the FR, a tumor-associated protein,
has been detected at high concentration in more than 90% of ovarian and
other gynecological cancers. FR can actively internalize bound-folates via
endocytosis and is expressed at different levels in other cancers such as in
kidney, brain, lung, and breast carcinomas [124,125]. A review summarize
the applications of folic acid as a targeting ligand and highlight the various
methods being developed for delivery of therapeutic and imaging agents to
FR-expressing cells [126].

A folate-targeted biodegradable polymeric micellar system was de-
veloped [127] for doxorubicin. Thus, Dox and folic acid (FOL) were sepa-
rately conjugated to a di-block copolymer of poly(D,L-lactic-coglycolic acid)-
polyethylene glycol) (PLGA-PEG). Next, Dox-PLGA-PEG and PLGA-PEG-FOL
were mixed with deprotonated Dox under a basic condition to produce mixed
Dox micelles entrapping Dox aggregates within the core while exposing FOL
ion the surface. These folate-targeted polymeric micelles exhibited enhanced
and selective targeting against folate-positive cancer cells in vitro. In vivo,
animal study also showed significant tumor-suppression effect for a human
tumor xenograft nude mouse model.

In a following report [128], FOL and Dox were separately conjugated at o
and w terminal end of a PEG chain to produce FOL-PEG-Dox. The authors hy-
pothesized that this linear and flexible FOL-PEG-Dox could sterically stabilize
deprotonated and hydrophobic Dox nanoaggregates in an aqueous solution
by anchoring the conjugated Dox moiety to Dox aggregates while exposing
the more hydrophilic FOL moiety outside.

Folate-targeted of liposomal nanocarriers loaded with Dox have been re-
ported several times. One pioneering work is that of Goren et al. [129], who
attached folic acid to a certain number of PEG tether terminals of Doxil®
through an amide bond. Rapid internalization of liposomes into FR-positive
cells followed by drug release in the cytoplasmic compartment was observed
by confocal fluorescence microscopy. The in vitro cytotoxicity of the lipo-
some conjugated to folic acid was ten-fold stronger versus Doxil values and
the same as free doxorubicin. FR-targeted liposomal doxorubicin was more
efficient compared to doxorubicin in an in vivo assay against M109-HiFR tu-
mor implanted in BALB/c mice. Later on [130], the same group investigated
the uptake of folate-targeted liposomal carriers in the J6456 lymphoma tumor
model up-regulated for the folate receptor and found that the drug levels in
ascetic J6456-FR increased by 17-fold, whereas those in plasma decreased by
14-fold when compared with non-targeted experiments. They also discussed
the pros and cons of the liposome platform using a liposome drug delivery
system targeted to the folate receptor [131] as an example.

The potential of folate-receptor mediated liposomal delivery of lipo-
somes loaded with doxorubicin was again illustrated by several recent re-
ports [132-134].
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An erythrocyte-based delivery system represents a natural, biocompati-
ble, and non-immunogenic novel drug carrier that provides optimized blood
concentration by protecting the drug from metabolism and by controlling
the kinetics of drug release. Interestingly, these vesicles should also reduce
heart toxicity. Thus, Mishra and Jain proposed [135] to load these vesicles
with doxorubicin and to coat them with folic acid derivative. The stability
and decrease cytotoxicity of these Dox-Fv associated with the increase in life
of Balb/c mice bearing murine leukaemia L1210 and the lack of undesirable
effects made them interesting.

Plant viruses that have genomic materials encapsidated within protein
cages may provide viable delivery platforms for drugs, either by drug load-
ing or by chemical conjugation. Using the Hibiscus chlorotic ringspot virus
as a model plant virus, Ren et al. [136] prepared nanosized protein cages
(30 nm) capable of encapsulating doxorubicin. Folic acid was conjugated onto
the capsids and the resulting nanosized systems improved the uptake and
cytotoxicity of doxorubicin in the ovarian cancer cells, OVCAR-3. However,
further information on the immune response and in vivo efficacy remains to
be cleared.

In the course of ADEPT research, N-phenylacetamido doxorubicin pro-
drugs, along with melphalan derivative, were proposed [137] to be selec-
tively activated by monoclonal-antibody-penicillin-G amidase conjugates.
As an alternative, instead of using monoclonal antibody, Zhang et al. syn-
thesized [138] folate-conjugated penicillin G-amidase (folate-PGA), the fo-
late : PGA molar ratio being approximately 4 : 1. Preliminary studies showed
that more than 85% of specific activity of PGA remained and the acti-
vation rates for the conversion of prodrug to drug was the same. Other
data such as internalization of the folate-PGA conjugates, complete re-
lease of Dox from its prodrug, in vitro antiproliferative effects, phar-
macokinetics and biodistribution, were relevant and worthy of further
investigation.

4.2
Somatostatin Receptor

Various primary human tumors as well as tumor cell lines were shown
to possess somatostatin receptors (SSTRs). Experimental oncology studies
demonstrated that somatostatin (SST) and its octapeptide analogues, such
as octreotide or RC-160, can inhibit the growth of some malignancies. Most
of the octapeptide SST analogues such as RC-160 and RC-121 bind selec-
tively and with high affinity to SSTR2 and SSTR5 subtypes. In order to
reduce the significant toxic effect of doxorubicin when used in the therapy
of advanced androgen-independent prostate cancer, receptors for somato-
statin (SST) have been used for targeting of doxorubicin on human prostate
cancer specimen. Thus doxorubicin derivative, 2-pyrrolino-doxorubicin (AN-
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Fig.21 Structure of AN-238, a pyrrolino-Dox

201) as the 14-O-hemiglutarate was linked to the amino terminus of RC-121
to give the conjugate, AN-238 [139]. First experiments showed that AN-238
inhibits growth of androgen-independent dunning R-3327-AT-1 prostate can-
cers in rats at non-toxic doses. Evidence was given that this conjugate binds
strongly to SSTRs subtypes as RC-121 itself. More recent data [140] indi-
cates that AN-238 inhibited powerfully the growth of endometrial carcinoma,
which express SST receptors. Moreover, AN-238 caused a weaker induction
of MDR-1 than the pyrrolino-doxorubicin in three cancer lines (HEC-1A,
RL-95-2, and AN3CA) [141]. The same efficacy was found [142] in experi-
mental non-Hodgkin’s lymphomas, the human NHL cell lines RL and HT.
SN-238 did not exhibit significant myelotoxicity, the most serious side-effect
and the dose-limiting factor of cytotoxic drugs. Most of the side-effects, in-
cluding loss of body weight or slight reduction of white blood cell count,
were attributed to the high esterase activity in mouse serum, which can
release the pyrrolidino-doxorubicin into the circulation. As this esterase ac-
tivity is much lower in man, authors anticipated a lower toxicity of AN-238
in patients.

4.3
Bombesin Receptors

Bombesin-like peptides such as gastrin-releasing peptide (BN/GRP) have
been identified as autocrine/paracrine growth factors in several human
malignancies as well as binding sites for various bombesin receptor sub-
types [143]. Consequently, the group of Schally developed a cytotoxic
bombesin analogue, AN-215 [144]. As in the case of targeting somatostatin
receptor, 2-pyrrolino-Dox or AN-201 was chosen as cytotoxic drug but was
linked covalently, in the present case, to the bombesin analogue Gln-Trp-Ala-
Val-Gly-His-Leu-¥-(CH,-NH)-Leu-NH, (RC-3094). For studying efficacy and
toxicity of AN-215, three in vivo renal cancer cell line models were used [145].
They showed that AN-215 significantly inhibited the growth of all these cell
lines, whereas the pyrrolino doxorubicin alone had no marked effect. This ef-
ficacy was independent of the expression patterns of MDR-1 and MRP-1 in
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these RCC cell lines demonstrating that AN-215 can overcome chemoresis-
tance in experimental cell carcinomas. The same observations were reported
with experimental human breast cancers [146, 147] and human endometrial
cancers [148]. Since human prostate cancers express a high level of receptors
for bombesin/gastrin releasing peptide, AN-215 was also evaluated [149] in
nude mice bearing subcutaneous xenografts of prostate cancers as DU-145,
LuCaP-35, MDA-PCa-2b, or bearing intraosseous implants of C4-2 human
prostate cancers.

4.4
Luteinizing Hormone Releasing Receptors (LHRH)

Based upon the fact that expression of LHRH receptors, a G-protein, coupled
receptor has been demonstrated in various human cancers including breast,
ovarian, endometrial, prostate and pancreatic, AN-152 was first synthesized
as a conjugate of Dox and LHRH agonist, the [D-Lys®]luteinizing hormone-
releasing hormone (LHRH) [150]. The conjugate AN-207 was subsequently
synthesized from 2-pyrrolino Dox derivative, AN-201. Another study was car-
ried out in breast cancers [151] that express elevated levels of the HER-2
protein and belong to the ErbB/HER type I tyrosine kinase receptor family.
These mammary cancers are resistant to chemotherapy and have very poor
prognosis. In this study, Schally’s group investigated whether targeting Dox
to LHRH-R, MX-1 estrogen-independent Dox-resistant breast carcinomas
could improve the efficacy of treatment. Although AN-201, the 2-pyrrolino-
Dox, which is noncross-resistant with Dox, showed a remarkable efficacy in
MX-1 tumors, this efficacy was further improved with conjugate AN-152.
The mechanism by which AN-152 can overcome the resistance of MX-1 tu-
mors to Dox is not very clear, but among several hypothesis, it is more
likely due to a higher concentration of the cytotoxic agent delivered to target
tumor tissue.

The following three studies, which have been simultaneously reported
by the same group, concern the targeting of human renal cell carcinomas,
of non-Hodgkin’s lymphomas, and of human malignant melanomas. In all
these studies, AN-207 was involved. In the case of human renal cell carci-
nomas [152], positive staining for LHRH receptors was found in all of the
28 surgically removed specimens as well as in the three human RCC cell
lines, A-498, ACHN, and 786-0. AN-207 significantly inhibited the growth of
xenografts involving these cell lines, whereas 2-pyrrolino-Dox alone has poor
effects. Blockade of LHRH receptors by an excess of antagonist Decapeptyl
suppressed tumor inhibitory effects of AN-207.

Similar results were obtained in non-Hodgkin’s lymphomas [153] and
melanomas [154]. The targeting of cytotoxic luteinizing hormone-releasing
hormone analogs to breast, ovarian, endometrial, and prostate cancers was
recently reviewed [155].



Doxorubicin Conjugates for Selective Delivery to Tumors 131

4.5
Integrin Receptor

De Groot et al. [156] reported a relatively new approach for targeting drugs
to receptors involved in tumor angiogenesis and metastasis. For potential
enhanced tumor recognition potential, their approach consists of using a syn-
ergistic mode of action of two proteins to release active drug at the tumor
site. They designed a doxorubicin prodrug that contains a dual tumor specific
moiety incorporating a tumor-specific recognition site and a tumor selective
enzymatic activation sequence. The first tumor-specific device was a bicyclic
peptide CDCRGDCEC (RGD-4C) that selectively binds receptors avp3 and
avp5 integrins. The later are known to be highly over-expressed on invading
tumor endothelial cells (contact between cells and between endothelial and
the extracellular matrix in metastasis) but also present in angiogenesis at the
level of the endothelial cells in direct contact with bloodstream which control
microcirculation within tumor mass. The second tumor-specific sequence
was a D-ala-Phe-Lys tripeptide that is selectively recognized by the tumor-
associated protease plasmin (component of the urokinase-type plasminogen
activator system) which is involved in tumor invasion and metastasis.

The tumor-homing bis-disulfide containing RGD-4C peptide (CDCRGD-
CEFC) allow the selective binding to avb3 receptor on HUVECs by the prodrug
represented in Fig. 22, with ICsq for integrin ligand between 25 nM (radio-
active binding assay) and 150 nM (endothelial cell binding assay). It pos-
sessed plasmin substrate properties as investigated by in vitro incubation
with plasmin. However, incomplete activation of the prodrug was observed.
Additional proof of principle for plasmin cleavage was delivered in an in
vitro cytotoxicity experiment. In the presence of the plasmin, the prodrug
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displayed a cytotoxic effect on fibrosarcoma HT1080 and HUVECs cells, ap-
proaching that of free Dox. Thus, if the proof of principle has been demon-
strated, improvement was still needed, principally because of the low solubil-
ity of the conjugate.

Drug-delivery systems to achieve controlled release or enable drug targeting
to specific tumor sites using sterically stabilized liposomes (SSL) were a major
breakthrough in prolonging circulation time and achieving improved tumor
targeting [157]. It has been demonstrated that SSL can accumulate in tumor
tissue due to the effect of enhanced permeability and retention (EPR) [158-
160]. The problem is that anticancer drugs accumulation in tumor tissue via
SSL seems to be a prerequisite but far from sufficient to guarantee a therapeu-
tic improvement. While introducing PEG enables liposomes to accumulate in
tumor tissue, it creates a steric barrier that could cause a reduction in lipo-
some interaction with the target cells and leads to low uptake of the entrapped
drugs via cell endocytosis or membrane fusion [161]. This discrepancy of SSL
accumulation in tumor tissue and normal tissue led to hypothesize that it is
possible to enhance the intracellular delivery of the entrapped drugs accumu-
lated in tumor tissue to obtain an improved therapeutic efficacy, in particular
via passive targeting of angiogenesis using overexpressed receptors such as
avp3 integrin receptor. The RGD (arginine-glycine-aspartic acid) sequence is
known to serve as a recognition motif in multiple ligands for several different
integrins such as a,-B3 integrin and o5-8; integrin [162].

The use of RGD peptides with affinity for this integrin coupled to the dis-
tal end of poly(ethylene glycol)-coated long-circulating liposomes (LCL) to
obtain a stable long-circulating drug-delivery system functioning as a plat-
form for multivalent interaction with «,-f83 integrins was reported by Storm
etal. [163]. A charge of 300 RGD peptides has been determined on the surface
of one liposome, based on the estimation that 80 000 phospholipid molecules
form one liposome vesicle of 100 nm. Moreover, Dox content of liposomes
was determined to be 80-150 mg Dox/mmol lipid.

The biological results show that cyclic RGD-peptide-modified LCL exhib-
ited increased binding to endothelial cells in vitro. Moreover, intravital mi-
croscopy demonstrated a specific interaction of these liposomes with tumor
vasculature, a characteristic not observed for LCL. RGD-LCL encapsulating
doxorubicin inhibited tumor growth in a doxorubicin-insensitive murine C26
colon carcinoma model, whereas doxorubicin in LCL failed to decelerate tu-
mor growth to angiogenic endothelial cells in vitro and in vivo.

It appeared that coupling of RGD to LCL targets redirected these liposomes
to angiogenic endothelial cells in vitro and in vivo. Dox-containing RGD-LCL
were able to decelerate tumor growth in a Dox-insensitive tumor model. In
this model, LCL-encapsulated Dox failed to inhibit tumor growth. Likely, the
superior therapeutic efficacy of RGD-LCL is the result of inhibition of tumor
progression via inhibition of angiogenesis rather than via direct cytotoxic
effects on tumor cells.
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Fig.23 Doxorubicin-loaded nanoparticles RGD-targeted

Recently, Zhang et al. [164] reported the use of RGD-mimetic-modified
SSL (RGDm-SSL) aimed to achieve tumor accumulation as well as enhanced
intracellular delivery loaded with doxorubicin. Flow cytometry and confo-
cal microscopy reveal that RGDm-SSL facilitated the Dox uptake into the
melanoma cells via integrin-mediated endocytosis. Dox-loaded RGDm-SSL
(RGDm-SSL-Dox) displayed higher cytotoxicity on melanoma cells than Dox-
loaded SSL (SSL-Dox). Tissue distribution and therapeutic experiments were
examined in C57BL/6 mice carrying melanoma B16 tumors. RGDm-SSL-Dox
displayed similar drug accumulation in tumor tissue to that of SSL-Dox but
showed significantly lower Dox level in blood and remarkably higher Dox
level in spleen than SSL-Dox. Administration of RGDm-SSL-Dox at a dose of
5 mg Dox/kg resulted in effective retardation of tumor growth and prolonged
survival times compared with SSL-Dox. These results suggest that RGDm-
modified SSL may be a promising intracellular targeting carrier for efficient
delivery of chemotherapeutic agents into tumor cells.

Carbohydrate-based NucleoParticules (NPs) for the treatment of cancer
have been reported by Bibbya et al. [165]. The NPs core was composed of
cross-linked carbohydrate inulin multi-methacrylate (IMMA) with the cyclic
RGD sequence cyclo(-Arg-Gly-Asp-d-Phe-Cys-), covalently attached to the
NPs via PEG-400. 72% of the Dox were attached to the NP matrix via an amide
bond, the remaining 28% being entrapped as unconjugated drug. Pharma-
cokinetics of these hydrophilic NPs allowed the determination of total, un-
conjugated and metabolized doxorubicin examined for 5 days following i.v.
administration of the NP formulation (250 mg doxorubicin equiv.). Among
several observations, unconjugated doxorubicin (and doxorubicin metabo-
lites such as doxorubicinol) content was low in the liver, suggesting that upon
distribution to this organ, the NPs are not readily metabolized. Exposure of
doxorubicin to cardiac tissue was low.

5
Peptide Drug Delivery

Vectorization of Dox with peptide vectors could significantly reduce its ac-
cumulation in the heart [166]. On the other hand, to overcome the problem
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of transportation of Dox in the brain, the technology Pep:trans has been
developed [167]. Such a strategy was based on short natural-derived pep-
tides that are able to cross the blood-brain barrier without comprising its
integrity. Thus, Dox was covalently linked to small peptide vectors, L-SynB1
of 18 amino acids or L-SynB3 of 10 amino acids and its enantiomer D-SynB3.
Targeting of these conjugates was studied by in situ mouse brain perfusion
method. This significantly increased the brain uptake of Dox (about 30-fold).
The mechanism of this transport uses a saturable transport mechanism to
cross the BBB, occurring via an adsorptive-mediated endocytosis. It must be
noted that the effect of poly(L-lysine) and protamine, endocytosis inhibitors,
reduced the brain uptake in a dose-dependent manner.

In another approach, the same group [168] tested the capability of two
peptide vectors to deliver Dox in Pgp expressing cells, responsible for MDR.
The Pegelin (such as SynB1) and Penetratin peptides as well as a 16-amino-
acid-long peptide were linked to the 3’-amine group of Dox. The cyto-
toxic effect of these conjugates was measured in human erythroleukemic
(K562/ADR) resistant cell line. Different experiments showed that the conju-
gates by-pass the Pgp. This was also true in an in situ brain perfusion method.

R = GKRKKKGKLGKKRPRSRC
Fig.24 Vectocell peptide conjugate

Conjugation of Dox to short (15-23 amino acids) peptide sequences called
Vectocell peptides led to conjugates in which the in vivo therapeutic index
of Dox is improved [169]. Three different types of Dox conjugates covalently
attached to Vectocell peptides, polycationic cell-penetrating peptides, have
been synthesized. Ester or thioether bonds have been used to attach the
peptide at C-14 and an amide bond in the case of linking at the 3-amine
group. Best results were obtained for both Dox-sensitive and -resistant cell
models, when the specific Vectocell peptide (DPV 1047) was linked to the C-
14 of Dox through an ester linker with IC5p = 6 uM for HCT116 and 133 pM
in MCF7/Adr-resistant cell line versus > 1000 with Dox. Extensive evalua-
tion of this conjugate was next undertaken and in vivo improved efficacy in
MDA-MB 231 human breast adenocarcinoma and in colon model (HCT116)
was found compared to Dox. This was also true in the HTC 15 human colo-
rectal adenocarcinoma constitutively expressing P-glycoprotein.
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Abstract The sequence of research leading to a proposal for anthracycline cross-linking
of DNA is presented. The clinical anthracycline antitumor drugs are anthraquinones, and
as such are redox active. Their redox chemistry leads to induction of oxidative stress
and drug metabolites. An intermediate in reductive glycosidic cleavage is a quinone
methide, once proposed as an alkylating agent of DNA. Subsequent research now im-
plicates formaldehyde as a mediator of anthracycline-DNA cross-linking. The cross-link
at 5-GC-3' sites consists of a covalent linkage from the amino group of the anthra-
cycline to the 2-amino group of the G-base through a methylene from formaldehyde,
hydrogen bonding from the 9-OH to the G-base on the opposing strand, and hydropho-
bic interactions through intercalation of the anthraquinone. The combination of these
interactions has been described as a virtual cross-link of DNA. The origin of the formalde-
hyde in vivo remains a mystery. In vitro, doxorubicin reacts with formaldehyde to give
firstly a monomeric oxazolidine, doxazolidine, and secondly a dimeric oxazolidine, doxo-
form. Doxorubicin reacts with formaldehyde in the presence of salicylamide to give the
N-Mannich base conjugate, doxsaliform. Doxsaliform is several fold more active in tu-
mor cell growth inhibition than doxorubicin, but doxazolidine and doxoform are orders
of magnitude more active than doxorubicin. Exploratory research on the potential for
doxsaliform and doxazolidine as targeted cytotoxins is presented. A promising lead de-
sign is pentyl PABC-Doxaz, targeted to a carboxylesterase enzyme overexpressed in liver
cancer cells and/or colon cancer cells.
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Abbreviations
AR androgen receptor

C L-cysteine or deoxycytidine
CES  carboxylesterase
D L-aspartic acid

Dox  doxorubicin
Doxaz doxazolidine
DoxF doxoform
DoxSF doxsaliform
DTT dithiothreitol

ER estrogen receptor
f D-phenylalanine
G glycine or deoxyguanidine

(GC)s 5-GCGCGCGC-3’
GFP  green fluorescent protein

ICso  concentration of drug that inhibits half the growth or binding

K L-lysine

MDR multidrug resistance

NCI  National Cancer Institute,
NSCL non small cell lung

PABC p-aminobenzylcarbamate

R L-arginine
SCL  small cell lung
T L-threonine

Tam  tamoxifen

Teg  triethyleneglycol
v L-valine

w L-tryptophan

Y L-tyrosine

1

Introduction

In this section of Chap. 3, the focus is the chemistry of the clinical anthracy-
clines, doxorubicin, epidoxorubicin, daunorubicin, and idarubicin, that leads
to alklyation of DNA as part of a cytotoxic mechanism (see Fig. 1 for struc-
tures and numbering system). For the clinical anthracyclines, crosslinking is
mediated by formaldehyde, and natural and synthetic anthracycline-aldehyde
conjugates at the 3’-amino group show enhanced cytotoxic activity, especially
to resistant cancer cells. This discovery has led to the design and synthe-
sis of prodrugs of aldehyde conjugates targeted to receptors and/or enzymes
overexpressed by cancer cells as improved therapeutics. Targeted prodrugs of
anthracycline-aldehyde conjugates is a second focus of this chapter. Phillips
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Fig.1 Structures of clinically important anthracycline anti-tumor drugs with number-
ing system and redox chemistry that leads to oxidative stress and reductive glycosidic
cleavage via the quinone methide

and coworkers have published an excellent review of the history of the discov-
ery of formaldehyde-mediated anthracycline DNA alkylation from a comple-
mentary perspective [1].

Early on, the anthracyclines were observed to be good intercalators in
DNA, and drug DNA intercalation was proposed to be involved in the cy-
totoxic mechanism [2-7]. Later experiments implicated that anthracycline
induction of DNA double strand breaks through the effect of intercalation
on the processing of DNA by topoisomerase II [8-10]. Circumstantial evi-
dence for anthracycline alkylation of DNA as part of the cytotoxic mechanism
also appeared in the literature [11-13], but establishing the structure of the
drug-DNA cross-link proved to be a challenge, primarily because of its in-
stability. New results now indicate that the cross-links induce cell death by
a topoisomerase II independent mechanism [14].

Identification of anthracycline metabolites, especially the product of re-
duction at the quinone, the 7-deoxyaglycones (Fig. 1), suggested that redox
chemistry occurs in vivo [15]. Of early interest was the quinone methide in-
termediate from reductive glycosidic cleavage (Fig. 1) that could potentially
serve as an alkylating agent at nucleophilic sites in DNA [16,17]. In this
context, the anthracyclines were classified as bioreductively activated natural
products [18]. Extensive research by us and by others, however, failed to show
the quinone methide alklyation of DNA, although, we did observe covalent
bond formation between the amino group of a G-base and the quinone me-
thide from reductive cleavage of the semi-synthetic anthracycline Menogaril
(Fig. 2) [19]. The quinone methide from the reductive cleavage of daunoru-
bicin proved to be more nucleophilic than electrophilic as exemplified most
simply by reaction with a proton to give the 7-deoxyaglycone [16].
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Fig.2 Reductive glycosidic cleavage of Menogaril and the reaction of its quinone methide
with 2’-dexoyguanosine

Even though anthracycline redox chemistry does not lead directly to DNA
alklyation, it is important for the induction of oxidative stress, yet another
cytotoxic mechanism [17,20-23]. Under aerobic conditions, reduction of
the quinone functional group to semiquinone or hydroquinone redox states
followed by back oxidation by dioxygen gives superoxide in equilibrium
with hydroperoxy radical that can disproportionate to hydrogen peroxide.
This is then a catalytic process for the production of elements of oxida-
tive stress and is thought to be important in the treatment-limiting side
effect of anthracycline therapy, cardiotoxicity [24]. Cardiotoxicity in part re-
sults from anthracycline-accumulation in heart cells through attraction as
a cation to the abundant, negatively charged, mitochrondial membrane lipid,
cardiolipin, and low levels of enzymes in heart cells that neutralize oxida-
tive stress [25,26]. Minotti and coworkers [27] have recently explored this
aspect of the redox chemistry in detail, especially with respect to the role
of iron that accentuates the oxidative stress, as reported in their section of
this volume of Topics in Current Chemistry. Kalyanaraman and coworkers
have also presented interesting results that point to the doxorubicin induction
of oxidative stress being more important for triggering apoptosis in normal
cells, cardiomyocytes and endothelial cells, than in tumor cells [28]. Further,
doxorubicin activation of the transcription factor p53 appears to be more im-
portant for the induction of tumor cell apoptosis than normal cell apoptosis.

In 1994, Philips and coworkers reported substantial evidence for doxoru-
bicin cross-linking of DNA [29]. The reaction conditions were doxorubicin,
dithiothreitol (DTT), FeCls, and various forms of DNA in transcription buffer.
The assay for DNA cross-linking was the observation of transcription block-
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ages. Two types of unstable transcription blockages were observed, one with
a 4 h half-life and one with a 30 h half-life. The shorter-lived blockages were
proposed to be drug adducts at isolated G-bases, and the longer lived block-
ages were proposed to be double strand cross-links at a 5'-GC-3’ sites. The
quinone methide transient was proposed as a possible reactive intermediate
for forming a bond to the amino group of a G-base analogous to that observed
earlier with the quinone methide from reductive cleavage of Menogaril [19].
For the cross-link, the second bond was proposed to occur by reaction at the
ketone side chain at the 9-position. These and other mechanisms of anthracy-
cline cytotoxicity were critically reviewed by Gewirtz in 1999 [30].

2
Virtual Cross-Linking of DNA by Anthracyclines

Upon learning the doxorubicin-DNA cross-linking results from the Phillips
lab, our research group decided to study the molecular nature of the cross-
link using negative ion electrospray mass spectrometry. For our studies of
cross-linking with daunorubicin and doxorubicin under the Phillips’ redox
conditions, we used 5'-GCGCGCGC-3’ ((GC)4) as a simple self-complementary
oligonucleotide with a reasonable melting temperature bearing 5'-GC-3’ sites.
Multiple products with both DNA and anthracycline chromophores were
evident by HPLC [31, 32]. The major product showed two anthracycline chro-
mophores per duplex DNA as determined by optical density. Negative ion
electrospray mass spectrometry showed a molecular ion with mass equal to du-
plex DNA plus two anthracyclines plus two extra carbons. Several years earlier,
Wang and coworkers reported a crystal structure for duplex 5'-CGCGCG-3’ co-
valently bound to two daunorubicin molecules [33]. The bonding was from
the 3’-amino group of each daunorubicin to the 2-amino group of a G-base
via a methylene originating from formaldehyde as an impurity in the crys-
tallization solvent. This crystal structure together with the molecular mass
of our major product suggested an analogous structure with just two ex-
tra base pairs, one at each end of the double-stranded DNA. Clearly, our
choice of oligonucleotide was serendipitous, and identification of the prod-
uct structure benefited immensely from the Wang crystal structure. The Wang
crystal structure also showed hydrogen bonding from the 9-OH group of the
daunorubicin to the amino group and nitrogen at the 1-position of the G-
base on the opposing strand [33, 34]. We proposed the term virtual cross-link
for the total bonding interaction between DNA and daunorubicin consisting
of the covalent bonding to one strand via formaldehyde, hydrogen bonding
to the other strand, and hydrophobic interactions with both strands [32].
The structure with two symmetrically arranged virtual cross-links is shown
schematically in Fig. 3 with 5-GCGCGCGC-3’ and in three dimensions in Fig. 3
with 5'-CGCGCG-3’ based on the Wang crystal structure. Subsequently, the
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OH

a) OH

Fig.3 a Schematic structure of double stranded 5'-GCGCGCGC-3' DNA with two doxo-
rubicin-formaldehyde virtual cross-links at 5'-GC-3' sites. Virtual cross-linking of DNA
occurs through covalent bonding to a G-base on one strand and hydrogen bonding to
a G-base on the opposing strand
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Fig.3 b Three dimensional structure of double stranded 5-CGCGCG-3" with two doxo-
rubicin-formaldehyde virtual crosslinks. DNA is shown as a line drawing and the virtual
cross-links as stick drawings. The picture was created from the coordinates of the Wang
crystal structure [33] (Rutgers Protein Data Bank, ID number 1D33) by adding the
14-hydroxyl in Chem-3D and displaying the result in PyMol

virtual cross-link with doxorubicin in DNA was established by large molecule
NMR spectroscopy [35] and with epidoxorubicin in DNA by crystallogra-
phy [36]. NMR was also used to estimate the effect of the virtual cross-link on
the kinetic stability of double stranded DNA by measuring the rate of strand
exchange with DNA bearing one virtual cross-link or one intercalated doxoru-
bicin, or with unintercalated DNA. One intercalated doxorubicin stabilizes the
duplex 3.9-fold, but one virtual cross-link stabilizes the duplex 637-fold [35].
Experiments comparing the denaturation of DNA with virtually cross-linked
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DNA indicate that a virtual cross-link is the equivalent of four additional GC
base pairs or six additional AT base pairs on duplex stability [35]. Virtual
cross-linking has also been demonstrated with natural DNA sequences [37].

What was the source of the formaldehyde? The redox conditions were
those of the Fenton reaction to produce superoxide, hydrogen peroxide, and
hydroxyl radical through sequential one electron reductions of dioxygen me-
diated by iron. DTT is not a natural thiol but the natural thiol glutathione
is a functional equivalent. DTT can also be replaced with the enzymatic
system xanthine oxidase/NADH [29, 38]. Transcription buffer contains Tris,
trishydroxymethyl-aminomethane, which like many other organic buffers is
oxidized under Fenton conditions to formaldehyde, amongst other prod-
ucts [39]. The transcription buffer plus FeCl; and DTT produces large quan-
tities of formaldehyde even in the absence of anthracycline [38]. Hence, the
redox chemistry to produce the formaldehyde was independent of the an-
thracycline. Doxorubicin is also a substrate for Baeyer-Villiger oxidation with
hydrogen peroxide at the 13-position to produce formaldehyde at ambient
temperature in pH 7.4 phosphate buffer [31]. The requisite hydrogen perox-
ide might logically come from anthracycline redox cycling as shown in Fig. 1.
Therefore, doxorubicin but not daunorubicin can function as a sacrificial
source of formaldehyde. The byproducts of Baeyer-Villiger oxidation, shown
in Fig. 4, are inactive.

OMeO OH O OMe O  OH HO,
e 0
+ CH,0 g/Z’ HO,CCH,0H + Q/Z/
formaldehyde OH OH

HoN

2

Fig.4 Baeyer-Villiger oxidation of doxorubicin with hydrogen peroxide at the 13-position
to give formaldehyde, amongst other products

What is the origin of the formaldehyde inside cells? Formaldehyde was re-
ported to be a product of Fenton oxidation of unsaturated fatty acids of cell
membrane lipids [40]. However, the experiments were performed in the Tris
buffer. Our reinvestigation of this result showed that the primary source of the
reported formaldehyde was oxidation of the Tris buffer and not oxidation of
the unsaturated fatty acid [41]. Natural polyamines that react under Fenton
conditions to release small amounts of formaldehyde are spermine and sper-
midine [38]. Spermine is an interesting possibility because it is associated in
the major groove of DNA as a polycation for partial charge neutralization of
the sugar phosphate backbone. Available iron or copper ions are required for
the Fenton oxidation, and Minotti has provided a nice explanation for how
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anthracyclines disrupt iron homeostasis to release iron from iron storage pro-
tein [27]. Possibly, released iron first complexes with doxorubicin [42] and
then catalyzes formation of formaldehyde via Fenton chemistry.

Several measurements also support higher levels of formaldehyde in can-
cer cells and cancer patients. Higher levels have been reported in more lym-
phocytic leukemia cells than normal lymphocytes [43]. Treatment of cancer
cells with 0.5 pM daunorubicin for 24 h caused an order of magnitude eleva-
tion of formaldehyde concentration in MCF-7 breast cancer cells as measured
by mass spectrometry of cell lysates [44,45]. The highly resistant variant,
MCEF-7/Adr cells, showed only background levels of formaldehyde upon simi-
lar treatment. MCF-7/Adr cells are more than three orders of magnitude
resistant to doxorubicin at least in part because they overexpress the P-170
glycoprotein drug efflux pump. Elevated formaldehyde has been detected in
the urine of doxorubicin-treated rats [46], in the urine of patients with blad-
der and prostate cancer [47], and in the breath of tumor-bearing mice and
cancer patients [48].

Two possible general mechanisms were proposed by us and by others for
the virtual cross-linking of DNA by the combination of daunorubicin, or dox-
orubicin and formaldehyde [32, 37]. One has the anthracycline reacting first
with formaldehyde and the conjugate reacting with DNA, and the other has
DNA reacting first with the formaldehyde and its conjugate reacting with the
anthracycline. The results of experiments to be described in Sects. 3, 4 and 5
point to the former mechanism as more likely.

3
Daunoform, Doxoform, Epidoxoform, and Related Alkylating Anthracyclines

Virtual cross-linking of DNA by the combination of daunorubicin, or doxoru-
bicin and formaldehyde, prompted the synthesis of anthracycline-formalde-
hyde conjugates as improved therapeutics. A two- phase reaction in a chlo-
roform/pH 6 buffer of daunorubicin or doxorubicin with formalin, a wa-
ter/methanol solution of formaldehyde, yielded in the chloroform phase
a conjugate with two molecules of anthracycline as oxazolidines bonded to-
gether with a third molecule of formaldehyde as shown in Fig. 5 [49]. The
compounds were initially characterized spectroscopically and assigned the
common names daunoform and doxoform. Doxoform was subsequently char-
acterized in the solid state by crystallography in which it exhibits a compact
structure with the daunosamine sugar rings in a twist boat conformation, as
shown also in Fig. 5 [50]. The reaction of doxorubicin free base with solid
paraformaldehyde in chloroform yielded first the monomeric species doxazo-
lidine and then doxoform. The reaction can be terminated at the monomeric
stage as indicated by NMR through removal of the excess paraformaldehyde
by filtration [50]. In solution, the daunosamine sugars of doxorubicin, doxa-
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Fig.5 Reaction of daunorubicin and doxorubicin with formaldehyde to give first dauna-
zolidine and doxazolidine, respectively, and subsequently daunoform and doxoform. The
three-dimensional picture of doxoform was created in PyMol using coordinates from the
crystal structure [50]

zolidine, and doxoform all appear to exist in chair conformations as indicated
by NMR coupling constants for protons at the 1’ and 2’-positions.
Daunoform and doxoform are both hydrolytically unstable with respect
to the loss of formaldehyde and the reformation of the clinical drugs. In-
termediates in the hydrolyses are the monomeric species daunazolidine and
doxazolidine, respectively. The hydrolysis of doxoform has been studied more
extensively than the hydrolysis of daunoform. Measurements of the growth
inhibition of MCF-7/Adr cells provide estimates of the half-lives of doxoform
and doxazolidine, with respect to complete hydrolysis to doxorubicin. These
cells are highly resistant to doxorubicin but not to doxoform or doxazolidine.
Hence, measurement of growth inhibition as a function of time for hydro-
lysis prior to inoculation of cells gives a measure of half-lives for doxoform
and doxazolidine of 1.5 min and 1 min, respectively, in cell growth media at
37 °C. The half-life of doxoform is extended to 3 min in human serum [50]
and to 10 min in bovine serum [51]. A rationale for a longer half-life in 100%
bovine serum has not been completely established but appears to result from
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the association with bovine serum albumin that makes up 50% of the serum
proteins. The 10% fetal bovine serum in cell growth media has almost no
effect on stability [51].

In spite of its short half-life, doxoform shows superior tumor cell growth
inhibition relative to doxorubicin with one to four orders of magnitude lower
ICsp values. The ICs is the concentration that inhibits half the growth. Repre-
sentative values from our lab are reported for doxoform in Table 1 compared
with values for similar treatment with doxorubicin. In the few cases for which
measurements were made, doxazolidine shows the same ICsy values as does
doxoform. This is not surprising because doxoform is just a rapid prodrug of
doxazolidine. The more dramatic differences between doxorubicin and dox-
oform occur with the more resistant cell lines. For example, a four order
of magnitude difference occurs with the highly resistant MCF-7/Adr breast
cancer cell line and a three order of magnitude difference occurs with the
resistant SHP77 small cell lung cancer cell line. MCF-7/Adr cells respond to
doxazolidine in spite of being p53 negative and MDR positive.

A treatment-limiting, chronic side effect of doxorubicin therapy is car-
diotoxicity. As discussed earlier, this side effect results at least in part from the
accumulation of positively charged doxorubicin in cardiomyocytes because
of the abundance of mitochondria that bear the negatively charged phos-
pholipids, cardiolipin, and the susceptibility of cardiomyocytes to oxidative
stress [25, 26]. As shown in Table 1, doxorubicin, doxoform, and doxazolidine
all inhibit the growth of rat cardiomyocytes equally [52]. More significantly,
doxorubicin inhibits the growth of cardiomyocytes better than it inhibits

Table 1 Comparison of growth inhibition of cancer cells and rat cardiomyocytes by dox-
orubicin, doxoform, and doxazolidine with 3 h drug treatment [49, 50, 52]. Units for ICs
values are nM equiv to correct for DoxF having two active compounds per molecule

ICso (nM equiv)

Cell Line/ MCEF-7 MCEF-7/Adr  SK-Hep-1 Hep G2 DU-145

Compound  breast breast liver liver prostate

Dox 200 10000 100 200 200

DoxF 2 1 4 10 3

Doxaz 3 3 - - 4

Cell Line/ MiaPaCa-2  BxPC3 SHP77 H2122 H9c2(2-1)

Compound  pancreas pancreas SCL*® NSCLP Rat cardio-
myocytes

Dox 300 300 >1000 200 30

DoxF 3 10 2 4 30

Doxaz - - - - 30

@ SCL, small cell lung
b NSCL, Non-small cell lung
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the growth of all the cancer cell lines in Table 1 except the highly resistant
MCF-7/Adr cell line, and doxoform inhibits the growth of all the cancer cell
lines in Table 1 better than it inhibits the growth of cardiomyocytes. Because
doxoform has a half-life during cell culture experiments of only 3 min [51],
most of the doxoform had hydrolyzed to doxorubicin after 15 min. Hence,
during treatment with doxoform, the cardiomyocytes were exposed to dox-
orubicin for the majority of the 3h treatment period, and consequently,
most of the growth inhibition of cardiomyocytes with doxoform probably
stemmed from the resulting doxorubicin. An additional contributing factor
to the lower relative cardiotoxicity of doxoform and doxazolidine may be no
positive charge at physiological pH and consequently, no Coulombic attrac-
tion to cardiolipin. Although both doxoform and doxazolidine have amino
nitrogens, they are covalently bonded through the formaldehyde carbon to
the 4'-oxygen which significantly lowers the pKa values for their respective
protonated nitrogens [53].

Doxoform has also been evaluated in the 60 human cancer cell screen of
the National Cancer Institute (NCI). NCI uses a 48 h drug treatment period
with growth measurement at 48 h. Again, because of the short half-life of dox-
oform, the cells are exposed to doxorubicin for most of the treatment period.
In spite of this limitation, doxoform showed more than a log lower average
IC50 value than doxorubicin. This was from a comparison of the average of
two measurements with doxoform with the average of 1837 measurements
with doxorubicin.

Concurrently, we also studied the reaction of formaldehyde with epidox-
orubicin, the 4'-epimer of doxorubicin. Epidoxorubicin is of clinical interest
because of lower cardiotoxicity resulting from faster clearance through the
kidneys as a glucuronic acid conjugate [54-57]. Epidoxorubicin has a trans-
vicinal aminol functionality at the sugar ring, and, consequently, forms not
a dimeric oxazolidine but a dimeric molecule with two molecules of epidox-
orubicin bonded together with three molecules of formaldehyde in a diaza-
dioxabicyclic ring structure, as shown in Fig. 6 [58]. Epidoxoform hydrolyzes
to monomeric acyclic formaldehyde conjugates at pH 7.4. Surprisingly, at
25 uM initial epidoxoform concentration, the hydrolysis reaction comes to an
equilibrium with monomeric formaldehyde conjugates, also shown in Fig. 6.
The initial ring opening of the one-carbon bridge between the two nitro-
gens occurs rapidly and reversibly and then the equilibrium mixture of the
two dimeric species proceeds slowly to an equilibrium with the monomeric
species with a half-life of 2 h.

Epidoxorubicin plus formaldehyde or epidoxoform virtually cross-link
(GC)4 analogous to doxorubicin plus formaldehyde or doxoform as deter-
mined by mass spectrometry and crystallography [36, 58]. Epidoxoform is
less active in tumor cell growth inhibition than doxoform, although it is still
more active than epidoxorubicin or doxorubicin, especially with resistant
MCEF-7/Adr cells [58]. A possible explanation for the difference in cytotoxi-
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monomeric epidoxorubicin
formaldehyde conjugates

HO © OH © N\—OH

Fig.6 Reaction of epidoxorubicin with formaldehyde to give epidoxoform, and subse-
quently, hydrolysis of epidoxoform to give epidoxorubicin-formaldehyde acyclic conju-
gates

city comes from a measurement of the hydrolytic stability of the respective
virtual cross-links. The measurement was performed with MCF-7/Adr cells
measuring the disappearance of chromophore in drug treated cells, assum-
ing that drugs released from DNA would be rapidly pumped out of the cell
by overexpressed P-170 glycoprotein. This measurement showed a half-life for
loss of the drug chromophore from doxoform treated cells of 29 h and from
epidoxoform treated cells of 13 h [59].

Because of the increased aqueous stability of epidoxorubicin-formalde-
hyde, monomeric conjugates relative to doxazolidine, epidoxoform was also
investigated in vivo versus epidoxorubicin using a murine model of breast
cancer. Epidoxoform is not very water soluble and so was formulated in
Cremaphor/DMSO for the in vivo experiments. The maximum tolerated dose
was determined to be 10 mg/kg for epidoxoform and 7.5 mg/kg for epidox-
orubicin. Mice inoculated with 10° Gollin-B mouse mammary tumor cells
were treated with the maximum tolerated dose two days following tumor cell
injection and repeated in seven days. All ten mice in each group survived;
however, the median tumor volume in the epidoxoform group was 68 mm?
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compared with 1764 mm? in the epidoxorubicin group [60]. Further, in the
epidoxoform group, four mice showed no tumor; all mice in the epidoxoru-
bicin group developed tumors.

Several natural and synthetic, alkylating anthracyclines have been investi-
gated by others during the past two decades. These include cyanomorpholin-
odoxorubicin [61], barminomycin [62,63], 2-pyrrolinodoxorubicin [64],
N-5,5-diacetoxypentyl)doxorubicin [65], PNU-159682, and trimethylene-
daunazolidine [66] (Fig.7). PNU-159682 is an oxidative metabolite of

cyanomorpholino- barminomycin
doxorubicin

(0]
trimethylene-
daunazolidine 0

0 o)
Nemorubicin gI R QI
OH PNU-159682 o (6)

FCE 23762 N \i
<\;>‘OMe <\o OMe

Fig.7 Structures of other natural and synthetic, alkylating anthracyclines
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Nemorubicin (FCE 23762) [67]. For a complete review of Nemorubicin, see
the section by Broggini in Chap. 3. All of these examples are masked aldehy-
des with a second attachment of the aldehyde via a tether to the daunosamine,
and some have been shown to covalently bond to G-bases at 5'-GC-3' sites in
DNA [68, 69].

4
Doxsaliform and Targeted Doxsaliform

Encouraged by the in vivo activity of epidoxoform and the superior in vitro
activity of doxoform, we next explored acyclic doxorubicin formaldehyde
conjugates using the formaldehyde N-Mannich base construct. Reaction of
doxorubicin with formaldehyde in the presence of simple alkyl or aryl amides
in DMF solvent yielded doxorubicin N-Mannich bases [70]. These proved to
be too robust with respect to release of the acyclic-doxorubicin formaldehyde
conjugate. Work by Bundgaard and coworkers [71] and by Loudon and co-
workers [72] indicated that N-Mannich bases synthesized from salicylamide
release amine-formaldehyde conjugates more rapidly through internal catal-
ysis by the phenolic OH group. Therefore, the reaction of doxorubicin with
formaldehyde in the presence of salicylamide gave doxsaliform [73]. Doxsali-
form released acyclic doxorubicin-formaldehyde conjugate with a half-life of
1 hat 37 °Cin pH 7.4 buffer (Fig. 8). Hence, the salicylamide N-Mannich base
construct serves as a time-release trigger for delivery of acyclic doxorubicin-
formaldehyde conjugate. ICsy values for growth inhibition of MCF-7 and
MCEF-7/Adr cells by doxsaliform were 4-fold and 10-fold smaller, respectively,
than for growth inhibition by doxorubicin. Therefore, doxsaliform was an
improvement but still lagged in activity relative to doxoform. Doxsaliform,
however, did have one advantage over doxoform or epidoxoform; namely, it
provided a site for attachment of a releasable targeting group that might dir-
ect the construct to a receptor overexpressed by tumor cells. Four targets have
been explored using the doxsaliform strategy: an estrogen receptor and an
anti-estrogen binding site for breast cancer, an androgen receptor for prostate
cancer, and an oy f3 integrin for metastatic cancer.

Targeting estrogen receptor (ER) and antiestrogen binding site (AEBS)
for breast cancer. Many breast cancer cells overexpress the nuclear hor-
mone receptor ER (more precisely ER«), and estrogen bound to ER stim-
ulates transcription of growth factors. Tamoxifen and related non-steroidal
anti-estrogens are commonly used for treatment and prevention of hormone
responsive breast cancer because they or their metabolite bind to ER in
competition with estrogen, and the anti-estrogen-ER complex does not stim-
ulate transcription. On this basis ER was chosen as a receptor for targeting
a doxorubicin-formaldehyde conjugate to breast cancer cells, and hydroxy-
tamoxifen, the active metabolite of tamoxifen, was chosen as the targeting
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Fig.8 Synthesis of the salicylamide N-Mannich base of doxorubicin, doxsaliform (DoxSF),
and its hydrolysis to an acyclic doxorubicin-formaldehyde conjugate

group. A second receptor for non-steroidal anti-estrogens is an anti-estrogen
binding site (AEBS) that is cytosolic and consists of at least four associated
proteins, some of which are involved with lipid metabolism [74]. The site for
attachment of the tether to hydroxytamoxifen was selected based upon the co-
crystal structure of hydroxytamoxifen bound to the ligand binding domain
of ERa that shows the exposure of one of the methyl groups [75]. Hydroxy-
tamoxifen was thus tethered from one of the equivalent methyl groups to the
salicylamide of doxsaliform [76]. Coupling to the salicylamide was achieved
with an oxime functional group as shown in Fig. 9. Three ethylene glycol type
tethers were explored for binding to the receptors and tumor cell growth in-
hibition. The best of the three with respect to receptor affinity and tumor
cell growth inhibition was a triethylene glycol tether. A space-filling model of
the construct with the triethylene glycol tether, DoxSF-Teg-Tam, bound to the
ligand binding domain of ER« is shown in Fig. 10.

The performance of DoxSF-Teg-Tam was compared with the performance
of hydroxytamoxifen in terms of binding to receptors and with the perform-
ance of DoxSF and Dox in terms of tumor cell growth inhibition. The binding
affinity of DoxSF-Teg-Tam to the ER from cell lysis relative to hydroxyta-
moxifen was 2.5%. Hence, DoxSF-tether when bound to the methyl group of
hydroxytamoxifen significantly attenuated but did not eliminate the binding
to ER. The binding affinity of DoxSF-Teg-Tam to AEBS relative to hydroxyta-
moxifen was 60%. The inhibition of growth of breast cancer cells is reported
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Fig.9 Structures of targeting groups and targeted DoxSF molecules: DoxSF-Teg-Tam tar-
geted with hydroxytamoxifen to the estrogen receptor, DoxSF-butyne-nilutamide targeted
with cyanonilutamide to the androgen receptor, and cyclic-(N-Me-VRGDf-NH)-DoxSF

targeted to the integrin avf3
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DoxSF-Teg-Tam Attachment to

ERa Ligand
Binding Domain

Fig.10 A model of DoxSF-Teg-Tam bound to the ligand binding domain of the estro-
gen receptor (ERx). The model was created by docking DoxSF-Teg created in Chem-3D
by inspection to the hydroxytamoxifen in the ER« co-crystal structure (from Shiau and
co-workers [75], PDB code: 3ERT) and displayed with PyMol

in Table 2 as a function of the expression of ER, AEBS, and the multidrug re-
sistance phenotype (MDR). The most dramatic effect on tumor cell growth
inhibition was observed with the MCF-7/Adr cells that are ER negative, AEBS
positive, and MDR positive. The ICsy for growth inhibition with DoxSF-Teg-
Tam was 30-fold lower than with DoxSF and 170-fold lower than with Dox.
A 1:1 combination of DoxSF and hydroxytamoxifen showed no synergy rela-
tive to DoxSF; although, a 1:1 combination of Dox and hydroxytamoxifen
did show synergy, independent of ER and MDR expression [76]. A combi-
nation of flow cytometry and fluorescence microscopy experiments with the
various cell lines in Table 2 are consistent with the following sequence of
events: 1) the targeted conjugate passively diffuses across the cytoplasmic and
nuclear membranes; 2) the targeting group binds to cytosolic AEBS and/or
nuclear ER; 3) the binding proteins serve to sequester the conjugate, reducing
drug efflux by p-glycoprotein drug efflux pump expressed as part of the MDR
phenotype; and 4) the salicylamide trigger fires, releasing the doxorubicin
formaldehyde conjugate that intercalates and alkylates DNA to induce cell
death [76,77]. In contrast, Dox and DoxSF are substrates for p-glycoprotein
overexpressed in MCF-7/Adr cells and are pumped out in competition with
passive diffusion into the cells.
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Table2 Comparison of growth inhibition for breast cancer cells as a function of targeting,
formaldehyde, and the expression of ER, AEBS, and MDR [77]

IC50 (nM)
Compound/Cell line ER/AEBS/MDR? Dox DoxSF DoxSF-Teg-Tam
MCE-7 +/+/- 200 70 30
MCEF-7/Adr —/+/+ 10000 2000 60
Rtx-6 +/-/- 200 60 70
MDA-MB-231 —/+/- 300 80 30
MDA-MB-435 —/+/- 150 50 40

2 ER, estrogen receptor; AEBS, antiestrogen binding site; MDR, multidrug resistance phe-
notype

Targeting the androgen receptor (AR) for prostate cancer. In parallel
to breast cancer cells, prostate cancer cells commonly overexpress AR, and
non-steroidal anti-androgens are used for the treatment of hormone respon-
sive prostate cancer. For targeting the AR, the non-steroidal anti-androgen,
cyanonilutamide, was selected as the targeting group. Similar to hydroxy-
tamoxifen bound to the ER, non-steroidal anti-androgens bound to the AR
show limited opportunity for attachment of the tether. The point of attach-
ment to the nilutamide was selected as the substitutable nitrogen based upon
crystallography data and molecular modeling. Various tether designs were
explored, all with tethering from the substitutable nitrogen of the nilutamide
to the salicylamide as shown for the lead design in Fig. 9. The best tether,
as determined from binding measurements to the androgen receptor, incor-
porated 2-butyne which gave an ICsy for binding to the androgen receptor
of 90 nM [78]. For comparison, the non-steroidal anti-androgen drugs, nilu-
tamide and flutamide, gave binding ICs values of 9 and 154 nM, respectively.
The 2-butyne was more successful than others probably because it main-
tained separation of the targeting group from the cytotoxin while occupying
minimal space. In retrospect, incorporation of 2-butyne between DoxSF and
Tam would have been a better design for a construct targeted to ER.

Unlike ER, AR exists primarily as a cytosolic receptor in complex with
several heat-shock proteins. Ligand binding leads to dissociation of the heat-
shock proteins, homodimerization, and translocation into the nucleus where
it promotes transcription of growth factors. Therefore, the binding of the
construct to the cytosolic AR might logically lead to transport of the con-
struct to the nucleus. Targeting and trafficking of DoxSF-Butyne-nilutamide
in live prostate cancer cells was studied by fluorescence microscopy using AR
negative PC-3 cells transiently transfected with the green fluorescent protein
(GFP)-AR chimera [79]. The partial construct, SF-butyne-nilutamide, that
has a binding IC5p of 49 nM, caused the migration of the GFP-AR to the nu-
cleus as monitored by movement of the GFP fluorescence in real time. The
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complete construct, DoxSF-butyne-nilutamide, bound to the GFP-AR as indi-
cated from competition experiments but failed to cause the migration of the
GFP-AR to the nucleus.

Drug localization and growth inhibition were compared in AR-positive
PC-3/AR cells and AR-negative PC-3/neo cells. PC-3/AR and PC-3/neo cells
are PC-3 cells permanently transfected with a vector bearing the gene for
the AR gene and an empty vector, respectively. Anthraquinone fluorescence
showed initial cytosolic localization of DoxSF-butyne-nilutamide, indepen-
dent of AR expression. Possibly, an equivalent to the anti-estrogen binding site
(AEBS) exists in prostate cancer cells to which the construct also binds. DoxSF-
butyne-nilutamide also showed very similar growth inhibition of PC-3/neo
cells and PC-3/AR cells and similar to DoxSFE. Hence, in a static cell experi-
ment, DoxSF-butyne-nilutamide showed no advantage over untargeted DoxSF.
Although selectivity by DoxSF-Teg-Tam was observed over DoxSF with various
breast cancer cells (Table 2), lack of selectivity of DoxSF-butyne-nilutamide
for growth inhibition of PC-3 cells is possible because both DoxSE-butyne-
nilutmide and DoxSF release Dox-formaldehyde conjugate at approximately
the same rate. Possibly, DoxSF-butyne-nilutamide would show superiority
under the dynamic conditions of an in vivo experiment.

Targeting oy 83 integrin for metastatic cancer. The integrin oy 3 is over-
expressed on the surface of many tumor cells and endothelial cells respon-
sible for angiogenesis, and its expression correlates with tumor progression
in glioma, melanoma, breast cancer, and ovarian cancer. Several RGD pep-
tides and peptide mimetics exhibit excellent binding to and selectivity for
ayfs. Our interest in using RGD peptides for targeting DoxSF to tumors
and associated angiogenesis was initially stimulated by the work of Ruoslahti
and coworkers [80]. Using in vivo phage display, they discovered a peptide,
CDCRGDCEC (RGD-4C), that homed to tumor xenografts in mice. Further-
more, doxorubicin RGD-4C conjugates of undefined structure were effective
in reducing tumor burden with less side effects. Structural studies of RGD-
4C have shown that the RGD motif is rigidly displayed through a bicyclic
ring system created by air oxidation of the four cysteins to two cystines [81].
Scheeren and coworkers synthesized a structurally well-defined RGD-4C dox-
orubicin conjugate with a plasmin cleavage site. This design incorporated two
tumor targeting mechanisms, ay 83 and plasmin, plus a mechanism for sepa-
rating doxorubicin from the targeting groups at the site of the tumor. Plasmin
is a serine protease overexpressed by metastatic tumor cells and vascular en-
dothelial cells associated with their angiogenesis [82]. Our initial efforts were
focused on DoxSF conjugates of RGD-4C but later turned to DoxSF conju-
gates of a simpler cyclic peptide, (N-Me-VRGDf), know as Cilengitide [83].
Cilengitide has proceeded as far as phase II clinical trials as a potent an-
tagonist of oy B3 [84]. Functionalization of Cilengitide for attachment of the
tether was at the para position of the phenyl group of the d-phenylalanine
ring. Again, the attachment point was directed by a co-crystal structure that
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showed the exposure of this position [85]. The structure of the construct,
cyclic-(N-Me-VRGD{-NH)-DoxSF, is shown in Fig. 9. The complete construct
maintained the high affinity for oy 85 (binding ICsg, 5 nM) in a vitronectin cell
adhesion assay relative to the peptide bearing only the tether (0.5 nM) [83].
However, the ICsy for growth inhibition of MDA-MB-435 cells was 90 nM,
approximately 2-fold larger than that of DoxSF. Flow cytometry and growth
inhibition experiments suggested that the construct does not penetrate the
plasma membrane but that the released doxorubicin-formaldehyde conjugate
does. This may explain the higher IC5q for growth inhibition relative to DoxSF
because drug delivery is now limited by the abundance of receptors. Possibly,
better growth inhibition would have been observed with cells that express
more oy 33 such as MDA-MB-231 cells.

The primary lesson learned from these initial studies of targeted doxo-
rubicin-formaldehyde conjugates was that successful designs need to incor-
porate drugs with high activity because of the limited number of receptors.
A secondary lesson is that tether design is important with linear tethers gen-
erally being superior. The primary lesson prompted us to design targeted
drugs that used doxazolidine in place of DoxSFE. Doxazolidine is at least an
order of magnitude more active than DoxSF. The initial challenge was to dis-
cover a method to inactivate doxazolidine and stabilize its oxazolidine ring
until the construct reached its target.

5
Doxazolidine (Doxaz), Targeted Doxazolidine,
and Some Other Targeting Strategies for the Alkylating Anthracyclines

Why is doxoform at least an order of magnitude more active than DoxSF?
To review what was introduced in Sect. 3, the reaction of Dox with formalin
gives doxoform. An intermediate in the synthesis of doxoform is doxazo-
lidine (Doxaz), and relatively pure Doxaz can be prepared by the reaction
of Dox with paraformaldehyde in chloroform, stopping the reaction at the
halfway point as determined by NMR spectroscopy [50]. Doxoform rapidly
hydrolyzes in an aqueous medium at pH 7.4 and 37 °C to Doxaz (half-life,
1 min) and Doxaz rapidly hydrolyzes to Dox (half-life, 3 min). An intermedi-
ate in the latter hydrolysis is the acyclic doxorubicin-formaldehyde conjugate,
the same species released by DoxSF. DoxSF releases the acyclic doxorubicin-
formaldehyde conjugate with a half-life of 60 min [73]. Further, epidoxo-
form, like DoxSF, is an order of magnitude less active than doxoform; it
hydrolyzes to an acyclic epidoxorubicin-formaldehyde conjugate with a half-
life of 2 h [58]. Doxoform and doxazolidine inhibit the growth of cancer cells
equally well. If we assume that the virtual cross-linking of DNA is the source
of activity of doxorubicin-formaldehyde conjugates, then what is the mech-
anism of this cross-linking? Is the reactive species doxazolidine or the acyclic



162 T.H. Koch et al.

doxorubicin-formaldehyde conjugate? Does the doxorubicin-formaldehyde
conjugate first intercalate in DNA and then form a covalent bond to the
2-amino group of a G-base? Or, does covalent bonding occur best in concert
with the ring opening of the oxazolidine ring? The results of many experi-
ments now point to covalent bond formation in concert with the ring opening
as the most favorable way of creating the cross-link, as shown schematically
in Fig. 11. Although epidoxoform cannot form the oxazolidine, DoxSF upon
hydrolysis can form doxazolidine, but in competition with loss of formalde-
hyde, which may explain its lower activity. Molecular models suggest that
a prelude to cross-linking by doxazolidine must be the tautomerization of the
G-base to create a nucleophilic site at the 2-amino group. This is a simple but
unexplored in-plane tautomerization that is likely important in cross-linking
DNA by other drugs at G-bases in the minor groove such as by mitomycin C
and FR-900482 [73]. This analysis suggests that the key for drug development
is targeted delivery of doxazolidine in a stable, inactive form with release by
an enzyme overexpressed at the tumor.
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Fig.11 A proposed reaction mechanism for direct covalent bonding of doxazolidine to
a G-base of DNA. The reaction mechanism requires a prior tautomerization of the G-base
to create an in-plane lone pair on the nitrogen at the 2-position of the G-base. As the
covalent bond is forming, the anthraquinone part of the compound intercalates between
stacked base pairs of the DNA. The model maintains the integrity of the electrons in the
o- and m-regions of space and leads to no separation of formal charge

Oxazolidine rings are stabilized with respect to the spontaneous loss of
formaldehyde by acylation of the nitrogen. Acylation to create a carbamate
offers the possibility for releasing doxazolidine through spontaneous decar-
boxylation of a carbamic acid from hydrolysis at the ester side of the car-
bamate. The idea of an enzyme-activated carbamate prodrug is stimulated
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by the relatively new clinical anti-cancer drugs Capecitabine and Irinotecan.
Capecitabine is a prodrug that is activated to 5-fluorouracil by three en-
zymatic steps, the first of which is hydrolysis of a carbamate primarily by
carboxylesterase 1 (CES 1, hCE1) [86-88]. Irinotecan is a prodrug that is
activated to a water soluble camptothecan derivative by hydrolysis of its car-
bamate, primarily by carboxylesterase 2 (CES2, hiCE) [89, 90]. These drugs
and their activation are shown in Fig. 12.
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Fig.12 Structures of the clinical prodrugs Capecitabine and Irinotecan, activated by car-
boxylesterase enzymes

After evaluating several designs, our lead design of a carboxylesterase-
activated doxazolidine derivative incorporated a pentyl carbamate analogous
to that of Capecitabine, separated from doxazolidine carbamate by a self-
eliminating spacer [52]. The construct, pentyl-PABC-Doxaz, is shown in Fig. 13
together with its proposed activation to doxazolidine by a carboxylesterase
enzyme. The design is for primary liver cancer because liver cancer cells over-
express CES 1. Colon cancer is also a possibility because CES 2 is overexpressed
in colon cancer cells. IC5 values for growth inhibition of SK-HEP-1 and Hep
G2 primary liver cancer cells are 1000 nM and 50 nM, respectively, with 24 h
drug treatment. Corresponding numbers for treatment with Doxare 50 nM and
30 nM. Therefore, pentyl-PABC-Doxaz is of similar activity to Dox against Hep
G2 cells but an order of magnitude less active than Dox against SK-HEP-1 cells.
This is consistent with mRNA expression of CES1 and CES2 in the two cell lines
as measured by RT-PCR [52]. Hep G2 cells express both CES1 and CES2, but
SK-HEP-1 cells express some CES2 but little if any CES1.

Although pentyl-PABC-Doxaz only has similar activity to Dox against
carboxylesterase-expressing cells, its activity against rat cardiomyocytes is
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Fig.13 Structure of doxazolidine prodrug, pentyl PABC-Doxaz, and mechanism of activa-
tion by carboxylesterase enzymes. The design utilizes a Katzenellenbogen self-eliminating
spacer to separate the enzyme active site from the bulky cytotoxin

more than an order of magnitude less than that of Dox [52]. The ICsy values
for pentyl-PABC-Doxaz and Dox are 630 and 20, nM, respectively. The growth
inhibition of cardiomyocytes is a measure of cardiotoxicity. Together, the
ICs¢ data predict an order of magnitude better safety factor for pentyl-PABC-
Doxaz with carboxylesterase-expressing Hep G2 liver cancer cells versus car-
diomyocytes.

Targeting strategies for other alkylating anthracyclines. Extensive re-
search by Nagy, Schally and their coworkers has led to 2-pyrrolinodoxo-
rubicin (AN-201) targeted to several important receptors overexpressed by
cancer cells [91]. The targeting groups are derivatives of peptide hormones
and are attached at the 14-position via a glutarate tether. Examples of the
peptide hormones include somatostatin, luteinizing hormone-releasing hor-
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mone, and bombesine. The corresponding targeted 2-pyrrolinodoxorubicins
have the acronyms AN-238, AN-152, and AN-215. As an example, the struc-
ture of AN-238 is shown in Fig. 14. Whereas 2-pyrrolinodoxorubicin is highly
toxic to mice, the conjugates are much less toxic and effective in reducing
the growth of a wide variety of tumor xenografts [91]. An important differ-
ence between the two alkylating anthracyclines, 2-pyrrolinodoxorubicin and
doxazolidine, is their predicted lifetimes in vivo. Doxazolidine loses its alky-
lating functional group, formaldehyde, with a predicted half-life of several
minutes, whereas the alkylating functional group of 2-pyrrolinodoxorubicin
is robustly tethered to the 3’-amino group of doxorubicin. We view the labile
nature of doxazolidine as a positive feature of targeted doxazolidine prodrugs
because doxazolidine that escapes the tumor will hydrolyze within a few min-
utes to less toxic doxorubicin. This should help minimize some side effects of
prodrug therapy with highly cytotoxic drugs.
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Fig.14 Structure of 2-pyrrolinodoxorubicin tethered to somatostatin analog

6
Co-Administration of Doxorubicin and Formaldehyde Prodrugs

Yet another approach to facilitating DNA virtual cross-links in cancer cells
is the combination of an anthracycline and a formaldehyde prodrug as
promoted by Nudelman, Rephaeli, Phillips, and coworkers [92]. The most
promising formaldehyde prodrug design is a bis-ester of formaldehyde hy-
drate as shown in Fig. 15 with one of the acid components being butyric acid,
as illustrated by AN-9, AN-7, and AN-193. These compounds were actually
designed to be prodrugs of butyric acid which is a histone deacetylase in-
hibitor. In this capacity, AN-9 has advanced to clinical trials [93, 94]. Early on,
AN-9 exhibited synergy with daunorubicin in cell culture experiments and
in cancer-bearing mice [95]. Subsequently, AN-9, together with doxorubicin,
was shown to enhance DNA adduct formation in cancer cells with a syner-
gistic effect on cancer cell growth [96]. Hexamethylene tetramine (Fig. 15),
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Fig.15 Structures of formaldehyde prodrugs

which contains six formaldehyde equivalents, has also been explored as
a formaldehyde-releasing prodrug, and co-administration with doxorubicin
showed synergy with enhanced DNA adduct formation [97].

7
Summary and Conclusions

Early in the development of the anthracycline anti-tumor drugs, scientists
recognized that DNA was an important drug target, and in vitro drug-DNA
intercalation was established by crystallography. Drug intercalation is likely
involved in the formation of DNA double strand breaks in vivo through its
effect on the topoisomerase II decatenation of DNA, triggering cell death.
Quinone redox activity was also observed early on and linked to the induction
of oxidative stress and drug metabolism. The induction of oxidative stress has
been implicated in drug cardiotoxicity. An intermediate in drug metabolism,
the quinone methide from reductive glycosidic cleavage, was proposed as
a possible electrophilic alkylating agent for DNA amongst other macromolec-
ular targets, but it proved to be more nucleophilic than electrophilic. More
recent studies now implicate formaldehyde as a mediator of anthracycline-
DNA alklyation in vitro and in vivo. Possibly, the anthracycline-induction
of oxidative stress leads to elevation of formaldehyde levels. Formaldehyde-
mediated DNA-alkylation and intercalation at 5'-GC-3’ sites virtually cross-
links the DNA, significantly raising the stability of the duplex structure. By
some mechanism, apparently independent of topoisomerase II, DNA-drug
virtual cross-links trigger cell death.

A number of questions remain unanswered. What is the carbon source of the
formaldehyde? In doxorubicin therapy, what fraction of tumor response stems
from intercalation/topo II lesions and what fraction from virtual-crosslinking?
How does virtual crosslinking trigger cell death and is it repairable?

The anthracyclines react with formaldehyde at their 3’-amino group to
give conjugates that are hydrolytically unstable but show higher tumor cell
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growth inhibition than their clinical counterparts. A drug design goal has
been a more stable compound that would release a reactive doxorubicin-
formaldehyde conjugate in or near the tumor cell or immature endothelial cells
associated with tumor angiogenesis. An early conjugate design employed the
formaldehyde-N-Mannich base functional group in this capacity. The com-
pound doxsaliform (DoxSF), has a half-life of 1 h with respect to the release of
an acyclic doxorubicin-formaldehyde conjugate. Hence, the N-Mannich base
serves as a time-release device. DoxSF was explored in the design of a targeted
prodrug for various receptors overexpressed by tumor cells and/or their asso-
ciated angiogenesis. The experiments indicated that DoxSF-like doxorubicin
was not active enough for targeted drug design. The most active conjugates
are doxoform and doxazolidine with doxoform being a dimeric prodrug of
doxazolidine. In spite of their short half-lives with respect to hydrolysis to dox-
orubicin, they inhibit the growth of a broad spectrum of tumor cells by 1 to
4 orders of magnitude better than doxorubicin. Furthermore, they may help
address the chronic side effect of doxorubicin cardiotoxicity because they are
more toxic to cancer cells than to cardiomyocytes. In contrast, doxorubicin is
more toxic to cardiomyocytes than cancer cells.

The systemic administration of doxazolidine is, however, problematic be-
cause doxazolidine is also toxic to some normal cells. For example, it in-
hibits the growth of Vero cells, green monkey kidney cells, by two orders
of magnitude better than doxorubicin [52]. Furthermore, it will likely hy-
drolyze to doxorubicin with a half-life of a few minutes [50]. We propose
that therapy with enzyme-activated doxazolidine prodrugs by enzymes over-
expressed at the site of tumors will be advantageous because doxazolidine
released at the tumor will be fast-acting and highly toxic to both drug-
sensitive and drug-resistant tumor cells. It should also be active against
tumor angiogenesis. Drug molecules that escape the site of activation will
be the less toxic doxorubicin. The challenge will be the discovery of over-
expressed enzymes and corresponding prodrugs. Current efforts are now
focused on carboxylesterase-activated doxazolidine carbamate for primary
liver cancer [52]. A complementary treatment strategy of possibly broader
scope is the co-administration of doxorubicin with a formaldehyde-releasing
prodrug such as AN-9 [92]. Yet a further challenge will be the discovery of
drug/prodrug combinations that are synergistic.
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Abstract Disaccharide derivatives in the daunorubicin and in the 4-demethoxy (idaru-
bicin) series in which the first sugar moiety linked to the aglycone is a non-aminated
sugar, namely 2-deoxy-L-rhamnose or 2-deoxy-L-fucose and the second moiety is
daunosamine, have been obtained upon synthesis of the appropriate activated sugar
intermediate and glycosylation of the corresponding aglycones. The compounds con-
taining 2-deoxy-L-fucose exhibit superior pharmacological properties with respect to
the stereoisomers containing 2-deoxy-L-rhamnose. The doxorubicin analog 7-O-(«-L-
daunosaminyl-c(1-4)-2-deoxy-L-fucosyl)-4-demethoxy-adriamycinone (sabarubicin) was
prepared starting from 14-acetoxyidarubicinone. Solution properties and molecular in-
teractions are compared with those of doxorubicin. Sabarubicin exhibits a superior
antitumor efficacy, presumably related to the activation of p53-independent apoptosis.
A number of sabarubicin analogues have also been synthesized.

Keywords Demethoxyadriamycinone - Disaccharide - DNA - Glycosylation - Sabarubicin

1
Introduction

Anthracycline glycosides represent a wide class of natural compounds ob-
tained by submerged aerobic fermentation of different microorganisms be-
longing to the genus Streptomyces. Their aglycone moieties, the anthracycli-
nones, are characterized by a tetracyclic system bearing an anthraquinone
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chromophore [1]. The anthracyclinones belong to the large family of the
polyketide natural products, and are biosynthesized by the action of multi-
functional polyketide synthase enzymes through repeated condensations of
simple acylthioesters. The growing carbon chain containing 8 keto groups
that is formed undergoes a number of intra-molecular reactions and a series
of reductive steps leading ultimately to aromatic derivatives, such as the an-
thracyclinones [2]. The final products are characterized by varied molecular
structures, further diversified by the different glycosylation patterns typical
for the different families of final glycosides. In the case of the anthracyclines,
the pattern of glycosylation is a consequence, both in terms of the nature of
the sugar moieties as well as of the position of the substitution, of the genetic
constitution of the producing microbial strains [3-6]. The antitumor activity
of a biosynthetic anthracycline and its chemical relationship with the glyco-
sidic pigments previously studied and described by different authors was first
reported in 1959 [7].

Doxorubicin (1, Adriamycin), the best known biosynthetic antitumor an-
thracycline, is the 14-hydroxylated derivative of daunorubicin (2), the main
product of the Streptomyces peucetius fermentation [8]. Since its registration
in the early 1970s, 1 has been one of the most widely used drugs in can-
cer chemotherapy for more than 30 years. The successful use of 1 in the
medical treatment of cancer was followed by a wide effort aimed at the syn-
thesis of better analogues by chemical modification of the parent drugs or
by total synthesis. The compounds epirubicin (3) and idarubicin (4), import-
ant new members of this chemical group, are presently used in the medical
practice. Compound 3 has been registered in most countries as Farmorubicin
or Pharmorubicin. In the US, 3 is currently marketed as Ellence. Idaru-
bicin is marketed with the trademark Zavedos and is used mainly in acute
leukaemias. These compounds are currently described as second generation
antitumor anthracyclines [9, 10]. Together with doxorubicin, epirubicin and
idarubicin are presently also available as “generics”. Antitumor activity has
been associated with a number of other biosynthetic anthracyclines differing
from the daunorubicin-doxorubicin group in the chemical structure of both
the aglycone moiety and the sugar residue(s), the latter also present as an
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oligosaccharide fragment. Aclacinomycin (Aclacin), a biosynthetic trisaccha-
ride derivative, has been introduced in clinical use [11].

A dose limiting factor in the repeated treatment with doxorubicin and
related compounds is the development of cardiotoxicity. Also, a number of
tumors of clinical importance, including colon, lung, pancreatic and renal
cancers and malignant melanoma, do not respond to currently available an-
thracycline drugs. Other diseases, such as gastric and small cell lung cancers,
and advanced ovary and breast tumors, are only partially responsive and the
benefit of drug treatment is marginal. As for the clinical mechanism of resist-
ance, only the classic multidrug resistance (MDR) phenotype, which is due
to the presence of P-glycoprotein (PGP) in the plasma membrane (a “pump”
that can extrude a wide range of anticancer drugs and other foreign com-
pounds), has been shown to contribute to resistance in patients. Evidence for
other possible mechanisms of resistance in clinical patients is not presently
available [12].

Hundreds of analogues with considerable structural variations were syn-
thesized and tested using murine models of transplantable leukaemias. This
approach may not have allowed an appropriate identification of more se-
lective new compounds with an improved therapeutic index over 1, or one
with a substantially different spectrum of activity [13]. A more recent ef-
fort based on the search for a higher efficacy at the main molecular target,
coupled with the use of a panel of human tumor cell lines and tumor type ori-
ented pharmacology in laboratory animals, has resulted in new compounds
closer to the desired goal [14]. In this chapter we shall describe the rationale
that motivated the synthesis of the disaccharide analogues and the synthetic
work leading to these third generation antitumor anthracyclines together
with the molecular and biological properties and the available results con-
cerning the presently available clinical data of the compound (laboratory code
MEN 10755) selected for full development. “Sabarubicin” is the generic name
proposed by WHO for this compound.

2
Chemistry of Sabarubicin

2.1
Design of the Disaccharide Doxorubicin Analogues

The understanding of the molecular mechanism of cell toxicity of anti-
tumor anthracyclines is based on studies concerning (1) their binding to
DNA involving an intercalation at pyrimidine-purine steps with a preference
for CG accompanied by the binding of the sugar moiety within the minor
groove [15-20], and (2) the association of the breaks of cell DNA induced
by doxorubicin with the enzyme topoisomerase II, a good correlation be-
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ing recorded between intensity of topoisomerase II mediated DNA breakage
and cytotoxicity induced by different anthracyclines [21, 22]. The reaction of
“topoisomerase poisoning” shows an outstanding selectivity because all sites
of doxorubicin blockade display a specific requirement of an adenosine at a 3’
terminus which is never the case for the enzyme-only sites [23]. Moreover, the
strength of DNA binding does not correlate with the stimulatory effect of an-
thracyclines on topoisomerase II-mediated DNA cleavage suggesting that the
specific mode of DNA interaction, rather than the strength of binding, is im-
portant in determining the cytotoxic potency. The first step of the molecular
mode of action of antitumor anthracyclines would be the formation of a drug-
DNA-enzyme ternary complex, in which the enzyme is covalently linked to the
broken DNA strand. The protein associated double-strand breaks that follow
represent a DNA damage that triggers apoptotic cell death [24,25]. In par-
ticular, the non-intercalating portion of the anthracycline molecule, namely
the sugar moiety, is expected to critically influence the stability of the ternary
complex, since in the latter the drug should be positioned at the interface of
the active site of the enzyme and the DNA cleavage site.

As for the molecular mechanism of cardiotoxicity, the important side ef-
fect of the repeated dosages in responding patients, current evidence [26] is
consistent with a fundamental role for free radicals, likely related to the pres-
ence of an oxidative stress caused by a higher than normal oxygen tension in
the heart tissue [27]. Excess oxygen could be the result of the long lasting in-
hibition of nucleic acid synthesis [28] and consequent reduction of metabolic
consumption of oxygen. This could be an effect related to the DNA interaction
of the anthracyclines, as would the inhibition by doxorubicin of mitochondrial
DNA transcription, leading to a diminished ATP production and consequently
to cell damage in the high energy demanding tissue [29]. On the other hand,
1 selectively inhibits gene expression in cardiac muscle cells in vivo [30].

The substitution of a hydroxyl group with a hydrogen atom at positions
6 and/or 11 onto the aglycone moiety, although bearing noticeable conse-
quences on the polarographic behaviour or on the chemical outcome of
anaerobic quinone reduction, did not result in a marked change of bioactiv-
ity [31] as might have been the case if bioactivity of antitumor anthracyclines
were related with the redox behaviour and/or with the ability to form metal
complexes. A significant structural modification in terms of structure activity
relationships was instead the substitution of the C-9 hydroxyl group on ring
A with a hydrogen atom. In fact 9-deoxydaunorubicin, although showing the
same affinity for DNA and similar electrochemical behaviour as the parent
daunorubicin, was two orders of magnitude less cytotoxic on cultured HeLa
cells. Therefore, it was deduced that the 9-hydroxyl group, which, according
to the well known molecular model of the daunorubicin-DNA complex, pro-
trudes outside the double helix, is involved in a specific interaction relevant
to the bioactivity of the drug in terms of topoisomerase II blockade in the
ternary complex [32].
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In conclusion, as suggested by the DNA binding geometry and by the
topoisomerase related mechanism of action of antitumor anthracyclines,
a rationale design of new analogues would be based on the hypothesis that it
should be beneficial to expand the molecular recognition properties through
a functional enrichment of the portion of the anthracycline molecule involved
in the stabilization of the “cleavable ternary complex”. Structure activity rela-
tionships pointed to ring A as a “scaffold” determining the spatial orientation
of the C-7 and C-9 substituents, in particular that of the sugar moiety, whose
structure and stereochemistry is critical for the stabilization of the ternary
complex [33].

Daunosamine, 3-amino-2,6 dideoxy-L-lyxo-hexose is the natural amino-
sugar present in all anthracycline glycosides produced by the strains be-
longing to the species Streptomyces peucetius, the original producer of the
daunorubicin group of antibiotics, and related strains [3]. It has never been
identified as a constituent of other anthracyclines nor of any natural glyco-
side. An early approach to new analogues consisted in the synthesis of new
daunomycinone and adriamycinone aminoglycosides differing in the stereo-
chemistry or in the structure from the biosynthetic daunosaminide, with
the aim of modifying the pharmacokinetics and/or the metabolism of the
natural glycosides. This approach afforded a number of compounds includ-
ing the already-mentioned clinically useful 3, that exhibits the aminosugar
acosamine, namely 3-amino-2,6-dideoxy-L-arabino-hexose.

However, the 3’-amino group is not a requisite for antitumor activity, as it is
shown by the biological properties of the 3'-hydroxylated analogue of 1 [34].
Therefore, attention may be given to analogues containing two sugar residues,
namely disaccharides in which daunosamine was not the first sugar moi-
ety linked to the aglycone. A disaccharide, 4'-O-daunosaminyldaunorubicin,
was present in the medium of the daunorubicin fermentation and the same,
as well as the corresponding analogues in which the second sugar was
either acosamine or 2-deoxy-L-rhamnose, were obtained by semisynthesis
and found to be still bioactive, albeit somewhat less potent against murine
transplantable leukaemias than daunorubicin [8]. The disaccharide derivative
4'-0-(2-deoxy-L-fucosyl)-daunorubicin has been synthesized upon reaction
of daunomycinone with 1-O-acetyl-4-0-(2-deoxy-3,4-di-O-acetyl-L-fucosyl)-
N-trifluoroacetyldaunosamine in the presence of p-toluenesulphonic acid,
followed by basic deprotection of the product [35]. This disaccharide deriva-
tive has also been obtained from the same reagents using tin tetrachloride as
the catalyst of the glycosidation [36]. Interestingly, a disaccharide analogue
bearing a non-aminated sugar directly linked to the aglycone, namely 7-0-(3-
O-a,L-daunosaminyl-2-deoxy-«,L-rhamnosyl)-daunomycinone, was synthe-
sized and found biologically inactive [37].The lack of bioactivity should be
related with the position of the second glycosidic linkage.

As for the substitution onto the aglycone moiety, the results of in vitro pre-
clinical studies indicate that the higher lipophilicity of 4-demethoxy deriva-
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tive 4 leads to a faster accumulation in the cell nuclei and consequently
to enhanced cytotoxicity as compared to 2. A major advantage over the
4-methoxylated parent drug is the ability to partially overcome multi-drug
resistance. It has also been found that the major human metabolite of 4,
idarubicinol, is as bioactive as the parent compound [38].

2.2
Synthesis of 4'-(«,L-Daunosaminyl)-2’,6’-Dideoxyhexopyranosyl-Daunomycinone
and -ldarubicinone with L-Arabino and L-Lyxo Configurations

Disaccharide derivatives of the daunorubicin and of the 4-demethoxy (idaru-
bicin) series in which the first sugar moiety linked to the aglycone was a non-
aminated sugar, namely 2-deoxy-L-rhamnose or 2-deoxy-L-fucose, and the
second moiety was daunosamine, were synthesized upon glycosylation of the
corresponding aglycones with the appropriate protected and activated disac-
charides [39]. In the first series, the synthesis was started from 3,4-di-O-acetyl-
L-rhamnal 5, that was converted to p-methoxybenzyl 2-deoxy-«-L-rhamnoside
6 by reaction with p-methoxybenzyl alcohol and N-iodosuccinimide in
acetonitrile at -50°, followed by dehalogenation with tributyltin hydride
and then deacetylation with sodium methoxide in methanol. Selective
p-nitrobenzoylation of an intermediate stannylene cyclic acetal of 6 af-
forded 7 that was converted, upon reaction with 1,4-di-p-nitrobenzoyl-3-
N-trifluoroacetyl-L-daunosamine 8 in the presence of trimethylsilyltriflate,
to 9a in high yield and with the desired o configuration. The anomeric
p-methoxybenzyl group was then removed with ceric ammonium nitrate and
the free anomeric position of 9b was esterified with p-nitrobenzoyl chloride to
give the desired activated intermediate 9c.

Similarly, 3,4-di-O-acetyl-L-fucal 10 was allowed to react with p-methoxy-
benzyl alcohol in the presence of a Lewis acid to give 11 that was in turn

OMeOBn OMeOBn
p0 7507 HoZ5o7 Ho$§f
OAc OH pNBz
6 7
s OR
0 0 OpNBz
NHCOCFs NHCOCF;
pNBzO pNBzO

9a (R=pMeOBnN)
8 9b (R=H)
9c (pNBz)
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deacetylated with sodium methoxide in methanol and the resulting prod-
uct selectively p-nitrobenzoylated to 12. The difficulty of obtaining acceptable
yields in the glycosylation of the axial hydroxyl group of 12 was overcome
using the activated daunosamine derivative 13 and iodonium dicollidine per-
chlorate (IDCP). The disaccharide derivative 14a was then converted to 14b
and finally to 14c as described above for 9c.

OpMeOBn OpMeOBn
F\7 0
pNBz
10 12
?o?oiml
NHCOzAII
pNBzO NHCOZAII
pNBzO

13 14a (R=pMeOBn) 15a: R=OCH3

14b (R=H) 15b: R=H

14c (pNBz)

The coupling reaction of both activated disaccharide units 9c and 14c with
aglycones 15a and 15b was carried out using a standard procedure to afford,
after deprotection with base, respectively the 4'-epimeric compounds 16a
and 17a using 9c as the glycosylating agent, and 16b and 17b using 14c. Di-
saccharide glycosides containing 2-deoxy-L-fucose 17a,b exhibited superior
pharmacological properties with respect to the stereoisomers 16a,b contain-
ing 2-deoxy-L-rhamnose [40].

2.3
Synthesis and Molecular Properties of Sabarubicin

On the basis of the results concerning the disaccharide analogues of daunoru-
bicin and idarubicin, the doxorubicin analogue 7-O-(a-L-daunosaminyl-
o/(1-4)-2-deoxy-L-fucosyl)-4-demethoxyadriamycinone (sabarubicin, 18) was
eventually synthesized. Protected derivative 23 was prepared from 14-ace-
toxyidarubicinone 17 that was glycosylated with the activated disaccharide
21b, in turn obtained from 21a through the substitution of the protecting
p-methoxybenzyl group with the p-nitrobenzoyl residue via reaction with
the Ce(NH,4)2(NOs3)s reagent followed by p-nitrobenzoylation of the free
anomeric position. Compound 21a was prepared upon condensation of the
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0
OH
707
NH
OH 2
16a: R=H
16b: R=OMe 17a: R=H
17b: R=OMe

N-allyloxy and O-allyloxy intermediates 19 and 20 in the presence of IDCP.
Stepwise removal of the protecting groups of 23 followed by a reverse phase
chromatographic purification and final lyophilization allowed 18 as the hy-
drochloride in good yield [41].

A PMR study, supported by molecular mechanical calculations, of the pre-
ferred conformation of sabarubicin in deuterated dimethylsulfoxide solution
has been performed [42]. Experimental data showed the presence of an ag-
gregation process attributed to the vertical stacking of the anthraquinone
chromophore, in which the conformation of 18 may be conceived as a pre-
ferred physical state of the molecule, reasonably similar to that adopted in
the drug-DNA intercalation complex [43]. The conformation of the aglycone
saturated ring A was established as the *Hg half chair typical of the bioac-
tive antitumor anthracyclines on the basis of the relevant coupling constant
values for H-7, H-8 eq. and H-7, H-8 ax. of, respectively, 2.5 and 4.9 Hz, as
well as of the long distance coupling of H-8 eq. and H-10 eq. equal to 2 Hz.
The fucose and the daunosamine rings are in the expected !C4 chair con-
formation as deduced by the values of the coupling constants and by the NOE
data. The establishment of the most stable conformation of the molecular sys-
tem represented by 18 needed however the assignment of the geometry at
the glycosidic bonds of the two sugar moieties, defined by the values of the
angles ¢ = C(7) - 0(7) - C(1")-H(1"), ¥ =H(7)-C(7) - 0(7) - C(1), ¢’ =
C(4)-0(4)-C(1")-H(1"), and ' = H(4') - C(4') - O(4) - C(1”). A sys-
tematic search for the values of the said angles through molecular mechanics
computations allowed a set of conformers that were analysed according to
a modified version of the NAMFIS program [44] on the basis of the NOE and
3Jcn data. The major conformer showed values of dihedral angles ¢ and v, re-
spectively, 42° and -15°, corresponding to an orientation of the sugar residue
directly linked to the aglycone moiety not different from that of the parent
compound, doxorubicin. However, up to a total of four conformations were
deduced from this study. In fact, the presence of a significant population of
conformers in which ¢ and i were respectively 37° and 131° could not be ex-
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cluded, whereas ¢’ and ¥’ were attributed values of 49° and 6° (for a main
conformer) and 89° and 24° (for a minor conformer), thus defining the shape
of different species.

Sabarubicin is subjected to the same protonation equilibria as is doxoru-
bicin [45]. According to the electronic and fluorescent spectra in buffered
aqueous solutions and the results of potentiometric titrations, the behaviour
at different pH values is similar, taking account of the absence, in sabarubicin,
of the methoxy group at C-4. The self-aggregation process due to the stacking
of the anthraquinone chromophores was characterized as a dimerizaton with
association constant « A~ 2850 M~!, a value distinctly lower than that observed
for the dimerization constant of doxorubicin (k &~ 23000 M™").

2.4
Interactions with Biological Macromolecules

Spectrophotometric and fluorescence titrations of 18 with calf thymus
DNA [45] and with the self-complementary d(CGATCG) hexamer [46] re-
vealed spectral changes implying a similar binding mechanism and stability
of the resulting complexes in line with what is already known for the par-
ent drug doxorubicin. The presence of the second sugar residue seems to be
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irrelevant in the intercalation process. This involves the positioning of the
planar chromophore between two adjacent base pairs and van der Waals in-
teractions of the sugar moiety directly linked to the aglycone with structural
elements within the minor groove of the double helix. However, the X-ray
diffraction studies carried out on the orange-red crystals of the sabarubicin-
d(CGATCG) complex support the anticipation that the second sugar residue
of the disaccharide moiety might interact with other cellular components in
close proximity with DNA. The asymmetric unit of the crystals contains one
oligomeric duplex, two bound drug molecules and 35 water molecules. Sim-
ilarly to the complexes of the other antitumor anthracyclines with the same
oligodeoxynucleotide, intercalation occurs in the CpG steps at each end of
the DNA duplex with the drug chromophoric system perpendicular to the
long axis of the duplex, and a certain distortion of the B-type helix is gen-
erated. Varying from the already studied complexes, the two drug molecules
have different conformations and the two binding sites show large differences
indicating the possibility of different binding modes. In one site, the first
sugar is in the chair conformation with the 3’-hydroxyl group still in van der
Waals contact with the guanine residue and is rotated by about 45° around the
07-C1’ bond with respect to the corresponding arrangement in the doxoru-
bicin complex, whereas the second sugar moiety protrudes outside the double
helix and the amino and hydroxyl groups interact with two water molecules.
In the other site, both sugar rings lie in the minor groove, the 3’-hydroxyl of
the fucose residue being in van der Waals contact with a cytosine, and the
second sugar is in the boat conformation. An important interaction between
the amino group of the disaccharide moiety bound to the first site and a gua-
nine residue of a second DNA molecule, different from the one where the
drug is intercalated, is observed. Actually, in the crystal lattice two layers of
the stacked duplexes formed by the drug-DNA complexes are arranged mutu-
ally perpendicular to one another generating packing contacts, two of which
involve the drug molecule. These are a hydrogen bond of the C-14 hydroxyl
group towards a phosphate oxygen of the crossing complex and the other
is the interaction mentioned above, thus providing the first example of an
anthracycline-DNA complex where a cross-link with a second DNA helix has
been observed (Fig. 1).

A pharmacokinetic study in human patients indicated relatively high
plasma levels of sabarubicin and a much smaller volume of distribution in
the body as compared with doxorubicin or epirubicin [47]. This observation
raises interest as to the ability of the drug to bind human serum albumin
(HSA), a major constituent of the serum proteins. In fact it has been found
that the binding of sabarubicin to HSA is stronger than that shown by doxoru-
bicin by two orders of magnitude [48]. Complexation has profound effects on
the spectroscopic behaviour of the drug, recorded as modification of the elec-
tronic spectrum and as a marked quenching of the typical fluorescence of the
anthracycline chromophore. Using visible and fluorescence measurements
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Fig.1 Crystal structure of the sabarubicin-d(CGATCG) complex showing the interaction
of the intercalated drug with a second DNA molecule. In DNA the nitrogen atoms are
blue, the oxygen atoms are red, the phosphorous atoms are purple and the carbon atoms
are grey. The drug molecule is green. Reproduced from [46] with permission from the
publisher

the authors were able to determine the value of the corresponding binding
constant as 1.1(30.3) x 10°. The reversible character of the association was
also demonstrated because a full recovery of the fluorescence was obtained
upon dialysis of the complexes. The high affinity site was explored by lig-
and competition experiments. The conclusion was that 18 does not interact
with the classical drug binding sites of HSA but shares a non-canonical bind-
ing site with ethacrynic acid. Taking account of the high concentration of
HSA in plasma, it can be deduced that binding of 18 to HSA may provide an
explanation not only of the unique pharmacokinetic behaviour, but also of
the varied pharmacokinetics of the compound recorded in the clinical setting,
a variation not found for other antitumor anthracyclines.

3
Pharmacology and Therapeutic Application

3.1
Preclinical Studies

It is well known that apoptosis, i.e. programmed cell death, is a common
mode of cell death for tumor cells exposed to pharmacological doses of dif-
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ferent cytotoxic agents. This has also been established for the antitumor
anthracyclines, whose apoptotic response has been related to the generation
of DNA breaks due to the formation of stable drug-DNA-topoisomerase II
complexes. The enhanced potency against the topoisomerase II reaction ex-
hibited by sabarubicin, as compared with doxorubicin, explains the similar
extent of drug induced DNA breaks in human ovarian carcinoma cells in
vitro when the cells are exposed to equal external concentrations of the two
drugs, notwithstanding the lower intracellular concentration of the former
compound. Despite a distinctly reduced rate of cell uptake, sabarubicin in-
hibited by 50% cultured A2780 human ovarian carcinoma cells at a molar
concentration in the external medium equal to 0.39 uM, a value very close
to that shown by doxorubicin of 0.40 uM. The high activity of sabarubicin
has been tentatively related to the activation of p53-independent apoptosis.
When tested in experimental tumor models, sabarubicin exhibited a superior
antitumor efficacy when compared with doxorubicin. A very significant ac-
tivity was found against human tumors such as A2780 ovarian tumor, MX-1
breast carcinoma, and POVD small cell lung cancer xenografted in athymic
nude mice, the compound appearing markedly superior to doxorubicin in in-
hibiting tumor growth and in terms of an increased number of disease-free
survivors among treated animals [41]. Clearly, the tumor models used were
significantly different from naturally occurring human diseases for a number
of reasons, including the difference in species between tumor and host, the
absence of normal immunological reactions, and the specific site of implan-
tation. The results were however indicative of a different, potentially favorable
pharmacological behaviour of sabarubicin with respect to the main clinically
useful anthracycline.

The in vitro and in vivo preclinical evaluation has been extended to a range
of human tumors. In tumor cell cultures sabarubicin showed similar or lower
cytotoxicity than doxorubicin. On the other hand, when tested against hu-
man tumor xenografts, sabarubicin was effective in 11/16 tumor cell lines
(doxorubicin 5/16), and responsive cell lines included tumor cell lines origi-
nated from the lung or the prostate and of the gynecological type (breast and
ovary). Differing from doxorubicin, sabarubicin was found to induce phos-
phorylation, and therefore inactivation, of the antiapoptotic factor bcl-2 that is
over-expressed in the MX-1 tumor xenografts (as well as in other tumors), ex-
plaining the higher apoptotic properties of the disaccharide derivative [49, 50].

The pharmacokinetic properties of sabarubicin were studied in more de-
tail and in comparison with doxorubicin using the ovarian carcinoma A2780
cell line in vitro and in vivo. The results of the in vitro experiments with
the *C-labelled compound confirmed the reduced cell uptake together with
a higher cytoplasmic/nuclear concentration ratio in comparison with dox-
orubicin. Also, the greater stimulation of DNA cleavage was associated with
a longer persistence of the DNA breaks, very likely a consequence of a higher
stability of the drug-DNA-topoisomerase II ternary complex [51]. In the com-
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parative study in athymic nude xenografted mice drug concentrations were
determined by HPLC with fluorometric detection. After a single 7 mg/kg in-
travenous injection of the drugs, sabarubicin showed a significantly lower
accumulation in all tissues investigated, albeit less so in the tumor while,
again, an enhanced antitumor efficacy was accompanied by a more marked
activation of apoptosis [52].

In addition to a superior antitumor activity as compared with doxoru-
bicin, sabarubicin proved to be less cardiotoxic in the rat. In fact, when re-
peated treatments with equimyelotoxic doses of the two agents where tested,
the disaccharide exhibited lower cardiotoxic responses including less severe
myocyte lesions. Moreover, different from that observed with doxorubicin,
functional and histological effects were not progressive after the end of treat-
ment [53]. In agreement with the results of this study are the observations
that sabarubicin exhibited much less effect on Ca?* channels of rat heart sar-
coplasmic reticulum and on ryanodine receptor than doxorubicin. It was also
seen that the presence of 30 LM sabarubicin did not affect the haemodynamic
variables in perfused rat hearts, whereas serious impairments were recorded
in the presence of the same concentration of either doxorubicin or epiru-
bicin [54].

3.2
Clinical Development

The first phase I clinical study was carried out in patients with solid tumors
to whom sabarubicin was administered, according to the current schedule of
antitumor anthracyclines, by a short intravenous infusion given every three
weeks. The maximum tolerated dose (MTD) was found to be 100 mg/m?> [55].
A second study was performed on 24 patients using a weekly schedule.
The MTD was determined to be 45 mg/m? and recommended intravenous
dosages were 30 mg/m? and 40 mg/m? for three consecutive weeks followed
by one week rest in respectively pretreated and naive patients [56].

The pharmacokinetic behaviour of sabarubicin in human patients was
studied using the two treatment schedules outlined above. In one experi-
ment (32 patients) the drug was administered every three weeks, whereas in
the other (11 patients) the treatment involved three weekly administrations
followed by one week rest. In both experiments the plasma peak concentra-
tions and the area under the concentration vs. time curve showed a linear
relationship with the dose. Plasma concentrations were particularly high,
in the ranges 0.4-0.6 jug/ml for the lowest (4 mg/m?) and 9-21 ug/ml for
the highest (110 mg/m?) dose used. No accumulation of the drug was ob-
served in the weekly regimen. The mean elimination half-life was 20.7 h,
much shorter than that of doxorubicin or epirubicin and the distribution vol-
ume was determined as 95.61/m? with a standard deviation of 43.41/m?. In
fact, a particularly high interpatient variation of pharmacokinetic parame-
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ters was found. The small distribution volume, when compared with the other
clinically used anthracyclines, is in agreement with the lower rate of uptake in
the tissues found in the laboratory animals [47].

On the basis of the relatively better tolerability of sabarubicin, possibly re-
lated with a different pharmacokinetic behaviour combined with the higher
potency at the target site and of the wider spectrum of antitumor activity
when compared with doxorubicin in the preclinical stage, phase II clinical
studies have been carried out in patients with different tumor diseases. The
compound was shown to be active in non-small cell lung cancer patients with
advanced or metastatic disease [57]. Out of 22 evaluable patients, 2 partial re-
sponses and 8 minor responses (stable disease) were observed. The drug was
well tolerated. In small cell lung cancer, 7 partial responses and 1 stable dis-
ease were recorded in a group of 10 patients [58]. Significant response rates
were observed in advanced or metastatic platinum/taxane resistant ovarian
cancer [59] and in progressive hormone refractory prostate cancer [60].

4
New Sabarubicin Analogues

New analogues of 18 containing different substitutions or configurational
modifications have been synthesized and tested in vitro [61]. Compound 24
(4 -episabarubicin) was obtained upon coupling of 14-acetoxyidarubicinone
with p-nitrobenzoyl 3-allyloxycarbonyl-4-(N,O-diallyloxycarbonyl-«,L-acos-
aminyl)-2-deoxy-a,L-fucoside (25), followed by a two step deprotection as
described above for the synthesis of 18. The glycosyl donor 25 was prepared
by reaction of phenylthio N, O-diallyloxycarbonyl-«,L-acosaminide (26) with
p-methoxybenzyl 3-0-allyloxycarbonyl-2-deoxy-o,L-fucoside in the presence
of IDCP and substitution of the p-methoxybenzyl group in the resulting dis-
accharide derivative with a p-nitrobenzoyl residue via cerium ammonium
nitrate oxidation and then p-nitrobenzoylation.

In order to obtain epimeric 27 and 28, p-methoxybenzyl 4-O-acetyl-
2,3,6-trideoxy-o,L-arabinohexopyranoside (29), prepared from di-O-acetyl-
L-rhamnal by SnCly catalyzed addition of p-methoxybenzyl alcohol to give
p-methoxybenzyl 4-O-acetyl-2,3,6-trideoxy-o,L-arabino-hex-2-enopyrano-
side and reduction of the latter with chlorotris(triphenylphosphine)rhodium
in anhydrous benzene, was deacetylated and converted, using the Mitsunobu
procedure, to the 4-O-benzoyl derivative of the L-lyxo analogue. The latter
was debenzoylated to p-methoxybenzyl 2,3,6-trideoxy-o,L-lyxohexopyrano-
side 30. Reaction of 30 with 13 or, alternatively, with 26 in the presence of
IDCP afforded, respectively, disaccharides 31 and 32 that were converted to
the corresponding activated 1-p-nitrobenzoyl derivatives and coupled with
14-acetoxyidarubicinone to give, after deprotection as described for the other
anthracycline disaccharides, the desired final glycosides.
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The concept of elongating the glycosidic portion of the molecule was ex-
tended with the preparation of the trisaccharide 34b starting from 21b that
was converted to the corresponding 1-phenylthio analogue and coupled with
20 in the presence of IDCP to give trisaccharide derivative 33a. The latter
was converted to the activated 33c via 33b and used for the glycosylation
of 14-acetoxyidarubicinone to give 34a. Conversion of 34a to X34b was per-
formed in a two step procedure as described for 18 [61]. Compounds 24, 27
and 28 showed cytotoxic activity in vitro similar to that of 18, whereas 33b,

0 HO /2
NH, NH,
OH
27 28
OpMeOBn
OpMeOBn OpMeOBn
AcO 0
(¢} O
29
OpMeOB
pPMeOBn ?Q; Auozcoﬂ;
o) NHCOLAIl NHCOLAIl
OCOLAIl
OH 32

30 31



186 E.-M. Arcamone

OR
?Q%
OCOLAIl O OH o
0
o
Q OR,
OCOLAIl
o o
NHCO,AIl ORs
pNBzO o
ORNHR;

33a (R=pMeOBn)
33b (R=H)

33¢c (R=pNBZ) 34a (R1 =OAC,R2=pNBZ, R3=COZA”)

34b (R1=R2=R3=H)

although endowed with topoisomerase II poisoning properties, was much less
active, probably because of a lower cell uptake rate.

Analogue 35a and its 4”-epimer 35b have also been prepared and tested
in comparison with 18. The compounds were obtained via glycosidation
of 22 with 36a or 36b, followed by removal of the protecting groups by
a deacetylation and a deallylation step. Synthesis of activated disaccarides was
performed upon reaction of 20, in the presence of IDCP, with thiopheyl 3,4-
di-allyloxycarboyl-2-deoxy-«,L-fucoside for the preparation of 36a, or with
thiopheyl 3,4-di-allyloxycarboyl-2-deoxy-«,L-rhamnoside for the preparation
of 36b, followed by conversion of the products to the corresponding activated
1-p-nitrobenzoyl derivatives as described above for 33c. The new analogues
compared favorably with 18 in animal tumor models, albeit at somewhat
higher dosages [62].

OpNBz

o)
OCO,AIl

7597
o
R
o o 1?3?0{;

2

35a (Ry=H, Ry=OH)
35b (R4=OH, Ry=H)

36a (Rq=H, Ry,=OH)
36b (R4=OH, Ry=H)



Sabarubicin 187

Acknowledgements The discovery and development of sabarubicin was possible through
the dedication of the scientists at Menarini Ricerche (Laboratories of Pomezia and Pisa)
and at Istituto Nazionale Tumori (Milan) who made this program a reality. The import-
ant contributions of G. Ughetto et al. at Istituto di Cristallografia, CNR, Moterotondo,
L. Messori et al. at the Department of Chemistry, University of Florence and of the clini-
cal scientists whose names appear in the literature cited, as well as the financial support
of Istituto Mobiliare Italiano (IMI) and of Associazione Italiana per la Ricerca sul Cancro
(AIRC) are also acknowledged.

References

. Brockmann H (1963) Forschr Chem Organ Naturst 21:121

. O’Hagan D (1991) The polyketide metabolites. Ellis Horwood, Chichester UK

. Arcamone F, Cassinelli G (1998) Curr Med Chem 5:391

. Fujii I, Ebizuka Y (1997) Chem Rev 97:2511

. Hutchinson CR (1997) Chem Rev 97:2525

. Hopwood DA (1997) Chem Rev 97:2465

Arcamone E, Di Marco A, Gaetani M, Scotti T (1961) Giorn Microbiol 9:83

. Arcamone E Franceschi G, Penco S, Selva A (1969) Tetrahedron Lett 1007

. Arcamone F (1980) The development of new antitumor anthracyclines. In: Cassady J,

Douros ] (eds) Anticancer Agents Based on Natural Products Models. Academic, New
York, chap 1

10. Arcamone F (1981) Doxorubicin Anticancer Antibiotics. Academic, New York

11. Takeuchi T (1995) J Cancer Res Clin Oncol 121:505

12. Nielsen D, Maare C, Skovsgaard T (1996) Gen Pharmacol 27:255

13. Weiss RB (1992) Semin Oncol 19:670

14. Arcamone F, Animati F, Capranico G, Lombardi P, Pratesi G, Manzini S, Supino R,
Zunino F (1997) Pharmacol Ther 76:117

15. Wang AH-J (1992) Curr Opin Struct Biol 2:361

16. Stutter E, Schuetz H, Berg H (1981) Quantitative determination of cooperative
anthracycline-DNA binding. In: Cassady J, Douros] (eds) Anticancer Agents Based
on Natural Products Models. Academic, New York, p 245

17. Ughetto G (1981) X-Ray diffraction analysis of anthracycline-oligonucleotide com-
plexes. In: Cassady J, Douros ] (eds) Anticancer Agents Based on Natural Products
Models. Academic, New York, p 296

18. Pullman B (1981) Binding affinities and sequence selectivity in the interaction of an-
titumor anthracyclines and anthracenediones with double stranded polynucleotides
and DNA. In: Cassady ], Douros J (eds) Anticancer Agents Based on Natural Products
Models. Academic, New York, p 371

19. Chaires JB, Herrera JE, Waring JM (1990) Biochemistry 29:6145

20. Frederick CA, Williams LD, Ughetto G, van der Marel GA, van Boom JH, Rich A,
Wang AH-] (1990) Biochemistry 29:2538

21. Tewey KM, Rowe TC, Yang L, Halligan BD, Liu LF (1984) Science 226:466

22. Capranico G, Zunino F, Kohn KW, Pommier Y (1990) Biochemistry 29:562

23. Capranico G, Kohn KW, Pommier Y (1990) Nucleic Acids Res 22:6611

24. Zunino F, Capranico G (1990) Anticancer Drug Des 4:307

25. Binaschi M, Capranico G, Dal Bo L, Zunino F (1997) Mol Pharmacol 6:1053

26. Gerwitz DA (1992) Biochem Pharmacol 57:727

27. Ishikawa T, Sies H (1984) ] Biol Chem 239:3838

O O NONU R W~



188

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.

41.

42.
43.
44.
45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

E.-M. Arcamone

Formelli F, Zedeck MS, Sternberget SS, Philips FS (1978) Cancer Res 38:3286

Ellis CN, Ellis MB, Blakemore WS (1987) Biochem ] 245:309

Ito H, Miller SC, Billingham ME, Akimoto H, Torti SV, Wade R, Gahlmann R, Lyons G,
Kedes L, Torti FM (1990) Proc Natl Acad Sci USA 87:4275

Arcamone F, Penco S (1989) Gann Monographs Cancer Res 36:81

Capranico G, De Isabella P, Penco S, Tinelli S, Zunino F (1989) Cancer Res 49:2022
Capranico G, Supino R, Binaschi M, Capolongo L, Grandi M, Suarato A, Zunino F
(1994) Mol Pharmacol 45:908

Gresh N, Pullman B, Arcamone E Menozzi M, Tonani R (1988) Mol Pharmacol 35:251
Boivin J, Monneret C, Pais M (1981) Tetrahedron 37:4219

El Khadem HS, Matsura D (1982) Carboydr Res 101:C1

Horton D, Priebe W, Sznaidman ML, Varela O (1993) J Antibiot 46:1720

Borchmann P, Hubel K, Schnell R, Engert A (1997) Int J Clin Pharmacol Ther 35:80
Animati F, Berettoni M, Cipollone A, Franciotti M, Lombardi P, Monteagudo P, Arca-
mone F (1996) ] Chem Soc Perkin Trans 1:1327

Arcamone F, Animati E Bigioni M, Capranico G, Caserini C, Cipollone A, De Ce-
sare M, Ettorre A, Guano F, Manzini S, Monteagudo E, Pratesi G, Salvatore C, Supino R,
Zunino F (1999) Biochem Pharmacol 57:1133

Arcamone F, AnimatiF, Berettoni M, Bigioni M, Capranico G, Casazza AM, Caserini C,
Cipollone A, De Cesare M, Franciotti M, Lombardi P, Madami A, Manzini S, Mon-
teagudo E, Polizzi D, Pratesi G, Righetti SC, Salvatore C, Supino R, Zunino F (1997)
] Nat Cancer Inst 89:1217

Monteagudo E, Madami A, Animati E, Lombardi P, Arcamone F (1997) Carbohydr Res
300:11

Ragg E, Mondelli R, Penco S (1988) ] Chem Soc Perkin Trans II:1673

Cicero DO, Barbato G, Bazzo R (1995) ] Am Chem Soc 117:1027

Messori L, Temperini C, Piccioli F (2001) Bioorg Med Chem 9:938

Temperini C, Messori L, Orioli P, Di Bugno C, Animati F, Ughetto G (2003) Nucleic
Acids Res 31:1464

Bos AME, De Vries EGE, Dombernovsky P, Aamdal S, Uges DRA, Shuijvers D, Wan-
ders J, Roelwink MW]J, Hanauske AR, Bortini S, Capriati A, Crea AEG, Vermorken JB
(2001) Cancer Chemother Pharmacol 48:361

Messori L, Piccioli E, Gabrielli S, Orioli P, Angeloni L, Di Bugno C (2002) Bioorg Med
Chem 10:3425

Pratesi G, De Cesare M, Caserini C, Perego P, Supino R, Bigioni M, Manzini S,
Iafrate E, Salvatore C, Casazza AM, Arcamone F, Zunino F (1998) Clin Cancer Res
4:2833

Pratesi G, Polizzi D, Perego P, Dal Bo L, Zunino F (2000) Biochem Pharmacol 60:77
Bigioni M, Salvatore C, Bullo A, Bellarosa D, Iafrate E, Animati F, Capranico G, Goso C,
Maggi CA, Pratesi G, Zunino F, Manzini S (2001) Biochem Pharmacol 62:63
Gonzales-Paz O, Polizzi D, De Cesare M, Zunino F, Bigioni M, Maggi CA, Manzini S,
Pratesi G (2001) Eur J Cancer 37:431

Cirillo R, Sacco G, Venturella S, Brightwell ], Giachetti A, Manzini S (2000) Cardiovasc
Pharmacol 35:100

Zucchi R, Yu G, Ghelardoni S, Ronca F, Ronca-Testoni S (2000) Brit] Pharmacol
131:342

Roelvink M, Aamdal S, Dombernowsky P, Wanders J, Peters S, Bortini S, Crea A, Ani-
mati F, Hanauske AR (1999) Eur J Cancer 35(Suppl 4):1161

Schrivers D, Bos AME, Dyck ], de Vries EGE, Wanders ], Roelvik M, Fumoleau P, Bor-
tii S, Vermorke JB (2002) Ann Oncol 13:385



Sabarubicin 189

57.

58.

59.

60.

61.

62.

Tjan-Heijnen VCG, Gerritsen A, ten Valde GPM, Giaccone G, Gamucci T, Coman-
dini A, Capriati A, Mordiva A, Nurmohamed S, Ruland-Adank S (2002) Ann Oncol
13(Suppl 5):148

Dickgreber NJ, Welte T, Gillissen A, Dunlop D, Eberhardt W, Wagner T, Swinson D,
Capriati A, O’Byrne K (2003) Proc Am Soc Clin Oncol 22:703

Caponigro E Willems P, Sorio R, Floquet A, van Belle S, Demol ], Tambaro R, Coman-
dini A, Capriati A, Adank S, Wanders J (2005) Invest New Drugs 23:85

Fiedler W, Tchen N, Bloch J, Fargeot P, Sorio R, Vermorken JB, Collette L, Lacombe D,
Twelves C (2006) Eur J Cancer 42:200

Cipollone A, Berettoni M, Bigioni M, Binaschi M, Cermele C, Monteagudo E, Olivieri L,
Palomba D, Animati F, Goso C, Maggi CA (2002) Bioorg Med Chem 10:1459

Bigioni M, Salvatore C, Cipollone A, Berettoni M, Maggi CA, Binaschi M (2005) Lett
Drug Design Discovery 2:68



Tog Curr Chem (2008) 283: 191-206
110.1007/128_2007_6

© Springer-Verlag Berlin Heidelberg
Published online: 24 November 2007

Nemorubicin

Massimo Broggini

Istituto di Ricerche Farmacologiche Mario Negri, Via La Masa 19, 20156 Milan, Italy
broggini@marionegri.it

1 Chemical Properties . . ... ............. .. .......... 192
2 Metabolism and Pharmacokinetics . . . ... ................ 193
2.1 Pharmacokinetics in Animals . . .. ... ... ..... ... ... .... 193
2.2 In Vitro and In Vivo Metabolism Studies . . .. ... ... ......... 193
2.3 Pharmacokineticsin Humans . ... ... ... ... ... ... ...... 197
3 Cytotoxic Activity . . . . ... .. ... ... 198
31 InVitroActivity . . . . . .. o e 198
3.2 Activity Against Resistant Cells. . . . . ... ... ... ... .. .. ... 199
33 InVIivo Activity . . . . . . oo i e 200
4 Mechanism of Action . . . . . . . . . .. ... .. 201
5 Clinical Studies . . . . . ... ... . . .. . . 203
6 ConcludingRemarks . . ... ....... .. .. ......... .. ... 205
References . . . . . . . . i i i i i i i it e e e e e 205

Abstract Nemorubicin is a 3'-deamino-3'[2-(S)-methoxy-4-morpholinyl] derivative of
doxorubicin. This derivative has been synthesized in the early 1990s by the Farmitalia
Carlo Erba Research Center in Italy. The idea was to develop doxorubicin analogues able
to circumvent the emergence of chemoresistance, in particular the multi-drug resistance.
The drug was reported to be active in vitro against both murine and human tumor cells
resistant to doxorubicin. Similar results were obtained when the drug was administered
in vivo to mice bearing multi-drug resistant tumors. The compound retained the same
activity also in alkylating agents and topoisomerase II resistant tumors and showed an in-
creased potency relative to the parent drug doxorubicin. It is metabolized via P450 CYP3A
enzyme to an extremely cytotoxic derivative. Both nemorubicin and its metabolite have
a mechanism of action different from that of doxorubicin, with a key role played by the
nucleotide excision repair system. The drug is actively tested in clinics as a single agent
or in combination with cisplatin.

Keywords Cytochrome P450 - DNA crosslinks - DNA repair - Resistant cells

Abbreviations

AUC Area under the curve

NADPH Nicotinamide adenine dinucleotide phosphate
uv Ultra violet

DDP Cis-diamminedichloroplatinum(II)
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NER Nucleotide excision repair

BCNU  1,3-Bis(2-chloroethyl)-1-nitroso-urea
NK Natural killer

CHO  Chinese hamster ovary

mdr Multi-drug resistance

MRP  Multi-drug resistance related protein
RI Resistance index

IC50 Concentration inhibiting the growth by 50%
IC70 Concentration inhibiting the growth by 70%
ILS Increase in lifespan

1
Chemical Properties

Nemorubicin is a doxorubicin derivative characterized by the presence of
a 2-S-methoxymorpholinyl group in position 3’ of the aminosugar replacing
the NH; group. Its synthesis and chemical characterization was reported in
the early 1990s [1,2]. Nemorubicin is a member of the structural group of
morpholinyl anthracyclines whose lead compounds were originally obtained
by Takahashi et al. [3] and also by Acton et al. [4] and characterized, espe-
cially the cyanomorpholino derivative, as new intensely potent semisynthetic
anthracyclines.

o CHs

Structure 1

The methoxymorpholinyl group is responsible for the high lipophilic-
ity which facilitates its entrance into the cells. In fact, in several human
and murine-derived cancer cell lines, equal concentrations of doxorubicin
or nemorubicin resulted in a more than four times higher intracellular lev-
els of nemorubicin than doxorubicin [1]. As a freeze dried powder, the drug
presents a remarkable stability remaining unaltered at temperatures as high
as 45 °C for at least three months [5].

The in vitro cytotoxicity experiments performed in different murine and
human derived cancer cell lines, showed that nemorubicin was more potent
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than doxorubicin being able to induce a 50% inhibition of growth at concen-
trations three times lower than those necessary with doxorubicin [1].

Nemorubicin was extremely active in vivo when administered intra-
venously, intraperitoneally, or by oral route [6]. It produced antitumor ac-
tivity similar to that of doxorubicin but at approximately 100 times lower
concentrations. The differences in potency observed between in vitro and
in vivo experiments strongly indicated that the drug is transformed to an
extremely potent metabolite.

2
Metabolism and Pharmacokinetics

2.1
Pharmacokinetics in Animals

Using !*C-labeled nemorubicin, Breda et al. investigated the pharmacoki-
netics, the excretion and the urinary metabolites of the drug in rats and
dogs [7]. Similar pharmacokinetic profiles were obtained in male and female
rats indicating a sex-independent disposition. In the first 8 hours following
administration, 75-100% of total radioactivity measured was associated with
unchanged nemorubicin. If the area under the curve (AUC) values are consid-
ered, nemorubicin represented more than 50% of the total radioactivity. The
13-OH metabolite was present in relatively low concentrations, accounting
for approximately 10% of the total levels. The plasma profile of nemorubicin
showed a rapid distribution phase followed by a slower phase of elimination.

In dogs the distribution was similar, again with a rapid distribution phase
and a slower elimination phase, but the levels of unchanged nemorubicin
were already at early time points (stages) only 1/5 of the total radioactiv-
ity. In this case the levels of the 13-OH metabolite were higher than those of
nemorubicin in terms of AUCs.

In the first four days following administration, approximately 70% of the
dose was recovered in urine and feces, with the latter accumulating the major-
ity of the drug. In a way the results were similar in rats and dogs. Using radio
TLC, the authors determined that 13-OH metabolite accounted for 20-25% of
the drug excreted in the urine with other metabolites present in lower concen-
trations.

2.2
In Vitro and In Vivo Metabolism Studies

Preincubation of nemorubicin with human liver microsomes in the pres-
ence of nicotinamide adenine dinucleotide phosphate (NADPH) increased
by 50-fold the in vitro cytotoxicity of the drug against human ovarian
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carcinoma-derived cells ES-2 [8]. This increase in potency was abolished by
co-incubation with cyclosporin A, a substrate of cytochrome P450 3A. More-
over, a difference in the kind of DNA damage was found, with nemorubicin
being able to induce single and double strand breaks in the absence of micro-
somes and shifting to the formation of DNA crosslinks when incubated in the
presence of activated microsomes.

The involvement of CYP3A in the metabolism of nemorubicin was further
demonstrated by experiments in which microsomes from mice treated with
the CYP3A inducer pregnenolone-16alpha-carbonitrile were used [9]. Incu-
bation with induced microsomes resulted in a 2.5-fold increase in cytotoxic
activity of nemorubicin compared to that obtained incubating the drug with
microsomes obtained from untreated mice. Conversely, microsomes obtained
from mice treated with the CYP3A inhibitor troleandomycin showed a lower
ability to activate nemorubicin in terms of cytotoxicity. In addition, this ef-
fect was also observed in vivo. Using the murine ovarian tumor model M5076,
Quintieri et al. found that pretreatment of mice with troleandomycin com-
pletely abolished the antitumor and antimetastatic activity of nemorubicin [9].

Detailed analysis of the products generated by incubating nemorubicin
with activated microsomes obtained from different species has been pub-
lished [10]. Human, monkey, dog and rat microsomes are all able to trans-
form nemorubicin, although with different metabolic rates. From human
microsomes, the authors isolated eight different fluorescent metabolites not
present when the incubation was carried out in the absence of NADPH.
Three of them were more polar than nemorubicin and one was identi-
fied as nemorubicinol, the 13-OH derivative of nemorubicin, thanks to the
availability of authentic standards. Similarly of the five less polar metabo-
lites, two corresponded to available standards relative to PNU-156686 and
PNU-159682 (the 3’-deamino-3",4'-anhydro-[2"(S)-methoxy-3"(R)-oxy-4"-
morpholinyl]doxorubicin).

Experiments performed using cDNA-expressed CYP3A enzymes identified
the human CYP3A4, the major isoform of CYP3A enzyme in human liver,
as the most active enzyme responsible for the activation of nemorubicin.
CYP3A1l and CYP3A2 rat enzymes were also able to induce the activation of
the drug. Conversely, human CYP3A5 and CYP3A7 were not able to signifi-
cantly transform nemorubicin [11].

PNU-159682 was also identified as a P450-dependent metabolite of
nemorubicin by reversed-phase HPLC coupled to ultra violet (UV) and radio-
metric detection and by LC-MS/MS in other independent experimental condi-
tions [12]. Kinetic analysis of the formation of this metabolite showed that the
reaction was linear over a range of concentration of the substrate indicating
that a single microsomal enzyme or different enzymes with a similar appar-
ent Km are able to catalyze the conversion of nemorubicin to PNU-159682. To
confirm previous indication of the enzyme(s) responsible for this biotrans-
formation, the authors elegantly demonstrated that CYP3A4 was indeed the
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Scheme 1 Metabolic conversion of nemorubicin through the action of aldoketoreductases
and P450 enzymes. The structure of the major metabolites, PNU-159682 and nemorubi-
cinol are reported

enzyme responsible for this transformation. Microsomal preparations con-
taining single recombinant human cytochrome P enzymes were in fact used
to follow the conversion of nemorubicin to PNU-159682 (see Fig. 1) [12].
CYP3A4 expressing preparations effectively transformed nemorubicin, while
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microsomes containing CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9*1,
CYP2C19, CYP2D6*1, CYP2E1, CYP3A5, were not able to produce detectable
amounts of PNU-159682.

The metabolic conversion of nemorubicin, with the structures of the major
metabolites are reported in Scheme 1.
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Fig. 1 Effect of specific CYP inhibitors (panel A) or specific anti-CYP monoclonal antibod-
ies (panel B) on the conversion of nemorubicin to its metabolite PNU-159682. Panel A:
all incubations were carried out in the absence (control) or presence of appropriate con-
centrations of chemical inhibitors, at 37°C for 10 minutes, using pooled human liver
microsomes (0.25 mgml™!), nemorubicin (20 umoll™!), and NADPH (0.5 mmol). Values
represent percentage of control activity, and are the mean + standard error of three
independent experiments. Panel B: pooled human liver microsomes (20 pmol of total
CYP), preincubated in the absence or presence of increasing amounts of monoclonal
antibodies at 37°C for 5 minutes, were incubated with nemorubicin (20 umoll™') and
NADPH (0.5 mmol) at 37 °C for 10 minutes. Values represent percentage of control activ-
ity determined in the absence of monoclonal antibodies, and are the mean of duplicate
determinations. Adapted from [12]

2.3
Pharmacokinetics in Humans

In a phase I study conducted on patients receiving nemorubicin as bolus in-
jection at dose levels ranging from 675 to 2250 ug/m?, a two exponential
phase equation described the plasma decay of unchanged nemorubicin [13].
In this study a HPLC method with fluorescence detection was employed. The
plasma levels of the 13-OH metabolite were always near the limit of quanti-
zation of the assay and hence no reliable pharmacokinetic parameters could
be determined. The elimination half life of nemorubicin was on the order of
40 hours. A relatively high clearance (approximately 600 ml min~'/m?) was
found with no dependence on the dose administered. This suggests that linear
kinetics is operating, at least in the range of doses utilized. Similarly, the AUC
values were proportional to the dose administered again suggesting linearity
in the range of doses tested. Finally, the values of the volume of distribution
were indicative of a strong distribution into tissues.

In a phase II study with iv bolus injection of nemorubicin, plasma elimi-
nation half life was estimated in 49 hours, a value similar to that reported in
the above-mentioned phase I study [14]. The authors also evaluated the AUC
values of the 13-OH metabolite which accounted for approximately 10% of the
unchanged nemorubicin.

Pharmacokinetic analysis of nemorubicin in plasma of patients receiving
the drug orally in a phase I study was evaluated [15]. Patients received the
drug at doses ranging from 59 to 940 jLg/m?. Plasma levels could be measured
starting from the dose of 470 ug/ m?. The Cpax for the parent compound was
reached after approximately 4 hours. A 13-OH metabolite was detectable in 6
out of 9 patients and its levels were half of those of nemorubicin.

Interestingly, a relation between the dose administered and the Cpax and
experimental AUC values was found. The elimination half life was very vari-
able among the patients with a mean value of 11 hours and a range of 3.1 and
36.8 hours.
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When the drug was given as intravenous infusion of 3 hours, plasma
levels could be measured in 12 patients at dose levels of 1000, 1250 and
1500 pg/ m? [16]. Cpax values were around 2 ng ml™! with AUC values increas-
ing with the dose administered. As for the bolus injection, rapid clearance and
high volume of distribution were observed. The urinary excretion determined
in the first 72 hours was low with values accounting for approximately 2.5% of
the total administered dose. The 13-OH metabolite was also scarcely excreted
in the urine with values reaching 2.3% of the total administered dose.

Intrahepatic artery injection, at doses ranging from 200 to 800 jig/m?
in patients with hepatocellular carcinoma gave long terminal half lives
(61-98 hours) and high volume of distribution (1400-2300 1/m?) [17].

3
Cytotoxic Activity

3.1
In Vitro Activity

Nemorubicin was active in vitro against several murine and human cancer
cell lines, always showing higher potency than doxorubicin. Comparison of
the intracellular concentrations reached after exposure to the same amount
of nemorubicin and doxorubicin in different cancer cell lines showed that
nemorubicin uptake was faster but was also always present in higher amounts.

In a detailed analysis of the in vitro activity of nemorubicin against human
leukemia and lymphoma cell lines, Kuhl et al. found that in all the 14 human
cell lines examined, nemorubicin was more active (5 to 7 times) than doxoru-
bicin [18]. In a panel of human hepatocellular carcinoma-derived cell lines,
nemorubicin was more than ten times more potent than both doxorubicin
and epidoxorubicin [19].

The activity of nemorubicin against a panel of human cancer cell lines was
compared with the activity against hematopoietic progenitors [20]. Cells de-
rived from human bone marrow or from human umbilical cord blood were
used as the source of normal progenitor cells. The cells isolated from these
different sources were equivalent in terms of sensitivity to both nemorubicin
and doxorubicin. The comparison of the activity of nemorubicin and doxoru-
bicin in cancer and normal cells was therefore analyzed in detail using cells
derived from umbilical cord blood, due to the reduced availability of human
bone marrow. Both drugs showed a superior activity against cancer cells than
against normal progenitors. The ratio between the concentration inhibiting
the growth by 70% (IC70) obtained in the two systems (the higher the better)
was 4.5 for doxorubicin and 5.3 for nemorubicin.

A more favorable activity against normal cells was found for nemorubicin
when its activity was tested in isolated perfused heart and compared with
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that of doxorubicin [21]. Using equimolar concentrations of doxorubicin or
nemorubicin the authors found that doxorubicin induced a prolongation of the
SaT segment and of the Q-Fpax interval together with a reduction in dF/ dfmax
and coronary flow. On the contrary, nemorubicin did not cause these effects,
the only alteration shared with doxorubicin being the reduction in dF/ dtpax.

The cardiotoxicity exerted by doxorubicin and nemorubicin was compared
in vivo in rats receiving acute or chronic treatments [22]. Acute treatment
with doxorubicin was associated with electrocardiogram changes, including
enlargement of QRS complex and SaT segment, and alteration of hemody-
namic parameters while corresponding doses of nemorubicin (retaining the
same antitumor activity of the dose of doxorubicin used in these experi-
ments) gave only an increase in the QRS complex duration.

Chronic treatment of doxorubicin gave anorexia and diarrhea associated
with reduction in body weight compared to untreated rats or to rats receiv-
ing equiactive doses of nemorubicin. In terms of cardiotoxicity, doxorubicin
induced severe cardiomyopathy with damage detectable at the histological
level consisting of vacuolation and myofibrils loss. At the electrocardiogram
level, doxorubicin induced a progressive widening of the SoT segment and
an increase in T wave. Nemorubicin did not show any significant alter-
ation indicating a markedly less cardiotoxicity in vivo compared to doxoru-
bicin.

3.2
Activity Against Resistant Cells

Being structurally related to doxorubicin, nemorubicin was initially tested for
its activity against resistant cells presenting the multi-drug resistance (mdr)
phenotype. Interestingly, nemorubicin retained its activity against a panel of

Table1 Concentration inhibiting the growth by 50% (IC50, ng ml™!) of doxorubicin and
nemorubicin in cells sensitive or resistant to doxorubicin due to overexpression of mdr-1
or MRP

Cell lines Doxorubicin RI Nemorubicin RI
LOVO/Doxorubicin 2180 36 33 2
LOVO 60 16

GLC4/Doxorubicin 3010 91 0.020 2.5
GLC 33 0.008
MCF7/Doxorubicin 1230 123 17 1.3
MCEF-7 10 13
HL60/Daunorubicin 718 194 27.2 8.0
HL60 8.6 3.4

RI resistance index is the ratio between IC50 on resistant and sensitive cells
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cancer cell lines having a high degree of resistance to doxorubicin due to the
expression of mdr or multi-drug resistance related protein (MRP) [1,2, 18,
23-25]. Table 1 summarizes the results obtained in a pair of cells sensitive and
resistant to doxorubicin.

Nemorubicin showed also activity against cell lines selected for resistance
to agents acting with a mechanism of action different from that of doxoru-
bicin, including platinum derivatives, alkylating agents and topoisomerase I
and II inhibitors [18, 23, 26].

Overall these data suggest a broader spectrum of activity of nemorubicin
both in sensitive and resistant tumors.

33
In Vivo Activity

The difference in potency between nemorubicin and doxorubicin was also
demonstrated in all the in vivo experimental systems tested. Nemorubicin,
in fact, produced antitumor activity similar to that of doxorubicin at doses
approximately 100 times lower. This is likely to be due to the formation of
a more potent metabolite via the P450 CYP3A isoenzyme, as already dis-
cussed.

Confirming the evidences presented in vitro, nemorubicin retained the
antitumor activity in vivo against cells resistant to different drugs includ-
ing anthracyclines, platinum derivatives, and alkylating agents. Nemorubicin
showed appreciable activity even when administered orally. Marked activ-
ity was found against human hepatocellular carcinomas xenografted in nude
mice. Nemorubicin activity against hepatic metastasis was studied using the
model of murine reticular cell sarcoma M5076 [27]. This model in fact prefer-
entially metastatizes to the liver. Differently from doxorubicin, nemorubicin,
injected intravenously, was more active in reducing liver metastasis than in
reducing primary tumor. This relative preference for liver metastasis was con-
firmed by oral administration of the drug.

The antitumor activity of the synthetic metabolite PNU-159682 was tested
in vivo using two different model systems: the murine L1210 leukemia and
the human mammary carcinoma xenograft MX-1. In the L1210 model, PNU-
159682 given intravenously as a single dose of 15 pugkg™' gave an increase
in life span (ILS) of 29%, similar to that produced by a single injection of
nemorubicin (ILS 31%) at the dose of 90 ugkg™'.

PNU-159682 showed, in the MX-1 model sensitive to nemorubicin but re-
fractory to doxorubicin, high activity at doses as low as 4 g kg™ with 4 out
of 7 mice presenting complete response defined as absence of palpable tumor.

To increase nemorubicin delivery, new ways of administrations have been
explored. Nemorubicin encapsulated in IL2-activated natural killer (NK) cells
has been used in a model of hepatic metastasis. Injection of nemorubicin
encapsulated in activated NK cells was much more active in inhibiting the for-
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mation of liver metastasis than the same amount of drug given as free drug.
Encapsulated nemorubicin gave the same activity obtained by using approxi-
mately twice as many doses of free drug. Interestingly, with this formulation 9
out of 10 mice did not show evidence of metastasis when sacrificed 21 days
following tumor injection. The same dose given as free drug resulted in only
1 out of 10 mice without metastasis. Moreover, this formulation did not re-
sult in myelosuppression which was evident when the equiactive amount of
nemorubicin was administered as free drug.

Combination of doxorubicin with alkylating agents was tested in murine
leukemia models [28]. Nemorubicin was administered iv followed 24 hours
after by treatment with cis-diamminedichloroplatinum(II) (DDP) or mito-
mycin C given intravenously. In this tumor model (L1210) nemorubicin alone,
at the highest non-toxic dose gave a 67% ILS. DDP and mitomycin C showed
values of ILS of 50% and 0%, respectively. Combination of DDP and nemoru-
bicin gave a 133% ILS while nemorubicin plus mitomycin C was able to
induce a 93% ILS. These results indicate that these combinations are syn-
ergistic and indeed provided the rational, together with the in vitro mech-
anistic studies, of the use of combination between DDP and nemorubicin
in the clinic.

4
Mechanism of Action

To get further insights in the nemorubicin mechanism of action, a large
amount of data has been published on experiments performed on a murine
L1210 leukemia subline made resistant to nemorubicin. These results con-
firm that nemorubicin acts through a mechanism of action different from
that of classical anthracyclines. In fact, the nemorubicin resistant cell line
showed similar responsiveness, compared to the parental cell line it is de-
rived from, to agents such as doxorubicin, vinblastine, or campthotecin, and
shows even an increased sensitivity to agents such as DDP, melphalan, 1,3-bis
(2-chloroethyl)-1-nitroso-urea (BCNU), mitomycin C, and 5-fluorouracil. In-
terestingly enough, this pattern of sensitivity was also retained in in vivo
experiments (Table 2).

In addition, when tested for its sensitivity to UV light, the nemorubicin
resistant cell line was found to be more sensitive to UV than the parental
line. Analysis of the ability of parental and nemorubicin resistant cells to re-
pair a UV damaged plasmid (host cell reactivation assay) identified a defect
in DNA repair ability in the nemorubicin resistant cells. Since UV damage
is mostly repaired by nucleotide excision repair (NER), this particular DNA
repair system is likely to be relevant for the mechanism of action of nemoru-
bicin. Indeed experiments performed in isogenic cell lines derived from Chi-
nese hamster ovary (CHO) cells confirmed the previous findings [29].
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Table2 Comparison of the in vivo activity of nemorubicin and doxorubicin in different
tumor models

Tumor model Nemorubicin Doxorubicin Refs.
Dose Tumor growth  Dose Tumor growth
(ugKg™) inhibition (%)  (ngkg™) inhibition (%)

M5076 50 90 6000 93 [34]
BEL-742 50 58.8 5500 56.4 [16]
Zip-177 50 454 5500 47.7 [16]
MX-1 70 99 6600 72 3]
MTV 65 94 5850 99 (1]
3LL 100 36 7500 85 (1]
N592 85 89 6000 55 (3]
A549 45 29 4000 31 3]
CX-1 45 9 5200 34 (3]
LoVo 45 43 4000 83 (3]

M5076 Murine reticular cell sarcoma, BEL - 742 Human hepatocellular carcinoma,
Zip - 177 Human hepatocellular carcinoma, MX - 1 Human mammary carcinoma, MTV
Murine mammary carcinoma, 3LL Murine lung carcinoma, N592 human small cell lung
carcinoma, A549 human lung adenocarcinoma, CX - 1 human colocarcinoma, LoVo hu-
man colocarcinoma

The antiproliferative effect of nemorubicin was evaluated by colony assay
on CHO cells wild type (AA8) and in two sublines defective in defined steps
of the NER pathway (UV 96 for ERCC1 and UV 61 for ERCC6). NER proficient
cells were more sensitive to nemorubicin than the two NER defective sublines,
with a three to four-fold difference in the concentration needed to inhibit the
growth by 50%. Restoration of NER activity in UV 96 subline (through trans-
fection of the human ERCC1 gene), rendered the cells sensitive as the parental
ones to the drug.

This finding was further corroborated in another pair of cells derived from
the murine L1210 leukemia cells; the subline defective in NER was 2 to 3 times
more resistant to treatment with nemorubicin than the parent cell line [30].

It must be noted that this behavior is quite peculiar, shared so far only by
another anticancer agent of marine origin, ET-743, while the majority of the
DNA damaging anticancer agents are in general more sensitive in cells with
defects in NER than in those with a normal DNA repair ability [31].

In the A2780 model of human ovarian cancer cells growing in vitro, treat-
ment for 24 hours with nemorubicin induced a block of cells in the G2
phase of the cell cycle with an increase in the number of cells present in the
subG1 phase, which is an indication of apoptosis induction [32]. The potent
metabolite PNU-159682 showed instead a cell cycle block more evident in the
S phase, again associated with the presence of a subG1 peak. When the treat-
ment was performed for shorter times (1 hour), nemorubicin still induced
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Table 3 In vitro and in vivo activity of different anticancer agents against parental and
nemorubicin resistant L1210

Compound In vitro In vivo activity (% ILS)
RI L1210 L1210/Nemorubicin

Nemorubicin 8.5 63 0
Doxorubicin 0.9 100 108
Vinblastine 1.2 56 63
Camptothecin 1.3 94 125
Melphalan 0.7 111 > 567
BCNU 0.7 294 267
5-Fluorouracil 0.5 75 72
Mitomycin-C 0.3 56 > 650
DDP 0.5 75 > 567

RI resistance index is the ratio between IC50 on resistant and sensitive cells

an arrest of cells in G2 phase, which was however reverted after 72 hours.
PNU-159682, on the contrary, in the same treatment conditions, induced
an irreversible block and all the treated cancer cells were apoptotic after
72 hours [32]. The detailed comparison with doxorubicin, performed using
bromodeoxyuridine pulse and chase experiments [32], showed that while
doxorubicin affected cells in S phase at the moment of treatment, nemoru-
bicin and PNU-159682 were effective, independent of the cell cycle phase in
which the cells were present.

5
Clinical Studies

In a phase I study using intravenous bolus injection with 21 day intervals [13]
nemorubicin was given at doses ranging from 30 to 2250 pg/m?.

Reversible myelotoxicity, with a delayed nadir in comparison with dox-
orubicin was the dose limiting toxicity. At these dose levels, no evidence of
cardiotoxicity was observed. Other side effects were nausea and vomiting and
transient increase in hepatic transaminases. Even if this was a phase I study
and clinical response was not the primary end point, four objective responses
were recorded. Of these, one was a complete response, one a partial response
and two were minor responses. This phase I study identified the maximum
tolerated dose in 1500 pg/m?, with a recommended dose for phase II studies
of 1250 pg/m?.

Different treatment schedules were tested in other phase I studies. A bolus
intravenous administration given daily for three days every 28 days was tested
in a way to reduce nausea and vomiting [33]. While this schedule of treatment
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showed indeed lower non-hematological toxicities compared to the single-
dose study, reversible myelosuppression was again the dose limiting toxicity.
The recommended dose for phase II was fixed at 500 jLg/m?/day x3. Of the
thirty patients treated with this schedule, no one showed partial or complete
responses.

Prolonged intravenous infusion of 3 hours every 28 days was tested in
14 patients [16] with a dose range from 1000 to 15000 pg/m?. No clinical re-
sponses were observed. An increase in myelotoxicity, compared to the bolus
intravenous injection was found, with comparable non-hematological tox-
icities. These results suggest that prolonged infusion does not seem to be
a better way to administer nemorubicin to patients.

An interesting possibility offered by the physicochemical properties of the
molecule is oral administration of the drug. The safety of this treatment
modality has been tested in a phase I study in which 21 patients were en-
rolled [15]. The schedule consisted of a treatment performed every 4 weeks
at doses ranging from 59 to 940 ug/m?. Nemorubicin was given as hard
gelatine capsules. As for the intravenous route, the main hematological toxi-
city was neutropenia which was found to be highly variable among patients.
Only 1 out of 21 patients experienced a grade 4 toxicity and the maximum
tolerated dose for myelotoxicity was 940 jLg/m?. Non-hematological toxic-
ity was mostly nausea and vomiting, which was very severe and defined the
maximal tolerated dose in 820 ug/m?. No responses were found with this
treatment modality. Due to the high interpatient variability and to the severe
and prolonged gastrointestinal side effects, the oral treatment was not further
developed.

A phase I has been conducted in patients with unresectable hepatocellular
carcinoma administering nemorubicin via the hepatic artery [17]. Nemoru-
bicin was administered at doses of 200, 400, 600 and 800 pg/ m? every 8 weeks.
Thirteen patients received 25 cycles of treatment with moderate and re-
versible toxicity. At the doses studied, no grade 4 (which is the most severe)
toxicities were observed and the dose limiting toxicity was not reached. An
increase in transaminases was observed starting from 400 pug/m?. Based on
these findings, the maximum tolerated dose was established at 800 jug/m?,
where reversible transaminites of grade 3 were observed in 2 out of 3 patients.
Six partial responses were achieved.

Based on these encouraging results, a phase II/III trial was started in China
using nemorubicin at 600 pug/m? every 6 weeks administered via intrahepatic
artery in patients with unresectable hepatocellular carcinoma previously un-
treated [34]. In the 24 patients where efficacy was evaluable, partial responses
were obtained in 5 (20.8%). Moderate toxicity was observed in these treat-
ment conditions with moderate reversible increase in transaminases. Further
analysis of nemorubicin efficacy in hepatocellular carcinoma showed that in
57 patients treated 11 showed complete or partial response and 17 had a sta-
bilization of the disease lasting more than three months [35].
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Based on the result obtained at the preclinical level, a phase II trial of
the combination of nemorubicin and DDP has begun in patients with hep-
atocellular carcinoma [35]. The trial is still ongoing and the results not yet
available.

6
Concluding Remarks

Nemorubicin, although structurally related to doxorubicin, has a mechanism
of action different from that of classical anthracyclines. Several features make
nemorubicin an interesting drug deserving further clinical development:

e It retains antitumor activity in vitro and in vivo in cells resistant to differ-
ent anticancer agents including anthracyclines, topoisomerases inhibitors
and alkylating agents.

e It is able to overcome multi-drug resistance associated with decreased in-
tracellular uptake.

e It has no cardiotoxic effects and is generally well tolerated.

e Cells selected for resistance to nemorubicin show collateral sensitivity to
alkylating agents and platinum derivatives.

e When combined with DDP it shows synergistic antitumor activity without
increase in toxicity.

The clinical responses observed in phase I/II trials encourage its further clin-
ical development either as single agent or in combination with currently used
anticancer agents.
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