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Yondelis® (trabectedin, ET-743): the development of an
anticancer agent of marine origin

Ch. van Kesteren® M. M. M. de Vooght?, L. Lopez-Lazaro®, R. A. A. Mathot?,
J. H. M. Schellens®, J. M. Jimeno® and J. H. Beijnen®®

Yondelis®™ (trabectedin, ET-743) is a novel antitumor agent
derived from a marine source, the Caribbean tunicate
Ecteinascidia turbinata. Preclinical studies demonstrated
activity at low concentrations against a variety of tumors.
The mechanism by which ET-743 exerts its antitumor
activity has not been completely elucidated yet. Binding to
the minor groove of DNA which causes a bend towards the
major groove has been demonstrated. Furthermore, ET-743
interferes with DNA binding proteins and transcription
factors. Clinical studies have been initiated as phase |
dose-finding studies at four different treatment regimens.
Dose-limiting toxicities were hematological, including
neutropenia and thrombocytopenia. Furthermore,
significant liver toxicity was observed, especially as a

rise in transaminase levels. Antitumor activity in phase

| and phase |l trials was studied in multiple tumor types,
including soft tissue sarcomas, melanomas and breast
cancer. ET-743 is currently being extensively investigated in

Introduction

In the continuous search for effective anticancer therapy,
nature provides an attractive source of new therapeutic
candidate compounds [1,2]. At present, over 60% of the
currently approved drugs for the treatment of cancer are
derived from natural sources, including plant-derived
agents, such as the taxanes paclitaxel and docetaxel, and
microbe-derived agents, such as bleomycin and doxo-
rubicin [3].

Currently, there is a growing interest for potential
cytotoxic agents originating from organisms in the sea
[2,4,5]. Due to the advances in diving techniques and
deep-sea sample collection, the marine ecosystem
became an accessible source for new chemical classes.
Furthermore, new technologies in aquacultures provided
a means for the production of these potential drugs on a
larger scale, which facilitated the development of these
agents [6,7]. The first living organisms in the sea
appeared about 700 million years ago and, ever since,
evolution has provided these organisms with defense
mechanisms to survive in the hostile environment [8]. It
was suggested that their survival is partly due to the
excretion of highly toxic products [8]. Extracts of several
of these marine organisms are currently in clinical
development for the treatment of cancer, such as
dolastatins, didemnin B, aplidin and kahalalide-F [9-12].
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Ecteinascidia turbinata is a translucent tunicate that grows
preferentially on mangrove roots in the Caribbean Sea.
The potent cytotoxicity of its extracts was first dis-
covered in the late 1960s; however, the purification of
active compounds was not established until 1986 [13,14].
Yondelis® (trabectedin, ET-743) was one of the isolated
compounds and based on its promising cytotoxic activity
as well as its abundance in the tunicate, it was selected
for further development as an anticancer agent [15].
Recently, the features of ET-743 have been briefly
reviewed in relation to its potential use in the treatment
of soft tissue sarcomas [16].

The present review describes the development of
E'1-743, highlighting its chemical properties, mode of
action, metabolism, and preclinical and clinical studies.

Chemistry

Rinehart ¢ 4/ were the first to isolate the active
components from the extract of the E. turbinata [17].
Separation and identification of the different compounds
was established using chromatography and fast-atom
bombardment mass spectrometry (FABMS) [17]. More
than 10 potentially active compounds were isolated and
were assigned as ecteinascidins (ETs), followed by a
number indicating the highest ion mass of originally
observed for the compounds [17-20]. The initially
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assessed molecular weight of ET-743 was found to be
actually 761, due to the rapid loss of water.

ET-729 (N-desmethyl E'T-743) displayed high  vitro and
i vivo antitumor activity in various murine and human
tumor assays, but limited availability of the drug in
tunicate lead to the subsequent evaluation of alternative
analogs [21]. Further 7 vitro and in vivo studies comparing
ET-729 with ET-743 indicated that these compounds
have similar potency. However, as ET-743 was more
abundant in the tunicate it was selected for further
development [15]. The molecular structures of ET-743
and ET-729 are shown in Figure 1.

Molecular structure

The ETs belong to the class of the tetrahydroisoquinoline
compounds, which also comprises antibiotic agents such
as saframycins, safracins and naphthyridinomycins [19].
The ETs have the most complicated structure in this
class, comprising three tetrahydroisoquinoline systems,
designated units A, B and C. Units A and B are also
present in saframycins, safracins, but only unit A is
present in naphthyridinomycins [19]. E'T-743 differs from
most other ecteinascidins and related alkaloids by the
structure of its C subunit, which is attached to the rigid
bis(tetrahydroisoquinoline) A-B subunit via a flexible 10-
membered lactonic ring.

The structures of most ET extracts were assigned using
nuclear magnetic resonance (NMR) techniques and
FABMS. The stereochemical assignment had to be
established through X-ray analyses of the re-crystallized
compound [18]. It appeared that two independent
molecules are associated as a dimer through an interac-
tion of the B rings of molecules. The molecule has a
compact shape and is hydrophobic. The hydroxyl group at
the C21 position (see Fig. 1) points away from the bottom
side of ring A and this orientation was shown to be a
prerequisite for successful binding to DNA without steric
hindrance [18,19].

Supply and synthesis of ET-743

After the identification of ET-743 as a potential antic-
ancer agent, a method had to be established to ensure its
supply, as large-scale harvesting of the tunicate was
neither practical nor ecologically acceptable. However, for
the preclinical and clinical evaluation, and ultimately
commercial development, a sufficient and guaranteed
supply of the drug substance was a prerequisite. A
method was developed which enabled growth of colonies
of the tunicate in aquaria equipped with natural
photoperiod, artificial seawater, filters, controlled tem-
perature, acration and salinity, and this provided a source
of E'T-743 raw drug substance [15]. The main source of
natural supply has been the mariculture plants, where the

Fig. 1

R=H ET-729

R=CH, ET-743

Structural formula of ET-743 and ET-729.

organism is cultured in its natural milieu under controlled
conditions.

A multistep chemical synthesis was also developed. The
first total synthesis of ET-743 was accomplished by Corey
et al. [22] and this process involved the enantio-selective
formation of E'T-743 using several building blocks and an
intermediate pentacyclic structure. The process was
optimized with the development of a new synthetic
route for the intermediate structure, which improved the
overall yield of this intermediate from 35 to 57%.
Furthermore, this procedure appeared to be simpler and
with an improved reproducibility, in addition, no difficul-
ties were encountered in the product purification or
scale-up [23]. Another option for the synthesis of ET-743
has been described by Cuevas e al., starting from
cyanosafracin B [24]. This cyano-derivative of the
antibiotic safracin B is available through fermentation of
the bacteria Pseudomonas fluorescens, and appeared to be
robust and cheap starting material for the synthesis of
multigram amounts of ecteinascidin compounds. Saito
et al. developed the synthesis of the ABC ring structure in
the ET-743 molecule, but the application of this
structure in the total synthesis of ET-743 is still under
investigation [25]. Recently, Zhou ez a/. described a faster
route to synthesize the A and C unit of the molecule as
part of the total synthesis of ET-743 [26].

The knowledge on the synthesis process of ET-743
provided access to other members of the ecteinascidin
family and it enabled the search for more simple and
stable structure analogs of ET-743 which could then be
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evaluated for their cytotoxic potential. Phthalascidin (Pt
650) is one of these structurally related compounds, and
appeared to have an antitumor profile and activity
comparable to ET-743 [27]. The compound is synthe-
sized through the pentacyclic intermediate structure and
it was more stable in solutions than ET-743 [22,27]. In
the Pt 650 molecule, the 10-membered lactone bearing
the C unit is replaced by the phthalimide moiety. It has
been shown that modifying the C unit in the ET-743
molecule changes the drug’s ability to inhibit cell division
and that substitution of the unit by a phthalimide moiety
does not affect the antiproliferative activity. Replacement
of the benzenoid A ring in the molecule by a quinoid A
ring resulted in a 10-fold reduction of the cytotoxic
potency. Furthermore, it appeared essential that the
functional group at the C21 position is either a cyano or a
hydroxyl group [27,28]. This requirement is consistent
with the studies on the mechanism of action of ET-743,
showing that under physiological conditions a reactive
iminium is formed at the C21 position, which is
responsible for the binding to DNA [29].

Pharmaceutical formulation

ET-743 has limited aqueous solubility. However, by
adjustment of the pH to 4, adequate concentrations of
ET-743 could be reached. Instability of ET-743 in
aqueous solution necessitated lyophilization in order to
increase the storage stability of the pharmaceutical
product. ET-743 is currently formulated as a sterile
lyophilized product containing 250 pg active substance
per dosage unit, 250 mg mannitol as a bulking agent and
0.05 M phosphate buffer at pH 4 in order to solubilize
ET-743. This formulation is unstable with long-term
storage at refrigerated and room temperature, and should
therefore be stored between —15 and —25°C, protected
from light. Reconstitution is performed by adding 5 ml
Water for Injection, with subsequent dilution in normal
saline before i.v. infusion. The reconstituted solution is
stable at ambient temperature for up to 24 h [15,30].

Mechanism of action
The exact way ET-743 exerts its antitumor activity has
not been completely elucidated yet, although extensive

Table 1 Proposed mechanisms of action for ET-743
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research has been performed. Several mechanisms have
been proposed and they are listed in Table 1. Overall, it
seems that E'T-743 has a mechanism of action different
from other known anticancer agents. A discussion of the
proposed mechanisms is given in the current section.

Binding to the minor groove of DNA

Interactions of ET-743 with DNA were first proposed on
the basis of X-ray crystallography [18] and molecular
modeling [19]. Pommier e7 @/. subsequently demonstrated
that E'T-743 specifically binds to DNA at the N, position
of guanine sites, located in the minor groove of DNA
[14]. They found that ET-743 non-covalently binds to
duplex DNA and that the binding is fully reversible upon
DNA denaturation.

A chemical mechanism that gives rise to the alkylation
has been described by Moore ¢z a/. [29]. They proposed
that intra-molecular acid-catalyzed activation of the
carbinolamine moiety occurs, which subsequently results
in dehydration and the formation of an iminium inter-
mediate. It was demonstrated that this iminium inter-
mediate is responsible for the alkylation of the 2-amino
group of guanine. A requirement for the reactivity of the
carbinolamine group is an internal catalytic proton
adjacent to the leaving hydroxyl group [29]. Recently
published simulation studies have indicated that binding
of multiple ET-743 molecules to adjacent binding sites is
structurally and energetically possible and could be
preferable over binding to individual sites [31].

Initially, it was suggested that rings B and C in the ET-
743 molecular structure (Fig. 1) were responsible for
recognition and binding to DNA and that ring A was
almost perpendicular to these two rings across the minor
groove [19]. However, later an NMR-based model of ET-
743 with duplex DNA indicated that the A and B
subunits bind to DNA while the C subunit is projected
out of the minor groove and makes limited contacts with
the DNA [32]. Seaman e &/ described that parallel
hydrogen bonding networks are essential for the stabiliza-
tion of the A and B unit binding complex with the base
pairs of DNA [33]. This network was also suggested to

Mechanism

References

Binding to the minor groove of DNA

binding at specific sites, induces bending of DNA toward the major

14,18,19,29,31-38

groove
Interaction with transcription factors and DNA suggested interactions with NF-Y, MDR1 expression, P-gp, SXR 39-49
binding proteins

Disorganization of the microtubule network disorganization of the network is induced but not through direct 51
action on tubulins

Topoisomerase | probably not essential for activity, occurs at concentrations much 27,53-55
higher than the cytotoxic activity of ET-743

Perturbation of the cell cycle G phase cells are most sensitive to in cell cycle delay, resulting in a 55,56
blockade in the Go/M phase; p53 independent

Interference DNA repair pathways NER-deficient cells are less sensitive to ET-743, at clinically relevant 55,67-59

concentrations
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direct the course of recognition between DNA and E'T-
743 by a direct read-out mechanism [33]. A molecular
modeling study recently provided further evidence for
this proposal [34]. In addition to the hydrogen bonding
networks, it was suggested that the pre-organization of
DNA by proteins also enhances the binding of ET-743 to
DNA. For example, the binding to DNA of SP1, a zinc
finger containing transcription factor, widens the minor
groove and causes a DNA structure that is complemen-
tary to the shape of the ET-743 molecule [33-35].

The binding of ET-743 was shown to cover approximately
3-5 bases [14] and specific sequences have been
identified which are favored for the association, i.e. 5'-
PyGG (where Py is pyrimidine and is either T or C) and
5'-PuGC (where Pu is purine and is either A or G)
[14,33]. The preferred sequences follow from the
combination of the geometry of minor groove and the
optimal donor/acceptor positions in the A and B subunit,
for maximizing the number of DNA—drug hydrogen bonds
[33]. Zewail-Foote ez a/. [36] investigated the differences
in binding of ET-743 to favored (5-AGC) and non-
favored (5'-AGT) binding sites on DNA. They demon-
strated that the alkylation reaction of ET-743 is reversible
under non-denaturing conditions [36]. This contrasts
with the previous findings of Pommier e7 @/. who showed
that DNA denaturation was required for the reversibility
of this binding [14]. The reaction of ET-743 with both
binding sites (favored and non-favored) occurred at the
same rate. However, the reversibility of ET-743 from the
non-favored binding site appeared to occur at an
enhanced rate. Therefore, it was suggested that the rate
of covalent reversibility and not the covalent reaction rate
governs the observed sequence specificity of ET-743
[36,37].

A result of the bonding between ET-743 and DNA is the
induction of a curvature in the DNA helix and the
direction of this bending appears to be towards the major
groove, as demonstrated by gel electrophoresis experi-
ments [38]. Results of later molecular dynamics simula-
tions were in agreement with this finding [34]. This
property differentiates E'T-743 from other minor groove
binders, which bend DNA towards the opposite direction
[38].

Interaction with transcription factors and DNA binding
proteins

Bonfanti ez 4/.. have investigated whether the antitumor
activity of E'T-743 could involve an interaction of E'T-743
with DNA binding proteins and several transcription
factors [39]. This may result in an impairment of gene
regulation, as was described for other minor groove
binders. An inhibition of DNA binding was observed for
several transcription factors and activators; however, this
effect was established at much higher concentrations

(10-300 pM) than necessary for the cytotoxic effect [39].
Studies by Minuzzo [40] and by Jin [41] indicated that
ET-743 affects the transcriptional activation by the
transcription factor nuclear factor Y (NF-Y). This effect
was observed at clinically achievable concentrations [41].
Furthermore, ET-743 appeared to inhibit the activated,
trichostatin-induced expression of DRI in tumor cells,
but not the constitutive expression in normal cells
[41,42], suggesting that in the clinic ET-743 may
selectively inhibit activation of MDR1 expression in
tumor cells without affecting constitutive expression in
normal cells. However, the relationship between ET-743
activity and MDR1, which encodes P-glycoprotein (P-gp),
seems to be complex, as another study reported that P-gp
was overexpressed in ovarian carcinoma cells made
resistant to E'T-743 and that this overexpression could
contribute to resistance to ET-743 [43]. Kanzaki ez al.
further investigated the role of MDR1 and P-gp, and they
found no overexpression of P-gp in HCT-116 colon
carcinoma cells that acquired resistance to ET-743 [44].
Furthermore, multidrug-resistant cells with overexpres-
sion of P-gp were not resistant to ET-743, and pretreat-
ment of those cells with ET-743 enhanced the
cytotoxicity and the cellular accumulation of doxorubicin.
These results suggested that ET-743 resistance is at least
not fully accounted for by P-gp expression and that ET-
743 could potentiate the activity of other anticancer
agents by downregulation of P-gp [44]. Fontaniere ¢z a/.
reported that resistance to ET-743 in neuroblastoma and
medulloblastoma xenografts was not related to MDR
overexpression [45] and also in chondrosarcoma cells that
were made resistant to ET1-743 P-gp and multidrug
resistance-related protein (MRP) could not be detected
[46]. This is consistent with recent results from Kim ez /.
who could not find a correlation between ET-743
cytotoxicity in osteosarcoma and expression of MRP
[47]. Other experiments investigated the role of the
breast cancer resistance protein (BCRP) in resistance to
ET1-743. However, it was shown that ET-743 was not a
substrate for BCRP [48].

Synold ez @/. described the effect of ET-743 on the orphan
nuclear receptor SXR. SXR was found to be involved in
the expression of CYP3A4 and CYP2CS8, and the gene
MDRI [49]. Therefore, SXR is involved in both the
metabolism and the efflux of drugs. For example,
paclitaxel induced the SXR activity that resulted in an
increased expression of CYP3A4, CYP2C8 and P-gp,
inducing the overall clearance of paclitaxel. ET-743
appeared to inhibit paclitaxel-induced SXR activation
and to repress MDRI transcription through inhibition of
SXR, which matches the results of Kanzaki ez o/ [44].
This effect was observed at nanomolar concentrations
[49], which 1is consistent with the concentrations
reported for inhibition of trichostatin-induced MDRI
transcription and for the antineoplastic effects of ET1-743
[40,41,50].
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Disorganization of the microtubule network
Microtubules are tubulin polymers involved in different
functions, including the determination of cell morphology
and chromosome segregation during mitosis. Interference
with the mechanism of microtubule polymerization
could consequently prevent cell division. Several com-
pounds have been described that exert their antitumor
activity by preventing the microtubule assembly by
different mechanisms [51]. E1-743 affects the micro-
tubules by causing disorganization in the network,
without acting directly on tubulin. This mechanism of
action of ET-743 is different from those previously
reported for other microtubule inhibitors [51]. Whether
this effect is essential for the antitumor activity of
ET-743 is unclear as the concentrations tested (40 nM to
4uM) were well above the concentrations required for
activity.

Topoisomerase (Topo) |

Martinez ¢ al. and Takebayashi er 4/ independently
described that Topo I, but not Topo II was a possible
target for E'T-743. However, relatively high drug concen-
trations of 4-10 uM were required to demonstrate this
effect, which are not achievable in patients [27,52,53].
Therefore, it was most likely that inhibition of Topo is
only an auxiliary effect to the primary mode of action of
ET-743 [27]. A study comparing normal cells with cells
without expression of Topo I revealed no difference in
sensitivity to ET-743 between those cells, indicating that
"Topo I is not required for the cytotoxic activity of ET-743
[54]. This was confirmed by Erba e &/, who found
that E'T-743 at concentrations in the clinically relevant
range of 20nM did not interact with Topo I [55].
Furthermore, the deletion of the topoisomerase gene in
yeast cells did not alter the cytotoxic effect of ET-743
[55]. Taken together, the present studies indicate that
Topo 1 is not an essential target for the antitumor activity
of ET-743.

Perturbation of the cell cycle

ET-743 was shown to cause perturbation of the cell cycle
with a delay of cells progressing from the G; to the G;
phase, an inhibition of DNA synthesis and causing an
accumulation in the G,/M phase [55]. Cells in the Gy
phase appeared to be most sensitive to ET-743 [55]. This
effect of E'T-743 was not related to the tumor suppresser
gene, p53, as no difference in sensitivity could be
observed between cells with and without p53-expression
[55]. Recent experiments by Simoens e# @/ demonstrated
that increasing concentrations and/or incubation times
increased the percentage of cells in a blockade in the
G,/M phase of the cell cycle [56]. These results support
the results of Erba er @/ [55]. In addition, one of the
tested lung cancer cell lines (A549) also showed a delay in
the S phase after treatment with higher concentrations
ET-743 [56].
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Interference with DNA repair pathways

Erba ez al.. were the first to describe that cells deficient in
transcription coupled nucleotide excision repair (NER)
mechanisms are less sensitive to ET-743 [55]. This was
further confirmed with the work of Takebayashi ez @/. [57]
and Damia ez 2/. [58]. The NER system is involved in the
repair of lesions caused by, for example, ultraviolet light
or the bulky DNA adducts caused by carcinogens, and
anticancer agents such as alkylating drugs and cisplatin.
Therefore, these cytotoxic drugs are usually more
effective in NER-deficient cells as compared to NER-
proficient cells. However, when ET-743 has bound to
DNA, NER recognizes the complex and appears to cause
cell death instead of cell repair [57]. This effect was seen
at clinically relevant concentrations, i.e. 1-10 nM. Based
on the proposed mechanism, ET-743 is expected to be
active against, for example, cisplatin-resistant cells, which
have an enhanced NER system [58]. I» vitro experiments
have been performed to evaluate the antitumor effect of
the combination of ET-743 and cisplatin [69]. This effect
was either additive or synergistic in several tumor types,
including sarcomas, non-small cell lung cancer, melanoma
and ovarian cancer [69]. To gain further insight into this
mechanism, a bacterial nuclease system (UvrABC) was
used to investigate how the NER system recognizes and
repairs E'T-743 DNA adducts [59]. Adducts at favored and
non-favored binding sites were compared, and it appeared
that preferred binding sites are repaired less efficiently
than the non-preferred adducts. It was proposed that the
inefficient repair is related to the repair-dependent
cytotoxicity described by Damia and Takebayashi [59].

DNA-dependent protein kinase (DNA-PK), which is
involved in the DNA double-strand-break repair pathway,
was also investigated for its role in the mechanism of
action of E'T-743 [58]. DNA-PK-deficient and -proficient
cell lines were compared for their sensitivity to ET-743.
Although no double-strand breaks could be observed in
cells treated with cytotoxic concentrations of ET-743,
cells lacking DNA-PK were more sensitive to ET-743
than DNA-PK-proficient cells [58].

Recently, the difference between ET-743-sensitive and -
resistant chondrosarcoma cells was investigated, to gain
further insight in its mechanism of action. It appeared
that the two cell types differed in their migratory ability.
The ET-743 resistant cells were found to be less invasive
than the sensitive cells which was suggested to reflect an
inability of the ET-743 resistant cells to digest extra-
cellular matrix [46].

Preclinical studies

Antitumor activity

In vitro

Early i wvitro studies demonstrated activity of ET-743
against a broad class of solid tumor cell lines, including
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melanoma and non-small cell lung cells [60]. The
National Cancer Institute (NCI) human  vitro cell line
panel showed potencies ranging from 1 pM to 10 nM
against melanoma, non-small cell lung, ovarian, renal,
prostate and breast cancer cell lines [60].

Izbicka ez al. evaluated the antiproliferative activity of E'T-
743 in fresh human tumor specimens isolated directly
from patients [50]. The drug appeared to inhibit colony-
forming units in a broad spectrum of tumors, including
breast, non-small cell lung, ovary and melanoma, sarcoma,
and renal tumors. The comparison between a 1-h and a
14-day continuous exposure to ET-743 indicated that a
prolonged exposure markedly increased the antitumor
activity [50]. These findings were confirmed by Ghiel-
mini ¢ @/., who demonstrated that a 1-h incubation period
was less active than a 24-h continuous exposure or a
repeated 1-h exposure on 5 consecutive days [61]. More
recently, ET-743 was shown to induce apoptosis in
mesenchymal chondrosarcomas in the nanomolar range
and to inhibit growth of these cells as well as
osteosarcoma cell lines with the same potency [46]. Shtil
et al. demonstrated cytotoxic activity of ET-743 at sub- to
low nanomolar concentrations against a panel neuroblas-
toma and rhabdomyosarcoma cell lines [62]. The potency
of ET-743 against eight human soft tissue sarcoma cell
lines was compared with that of clinically used anticancer
drugs, such as methotrexate, doxorubicin, etoposide and
paclitaxel. ET-743 appeared to be more potent than any
of these agents with ICs, values in picomolar range [63].
Sarcoma cell lines appeared to be more sensitive to
ET-743 than colon cancer cell lines and a breast cancer
cell line [63]. In human osteosarcoma cell lines ET-743
showed activity in picomolar concentrations and was
more potent than trimetrexate, doxorubicin and metho-
trexate [47].

In wvitro activity of ET-743 has also been studied in
combination with other anticancer agents in order to
design rationally clinical studies with combination regi-
mens. The first combination studies were conducted by
Eckhardt ez /. who found at least additive activity with
vinorelbine and paclitaxel against CALU-3 lung adeno-
carcinomas and with paclitaxel against MCF-7 breast
adenocarcinomas [64]. Takahashi ez @/ [65,66] studied
the benefit of the combination of ET-743 with doxo-
rubicin, trimetrexate and paclitaxel in fibrosarcoma (H'T-
1080) and liposarcoma (HS-18) cell lines. This study
confirmed the activity of ET-743 alone in these cell lines
and showed that addition of doxorubicin resulted in
synergism. The sequence ET-743 followed by doxorubi-
cin was somewhat more effective [66]. Evidence was
obtained that the observed synergy could be mediated
through induced apoptosis as both the HT-1080 and the
H'T-18 cell lines showed a greater percentage of apoptotic
cells after treatment with the combination of drugs than

with either E'T-743 or doxorubicin alone [66]. ET-743 and
paclitaxel result in strong cytotoxic synergism when
paclitaxel is administered before ET-743. However, the
reverse sequence or concomitant administration caused a
less than additive cytotoxicity. When exposed to E'T-743
followed by trimetrexate, there was a synergistic effect in
the HS-18 cell line, whereas the HT-1080 cells.
Concomitant administration of the two agents also
resulted in an antagonistic effect [66].

Riccardi ¢z al. also studied the combination of ET1-743
with doxorubicin and observed synergism of the combina-
tion [67]. However, in contrast to the findings of
Takahashi ¢z @/ the synergism was shown to be
independent of the sequence of the administration. Of
particular interest is the earlier finding of antagonism
between ET-743 and doxorubicin in human rhabdomyo-
sarcoma cell lines by Moore ¢z a/. [68]. D’Incalci ez al. have
observed beneficial effects of the combination of ET-743
with cisplatin [69]. Synergistic effects were seen in
multiple solid cancer cell lines and in ovarian and sarcoma
xenografts in nude mice. A phase I clinical study has been
designed to investigate the combination in patients [69].

In vivo

Rinehart ¢z a/. demonstrated 7 vivo antitumor activity in
murine tumors against P388 leukemia and B16 melanoma
[60]. Furthermore, in human xenograft studies with nude
mice bearing human tumors, ET-743 was very effective
(10 of 10 tumor free) against early stage mammary
carcinoma (MX-1) and produced significant remissions
(none of 10) in advanced stage MX-1. Furthermore, i.v.
administration was more effective than the intraperito-
neal route [60].

Other m wvivo studies were performed with human
ovarian carcinoma xenografts in nude mice [70]. At the
maximum tolerated dose (MTD) of 0.2mgkg the
response to E'T-743 varied between complete long-lasting
regression (HOC22-S) and moderate activity (HOC18).
Partial regression at half MTD was also observed in the
HOC22-S xenografts. A tumor (MNB-PTX-1) which was
highly resistant to chemotherapy (cisplatin, doxorubicin,
cyclophosphamide and paclitaxel) was also resistant to
ET-743 [70]. Activity in HOC18 and HOC22 xenografts
was confirmed by Hendriks ez 4/, who also demonstrated
activity of ET-743 in melanoma and non-small cell lung
xenografts [71]. Apart from HOCI18, ET-743 induced
complete remissions in these xenografts at the cost of
significant toxicity. Two administration schedules were
evaluated in this study: an intermittent schedule (on days
0, 4, 8) and a fractionated schedule (days 0-2, 13-15). It
appeared that the intermittent schedule was more
effective in terms of extent of tumor regression, growth
delay and numbers of complete remissions. Although
the same total amount was given in both treatment
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schedules, higher doses given less frequently were more
effective than more injections at a lower dose [71].
Recently, tumor growth inhibition by ET-743 was
demonstrated in mice bearing osteosarcoma xenografts.
In this study, ET-743 was more effective than trimetrex-
ate with leucovorin and trastuzumab [72].

Fontaniere ez al. reported the results of activity studies
with mice bearing advanced stage pediatric tumors,
neuroblastomas and medulloblastomas [45]. Moderate
activity was seen in neuroblastoma xenografts, but
significant response was achieved in medulloblastomas
[45].

The combination of ET-743 with dexamethasone pre-
treatment was studied in B16 tumor cells and B16 and
osteosarcoma xenografts and it appeared that the anti-
tumor activity of KET-743 was increased with this
combination as compared to ET-743 alone [73]. This
was rather unexpected as dexamethasone is an inducer of
the supposedly primary metabolizing enzyme of ET-743,
cytochrome P450 3A4 (CYP3A4) and the results were
explained by a reduced expression of this enzyme [73].
Although further research is warranted with this combi-
nation, the results could match the findings of Synold
et al. [49] who showed that ET-743 represses the CYP3A4
activating effect of SXR. Another explanation for the
increased activity in the presence of dexamethasone
could be that one of the metabolites that are formed
through CYP3A4 is (at least in part) responsible for the
antitumor activity.

Toxicology

In vitro

Ghielmini ez a/. examined the toxicity of various E'T-743
treatment schedules on hemopoietic cells and compared
it with the cytotoxic effects on a variety of human cancer
cells, to characterize the ‘i vitro therapeutic index’ [61].
Prolonged (24 h) or repeated (daily x 5) exposures were
more myelotoxic than a single 1-h exposure and therefore
it was suggested that E'T-743 myelotoxicity is area under
the curve (AUC) dependent. However, due to the higher
sensitivity to prolonged exposure of several tumor cell
lines, prolonged treatment yielded a more favorable
in vitro therapeutic index [61].

Gomez et al. investigated the effect of ET-743 on murine
hemopoietic stem cells [74]. Bone marrow cells were
incubated with ET-743 for 24 h and their capacity to form
to mature blood cells was compared with untreated cells.
The effects on the stem cells was moderate suggesting
that long-term myelosuppression after E'T-743 would not
be expected [74].

As anticancer drugs interacting with the microtubule
network are known for their neurotoxicity, an i vitro
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study was carried out to assess the potential neurotoxicity
of ET-743. At a concentration range of 107'® to 10™* M,
no acute neurotoxic effects were observed [15,75]. Other
m vitro studies were initiated to assess the cardiotoxicity
of E'T-743; however, this effect was not observed [15].
Toxicology studies with a panel of non-tumor cell lines
also indicated that cardiotoxicity of minor importance
with ET-743 [76]. These experiments further demon-
strated considerable effects on liver and myelogenous
cells, while kidney and skeletal muscle cells were less
sensitive to ET-743 [76].

In vivo

"The i vivo toxicology studies involved administration of
E'T-743 to mice, rats, dogs and monkeys and both single-
dose schedules (daily x 1) and multiple-dose (daily x 5)
schedules were evaluated [15,77,78]. It appeared that the
main toxicities were significant hematologic and hepatic
effects, and these were mostly reversible. Hematological
toxicity was characterized by a decrease in blood cell
counts, whereas hepatic toxicity was observed as an
increase in liver enzymes and cholangitis [15]. Female
rats were the most sensitive animals, followed by male
rats, dogs, mice and monkeys. In general, the toxicity
profiles were similar between the two dose schedules,
indicating that the qualitative toxicological profile was
not dependent on the treatment schedule. However, the
incidence and severity of the pathological effects were
significantly reduced with the multiple dose schedule,
suggesting a relation to peak blood concentrations (Cpay)-
At high concentrations of ET-743, leukopenia, anemia and
moderate thrombocytopenia were seen, but all these
effects resolved after 3—4 weeks. Additional sequential
studies (3 cycles) were carried out in mice and rats to
assess cumulative and reversible toxicity. Hematological
toxicity was reversible in both mice and rats, whereas
liver toxicity did not resolve in rats [15].

Metabolism

Knowledge on the metabolic pathway of drugs is of great
importance to explain toxicological and anticancer effects
as well as drug—drug interactions. However, data on the
metabolism of ET-743 are scarce and although several
experiments have been performed, its metabolic fate
remains to be elucidated. Due to the relatively high
potency of the drug, metabolite concentrations # vivo will
be in the picomolar range, which hampers the identifica-
tion of the metabolic products. Iz wvitro incubation
experiments with ET-743 and rat and human hepatic
microsomes have shown a time-dependent decrease of
the drug concentration, although metabolic products
could not be identified [79]. These experiments have
also generated indications that demethylation may occur,
because formaldehyde was formed during the incubation
experiments. Nevertheless, N-desmethyl ET-743 (ET-
729) could not be detected [79]. This is supported by the
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findings of Rosing ¢ /. that there was no E'T-729 present
in plasma of treated patients, which allowed this
compound to be used as internal standard for the bio-
analytical assay [80]. ET-743 metabolic clearance after
incubation with male rat liver microsomes appeared to be
substantially higher than with female microsomal pre-
parations, which is probably caused by the male
predominance of the responsible enzyme (CYP3A2) in
this species. These differences in metabolism may
contribute to the higher sensitivity of female rats for
ET-743, as was seen in i vivo toxicity studies [80]. It is
unlikely that this difference in rate of metabolism
between male and female rats will also be observed in
humans because cytochrome P450 enzymes do not
exhibit such gender differences.

Sparidans ¢z 4/. have investigated the metabolism of ET-
743 both m vitro and in vivo [81]. ET1-743 was incubated
with human microsomes and human plasma and uridine
5-diphosphoglucuronyl transferase (UDPGT). Several
metabolic and degradation products were formed and
could be structurally identified using a previously
developed LLC-MS/MS bio-analytical method with solid-
phase extraction as a sample pretreatment procedure.
The experiments indicated a major breakdown of the ET-
743 molecule. However, attempts to identify these
metabolites in plasma, bile and urine of treated patients
have failed [81]. In the compassionate use program with
ET-743, a patient showing Gilbert’s syndrome was
treated. Patients showing this syndrome have a reduced
activity of hepatic bilirubin UDPGT and therefore an
impaired ability to form glucuronidated metabolites
[82,83]. With this patient, however, no elevations in
AUC or elimination half-life could be observed as
compared to other patients. Furthermore, the patient
did not experience toxicity. These results indicate that
glucuronidation is probably not a significant route of
detoxification for ET-743 [81].

Bio-analysis

ET-743 is administered to patients in pg/m* dosages,
resulting in low plasma concentrations (pg/ml to ng/ml).
This demands special requirements in terms of sensitiv-
ity for the bio-analytical method, for the pharmacokinetic
research during the phase I studies. Initially, a reversed-
phase high-performance liquid chromatography method
with ultraviolet detection was developed with solid-phase
extraction (SPE) as sample pretreatment [84]. Propyl-p-
hydroxybenzoate was used as internal standard and the
assay was linear over a concentration range of 1-50 ng/ml
with an adequate accuracy and precision and a lower limit
of quantitation was 1ng/ml using 500l plasma [84].
However, with the 1-h infusion at a starting dose of
50 pg/m?, only the plasma concentration at the end of the
infusion could be quantified [85]. In addition, no drug
could be detected at the starting dosages of the 24-h

infusion and the daily x 5 infusion [86]. Therefore, an
analytical method with a much higher sensitivity was
required for the bio-analysis of KET-743. This was
accomplished by combining high-performance liquid
chromatography with an electrospray ionization sample
inlet and two quadruple mass analyzers (LC/ESI-MS/
MS) [80]. The sample pretreatment procedure remained
identical and E'T-729 could be used as internal standard
as it appeared that no E'T-729 was present as a metabolic
product in human plasma. The assay was linear at a
concentration range of 0.01-2.5 ng/ml with an acceptable
accuracy and precision. The method permitted an LLQ
of 0.01 ng/ml using 500 pl plasma which was suitable for
the pharmacokinetic monitoring of the clinical studies
[80].

Another bio-analytical method was developed by Ryan
et al. [87] and involved LC-ESI-MS. Quinocarcinol
octylamide, which is structurally related to ET-743, was
used as an internal standard and SPE was used for sample
preparation. This method also provided a means for
sensitive quantification of ET-743 with the LLQ being
25 pg/ml with acceptable accuracy and precision, using a
sample volume of 1 ml [87].

Clinical studies

Phase |

A phase I clinical program was conducted with ET-743
both in Europe and the US. The preclinical studies
indicated that schedule dependence might exist for both
antitumor activity and toxicity. Furthermore, the pre-
clinical toxicity data indicated that the incidence and
severity of the hepatic and hematological side effects in
mice, rats and dogs reduced with a multiple, divided dose
schedule [15]. In addition, the MTD in dogs was 30%
higher in a fractionated schedule (daily x 5) as compared
to a single dose, suggesting that toxicity might be G«
related [15]. Therefore multiple infusion schedules,
including fractionated and prolonged schedules were
selected for studies in cancer patients. Initially, four
phase I dose-finding studies have been conducted, in
which five different treatment regimens were evaluated:
a 1- and 3-h infusion, every 3 weeks; a 24-h infusion every
3 weeks; a 1-h infusion on 5 consecutive days (daily x 5),
every 3 weeks and a 72-h continuous infusion, every 3
weeks [85-88]. In addition to the treatment regimen, the
four phase I studies were similar in terms of their design
[85-88]. In addition, a phase I study investigating a
weekly schedule [93] and a phase I trial in pediatric
patients [94] have been performed.

1- and 3-h infusion

The first study involved a regimen where ET-743 was
initially administered as a 1-h infusion, every 3 weeks,
with a starting dose of 50 ug/m2 [85,89,90]. Nine dose
levels were evaluated and at 1100 ug/m* the MTD was
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reached and 1000 pg/m” was considered a safe dose for
further studies with this schedule. The dose-limiting
toxicities (DLTs) were grade 4 thrombocytopenia and
grade 3 fatigue. However, as parallel phase I studies with
other treatment regimens DIIs were observed at
considerably higher dosages than with the 1-h infusion
[88,93]. Therefore, the infusion duration was prolonged
from 1 to 3 h in order to improve the dose intensity and
safety profile as the longer infusion duration reduced the
maximally achieved plasma concentrations. The starting
dose for the 3-h infusion was 1000 pug/m* and dose
escalation continued up to 1800 pg/m? which was
considered the M'TD. With this regimen, the DLTs were
pancytopenia and fatigue. An early onset, transient and
non-cumulative transaminitis was also noted in most of
the patients. The recommended phase II dose was
1650 },Lg/m2 administered as a 3-h infusion [85,90].

Non-compartmental pharmacokinetic analyses indicated
that dose-dependent pharmacokinetics might exist with
the 1-h schedule, as total clearance decreased with
increasing dose level [85]. However, only the three
highest dose levels could be evaluated for this schedule as
data at the other dose levels were obtained with the less
sensitive LC-UV bio-analytical method, yielding incom-
plete pharmacokinetic profiles. There was no evidence
for non-linearity in the pharmacokinetics with the 3-h
infusion. Body surface area appeared to correlate sig-
nificantly to clearance with the 1-h schedule, but not
with the 3-h schedule. No other clinically relevant
correlations between pharmacokinetic parameters and
patient characteristics were reported.

Pharmacokinetic—-pharmacodynamic analyses with the 3-h
infusion data revealed that the percentages decrease in
absolute neutrophil count, white blood cells and platelets
were significantly related to AUC and C,,,,, and also to
dose (pg) [85]. Due to the substantial variability,
discrimination between these predictors of toxicity could
not be made. Hepatic toxicity increased with dose, AUC
and (... Patients treated with the 3-h regimen that
experienced grade 3 or 4 elevations in AST and AP,
showed significantly higher values of €, than patients
with milder toxicity [94]. A pretreated patient with a
metastatic leiomyosarcoma had a complete remission
with a time to progression of 32 weeks after treatment
with 1500 pg/m* ET-743 in 8 cycles [90].

24-h infusion

The feasibility of ET-743 administration was also
evaluated as a 24-h infusion, repeated every 3 weeks
[86,91]. The starting dose was 50 pg/m* and 52 patients
were treated at nine dose levels ranging from 50 to
1800 pg/m?® in a total of 158 courses. Hematological
toxicity, i.e. neutropenia and thrombocytopenia, was
dose-limiting and the dose of 1800 pg/m? was considered
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the MTD. Also, at the recommended phase II dose of
1500 pg/m* neutropenia was the most commonly ob-
served toxicity, thrombocytopenia was less frequent. The
nadir occurred around day 13 with a median duration of
grade 3 or 4 toxicity was 7 days. At day 22, recovery to
normal values was usually reached. The most important
non-hematological side effect were AST and ALT
elevations, which were transient and non-cumulative as
was described for the shorter infusions. At the recom-
mended dose (1500 pg/m?), grade 3 or 4 elevations was
observed in 68% of the patients. Major elevations usually
started at day 2 with a peak around day 5 and were
resolved to baseline by day 15. At two lower dose levels
(900 and 1200 ug/m?), the severity of this toxicity
decreased in successive treatment cycles. Hepatic
toxicity was not considered a DLT because it was
reversible before day 28. Patients with abnormalities in
baseline AP levels (i.e. above 1 x the upper limit of
normal) appeared to be at higher risk for transaminase
elevations. The severity of transaminitis correlated with
the occurrence of hematological toxicity and it was
therefore suggested that the early peak in transaminases
could serve as a predictor for severe hematological
toxicity [91]. Other toxicities observed were serum
bilirubin and AP elevations, asthenia, and nausea and
vomiting. The latter could be treated with standard
5-HT}; antagonists [91].

Three patients achieved a partial response after treat-
ment with this schedule [91]. A patient with advanced
breast cancer had a partial response after course 1 at
1800 pg/m?, lasting for 3.3 months. In a patient with a
bulky osteosarcoma treated at 1500 pug/m? the partial
response in the lung metastases lasted for 2.8 months. A
third patient with metastatic hepatic and cutaneous
liposarcoma experienced a partial response lasting for 15
months. Four additional patients with progressing soft
tissue sarcomas achieved disease stabilization lasting
longer than 3 months [91]. On the basis of these positive
bit preliminary results, several patients who were
ineligible for phase II studies were treated on a named-
patient basis compassionate use program [92]. Thus, 17
additional patients were treated with 1500 ug/m* and this
resulted in two partial responses with patients with soft
tissue sarcomas, a partial response with a patient with
osteosarcoma, two minor responses and six patients with
disease stabilization [92].

The pharmacokinetics of ET-743 were linear at the
dose range tested (50-1800 ug/mz) [86]. Considerable
interpatient variability was observed for all pharmaco-
kinetic parameters (e.g. coefficient of variation of 45% for
AUC, see Table 3); however, the variability could not be
explained by patient characteristics. Evaluation of the
pharmacokinetic parameters of the first, second and fifth
treatment cycle could not identify significant differences,
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indicating that prior exposure to E'T-743 does not effect
the pharmacokinetic profile in the subsequent cycles.
Patients with grade 3 or 4 elevations in AST and ALT]
showed significantly higher AUC values than patients
with milder toxicity. Hematological toxicity, defined as
the percentage decrease in platelets, WBC and ANC was
best correlated to ET-743 AUC [86].

Daily x 5 schedule

The starting dose in this study was 6pg/m?/day,
administered on 5 consecutive days, every 3 weeks
[86]. With this schedule, 42 patients were treated with
118 courses at dose levels ranging from 6 to 380 pg/m?/
day. The dose of 380 pg/m?/day was considered the MTD
as one patient developed grade 4 neutropenia and
thrombocytopenia after the first course of treatment
and two other patients experienced grade 4 neutropenia
lasting 5 days in course 2. At a dose of 325 pg/m?/day, no
DLTs were seen in 42 courses administered to 13 patients
and therefore this dose level was considered the
recommended phase II dose [86].

Neutropenia was the most commonly observed hemato-
logical toxicity with this schedule. The onset was
generally on day 7 and the median time to nadir was 14
days with recovery to pretreatment values around day 22.
The effects on platelets and red blood cells were mild to
moderate. Non-hematological toxicity included hepatic
toxicity characterized by elevations in AST and/or ALT
levels, although this was never dose-limiting. Generally,
transaminitis occurred between day 3 and 8, peak levels
of AST and ALT' were seen between day 5 and 8 and were
recovered to pretreatment values by day 28. The severity
or the duration of the hepatic toxicity did not increase in
subsequent treatment courses. Hepatic toxicity coin-
cided with significant fatigue. Other toxicities included
discomfort and inflammation at the site of injection, and
nausea and vomiting [88].

Antitumor activity was observed in three patients at the
recommended dose of 325 pg/m?%/day. A patient with a

papillary serous carcinoma of the peritoneum demon-
strated no evidence of disease up to 10 months after
treatment with 6 courses. Furthermore, radiological
methods could not detect any disease progression 33
months after start of therapy. Another, heavily pretreated
patient with an advanced epithelial ovarian carcinoma had
a 32% reduction in retroperitoneal metastases and a 25%
reduction in a para-aortic lymph node, lasting for 6
months. A 41% reduction in lung metastases and a 27%
overall tumor response was noted in a patient metastatic
uterine leiomyosarcoma. Furthermore, a patient who had
progression of a renal carcinoma before ET-743 showed
stable disease for 10 months after treatment at 96 pg/m?/
day [88].

Pharmacokinetic sampling was performed in all patients
on treatment day 1 and day 5 of the first course.
Parameters that were determined with the non-compart-
mental approach for the recommended phase II dose are
listed in Table 2. Total clearance of ET-743 was not
significantly correlated to dose, suggesting that the
pharmacokinetics at this treatment are dose indepen-
dent. Nevertheless, the relationships between dose and
Cmax or AUC on either day 1 or 5 were not evidently
linear. All patients had measurable ET1-743 plasma
concentrations before treatment on day 5, resulting from
accumulation due to the long terminal half-life. No
relationships were evident between pharmacokinetic
parameters and pretreatment values of AST, ALT, AP,
total bilirubin or creatinine clearance. Furthermore, CL
was not related to BSA. Investigation of the pharmaco-
kinetic—-pharmacodynamic relations for this schedule,
revealed that the percentage increase in AST during
the first course was related to the AUC on day 1 and day
5. Furthermore, treatment with a higher ET-743 dose or a
higher AUC (either day 1 or day 5) increased the risk for
developing grade 3 transaminitis. There was no clear
relation between the percentages decrease in ANC or
platelets and AUC or (. on either day 1 or 5, but
patients with grade 3—4 hematological toxicity received in
general a higher dose or showed a higher C,,,, [88].

Table 2 Dose-limiting toxicities and pharmacokinetic-pharmacodynamic relationships

Treatment DLT Pharmacokinetic—pharmacodynamic relationships References
Hematological toxicity Hepatic toxicity

1-h infusion thrombocytopenia; fatigue NA NA 93

3-h infusion pancytopenia; fatigue % decrease PLT, WBC, ANC positively  in general: toxicity 7 with dose 1; grade 3/4 93
correlated with AUC, C,,.x and dose rise in AP and AST at significantly higher
(ng) AUC values than grade 0-2

24-h infusion thrombocytopenia neutropenia % decrease PLT, WBC and ANC  grade 3,4 rise in AST and ALT at significantly 90,95
positively correlated with AUC higher AUC values than grade 0-2

Daily x 5 infusion neutropenia; thrombocytopenia grade 3-4 toxicity resulted from higher % increase in AST levels positively correlated 94
dose or higher C,,. value to AUC day 1 and 5; toxicity T with dose 1

72-h infusion grade 4 transaminitis; % decrease WBC significantly % increase AST significantly correlated to 89

rhabdomyolysis correlated to dose, C,ax and AUC AUC

DLT: dose-limiting toxicity; NA: not applicable; PLT: platelets; WBC: white blood cell count; ANC: absolute neutrophil count; AUC: area under the plasma concentration

versus time curve.
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Table 3 Pharmacokinetic parameters of ET-743 during four phase | studies, presented as mean (SD)
Treatment Linearity Dose level CL (I/h) tie (h™1) AUCq_int Crax (ng/ml) Vss (1) References

(pg/m2) (h-ng/ml)

1-h infusion CL | with 1dose 1000 32 (6.1) 33 (14) 36 (6.4) 17 (5.2) 910 (720) 85
3-h infusion dose-independent kinetics 1650 87 (30) 26 (7) 38 (10) 8.6 (2.5) 1400 (490) 85
24-h infusion dose-independent kinetics 1500 59 (31) 89 (41) 55 (25) 1.8 (1.1) 3900 (1900) 86,91
Daily x 5 infusion (day 5)  dose-independent kinetics 325 21 (8.1)2 28 (13) 5.8 (1.7)° 3.4 (1.7) 808 (383) 88
72-h infusion disproportionate increase of 1050 28 (23)? 69 (57) 37 (27) 0.32 (0.15) 1941 (1102)° 87

AUC after 1050 ug/m?

aUnits of this parameter are I/h/m?.
PUnits of this parameter are I/m?.
°AUC from O to 24 h.

CL: clearance; t;,5: terminal half-life; AUC, _ .« area under the plasma concentration time curve with extrapolation to infinity; Cp,a,: maximal plasma concentration; V!

apparent volume of distribution at steady state.

72-h infusion

The fourth phase I study applied the administration of a
72-h continuous infusion to investigate the possibility of
enhancing the therapeutic index of E'1-743 by prolonging
the duration of the exposure, based on results of the
preclinical studies [87]. The starting dose was 600 pg/m?
(200 pg/m?/day), which was the highest dose with the
24-h infusion study that did not produce any toxicity
greater than grade 2. In total, 21 patients were entered
into the study and were given four different dose levels:
600, 900, 1050 and 1200 pg/m?.

At a dose of 1200 pug/m?, two of nine patients experienced
DLTs in the first cycle of therapy, being reversible grade 4
transaminitis. As opposed to the other phase I studies, in
this trial grade 4 transaminitis was considered a DLT
regardless of the reversibility pattern. A third patient at
this dose level experienced grade 4 rhabdomyolisis during
the second treatment course, as well as renal failure
requiring hemodialysis, grade 4 neutropenia and throm-
bocytopenia. The study protocol restricted determination
of DLTS to the first course. Nevertheless, the 1200 pg/m?
dose level was designated the apparent MTD, because of
two DLTS occurring during cycle 1, and severe toxicity in
a third patient during cycle 2. Subsequently, a dose level
of 1050 pg/m? was evaluated in 6 patients and this was
established as the recommended phase II dose for the 72-
h schedule. Hematological toxicity was not considered
clinically relevant (i.e. grade 1 or above) at doses below
1200 pg/m*. Hepatic toxicity, however, defined as AST
and ALT elevations was observed at all dose levels at its
frequency and severity increased in a dose-dependent
manner. At the recommended phase II dose of 1050 pig/m?,
50% of the cycles were complicated with a grade 3
transaminitis. The time course of the enzyme elevations
was predictable, beginning 4-5 days after start of the
infusion, peaking on days 7-9 and resolving by day 21.
The hepatic toxicity was not cumulative, as patients
treated with multiple cycles did not experience worsen-
ing of the transaminitis with each successive cycle.
Evidence of antitumor activity was seen in two patients
with this schedule. A patient with metastatic malignant
mesothelioma had a 41% reduction of measurable disease

in the metastases with significant symptomatic improve-
ment that lasted for 5 months. A patient with choroidal
melanoma showed stable disease in the liver, although
new mesenteric nodules were observed [87].

Non-compartmental pharmacokinetic analyses of the
plasma concentration time data of the 72-h infusion
study, revealed a departure from linear pharmacokinetics
at the highest administered dose level (i.e. 1200 pg/m?),
indicated by a more than proportionate increase in AUC
at this level. Pharmacokinetic parameters of this study are
listed in Table 2. During the 72-h infusion, steady-state
conditions were never achieved. Evaluation of the
relationships between laboratory values and the pharma-
cokinetic parameters showed a weak correlation between
the terminal half-life of the drug and total bilirubin
(Pearson’s correlation coefficient 7= —0.529, p = 0.017).
The maximum percentage increase in AST was related to
the AUC. Furthermore, the percentage decrease in white
blood cells was significantly correlated to dose, Gy, and
AUC [87].

A summary of the DLIs and the most prominent
pharmacokinetic—pharmacodynamic relationships for the
different phase I studies is presented in Table 2. As can
be seen, in all studies hematological effects were dose
limiting, except for the 72-h infusion where hepatic
toxicity was more important [87]. Hepatic toxicity was
already observed at the starting dose of 600 ug/m* with
this schedule. However, this dose did not produce any
clinically relevant hepatic toxicity when given over 24 h
[91]. These results suggest that schedule dependency
in toxicity exists. With the 72-h infusion higher AUCs
were reached than with the 3- and 24-h schedule at
comparable dosages [85-87]. With the shorter infusion
schedules (i.e. 1-, 3- and 24-h) much higher €, values
were established with hematological toxicity as the DLT
[85]. Hepatic toxicity and not myelosuppression was
considered a DLT in the 72-h infusion, and it therefore
seems likely that hematological toxicity may be related to
Cinax [85,87].

Pharmacokinetic parameters at the recommended do-
sages of the four phase I studies are summarized in
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Table 3. Linear pharmacokinetics were observed at all
schedules except the 1- and 72-h infusion [87]. As a
possible explanation for the more than proportionate
increase in AUC with the 72-h schedule, it was suggested
that liver toxicity caused by ET-743 occurs early enough
during the infusion to reduce the metabolic capacity of
the drug [87]. As metabolism is the major pathway of
elimination of E'T-743 [81] this could result in decreased
clearance at higher dosages [87]. However, this could not
explain the observed dose-dependent pharmacokinetics
with the 1-h infusion [85]. Saturation of the metabolic
enzymes seems a more appropriate explanation as
relatively high plasma concentrations are reached with
this schedule [85]. In all studies, large values of volume
of distribution were reported, indicating that ET-743 is
extensively distributed in the body. This is followed by a
slow redistribution and elimination, which is reflected by
the long terminal half-life. Pharmacokinetic parameters
showed considerable interpatient variability with all
treatment regimens. However, this variability could not
be readily explained by patient characteristics [85-88].

The phase I program was further extended with a dose-
escalation study evaluating the feasibility of ET-743
administration as a 3-h, weekly x 3 infusion, every 4
weeks, in order to improve the therapeutic index [93].
Thus far, 20 patients were treated at doses ranging from
300 to 650 pg/m*/week. The MTD was established at
650 pg/m* with 580 pg/m? as the recommended dose. The
DLTs were grade 3 neutropenia lasting longer than 3
weeks in one patient, and grade 4 neutropenia and
grade 3 transaminitis and hyperbilirubinemia in another
patient. No other clinically significant toxicities were
reported and two pretreated liposarcoma patients experi-
enced a minor response. Linear pharmacokinetics were
observed. The erythromycin breath test was also incor-
porated in this study to quantify the hepatic activity of
CYP3A4 [93]. However, in 15 patients tested no
correlation was observed between the test parameters
and E'T-743 clearance [93].

Recently, the results of a phase I study with children were
presented [94]. Children with refractory tumors received
E'T-743 as a 3-h infusion every 3 weeks. The starting dose
was 1100 pg/m?, which was 80% of the adult MTD with
this schedule. Thirteen patients were accrued (median
age 9.9 years) and were treated with 1100 or 1300 pg/m?
ET-743. The dose of 1300 pg/m* was considered the
MTD with grade 4 transaminitis and grade 4 reversible
hypokalemia as DLTs [94]. Dexamethasone was used as
premedication as studies with adult patients indicated
that this could reduce the risk of severe toxicities. The
recommended dose for phase II studies was 1100 pg/m?
and was well tolerated in combination with 2.5 mg/m?
dexamethasone every 12 h for 4 days, starting 1 day prior
to E'T-743. Pharmacokinetic analyses confirmed the long
terminal half-life and the large volume of distribution as

was seen with adults [94]. The AUC at a dose of 1300 pg/
m? was much higher in children than in adults [94] and
the C. at this dose was slightly higher. In view of the
DLTs found in children this indicates that children are
less sensitive to hematological toxicity for a given AUC or

Crnax [94].

Phase Il

An extensive phase II program was started and currently
ongoing with ET-743 in which the antitumor activity is
being assessed in a large number of patients with a variety
tumor types, including sarcoma, breast tumors, endome-
trial cancer and ovarian cancer. In the phase II studies,
E'1-743 is administered as a 3- and 24-h continuous i.v.
infusion, and thus far the results have only been reported
in abstracts. Complete results of the finalized studies are
still to be published.

The toxicities observed were comparable to those
observed with the phase I studies and included grade
3—4 neutropenia, thrombocytopenia, anemia and rever-
sible transaminitis. Furthermore, grade 1-3 nausea,
vomiting and fatigue were observed in the patients
[95,96].

A relatively high incidence of severe events including
toxic deaths was noted at the beginning of the phase II
studies with the 24-h infusion. An early report of a phase
IT trial in patients with advanced soft tissue sarcomas
described that there were 3 toxicity related deaths in the
59 patients treated with 1500 pg/m* ET-743 as a 24-h
infusion [109]. In two patients this was due to
neutropenic fever, renal insufficiency and liver failure,
the third patient experienced a neutropenic sepsis with
an elevation of creatine kinase [109]. Later, a fourth
patient died due to multi-organ toxicity after treatment
[97]. A statistical analysis was performed to identify
prognostic factors for the onset of this multi-organ
toxicity [108]. It appeared that intercycle elevations of
alkaline phosphatase and AST as well as an elevated
bilirubin or alkaline phosphatase level at baseline
increased the risk of multi-organ toxicity in subsequent
cycles. Based on these findings the study protocol was
adjusted to requiring normal bilirubin and alkaline
phosphatase at study entry and a dose reduction to
1200 pg/m* in case of intercycle elevations of these
enzymes [108,109]. This amendment significantly im-
proved the safety of the treatment [100]. A later
publication described the treatment of 198 patients
on a compassionate use basis. Patients were given
1500 ug/m* ET-743 as a 24-h infusion every 3 weeks.
The tolerability of treatment was comparable to that in
protocol patients, the toxicities being grade 3-4
neutropenia and thrombocytopenia, asthenia and transa-
minitis, and a relative dose intensity of 81% was reached.
A probably treatment-related death occurred due to liver
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failure [99]. Two patients in another phase II study
developed severe toxicity on the second cycle, character-
ized by rhabdomyolysis, renal failure, and grade 4
neutropenia and thrombocytopenia [101].

The recommended phase II dosage that was established
in the phase I studies for the 3-h infusion (1650 pg/m?)
[84] did not seem generally feasible in the phase II
population. In one study, the initial dose of 1650 pg/m?
had to be reduced to 1500 pg/m? due to grade 4 asthenia
in all of the 21 patients treated [95]. Reduced doses of
1500 and 1300 pg/m* were applied in two other phase II
studies [96,98]. In one of these studies, two drug-related
deaths were reported. These were due to early-onset
myelosuppression and long-lasting thrombocytopenia
[96].

The main focus in the phase II studies with ET-743 was
on its activity against sarcomas. When given as a second
line therapy to patients with soft tissue sarcomas, the
objective response rate to this treatment was 11.4% with
a median time to progression and median overall survival
of 3 and 7 months, respectively [97], indicating modest
activity in second line of advanced soft tissue sarcomas.
Preliminary results of another multicenter phase II study
in 48 evaluable patients with pretreated soft tissue
sarcomas showed three partial responses, six minor
responses and 17 stable disease with a median duration
of 7.6, 3.8 and 5.1 months, respectively. The time to
progression and median overall survival were 2.6 and 10.7
months [101]. Demetri ef /. reported objective responses
in six out of 34 soft tissue sarcomas as first line therapy
and in three out of 36 soft tissue sarcomas with prior
treatment [102]. Responses were noted in leiomyosarco-
mas, liposarcomas and synovial sarcoma and were durable
up to 14 months. Progression-free survival and the overall
survival rates at l-year were 18 and 49%, respectively
[102]. In a compassionate use study with the 24-h
schedule objective responses were accomplished in five
out of 42 patients, including one complete response [99].
Tumor types included osteosarcomas, leiomyosarcoma,
fibrosarcoma and synovial sarcoma [99]. Another phase 11
study evaluated the activity after a 3-h infusion and
objective responses were observed in soft tissue sarcomas
(three out of 25), Ewing sarcomas (two out of eight) and
rhabdomyosarcoma (one out of six) [96]. Progression-free
survival with soft tissue sarcoma was 51 and 21% at 3 and
6 months, respectively [96].

A phase II study with 24 patients with heavily pretreated
osteosarcomas did not show any objective response to
treatment with 1500 pg/m* ET-743 given as a 24-h
infusion [103]. Furthermore, Dileo ¢ @/ did not report
any response to treatment with ET-743 (1500 or
1300 ug/m* over 3 h) in nine osteosarcoma patients
[96]. Two patients in a compassionate use study with this
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tumor type, however, did show a response when treated
with 1500 pg/m2 ET-743 as a 24-h infusion [99]. Yovine
et al. also reported response in two out of three patients
treated at this dose and schedule [101].

Sessa ¢z al. reported an overall response rate of 32% as the
preliminary results of an ongoing phase II trial with
patients with ovarian cancer, which had been pretreated
with platinum and taxane therapy. Twenty-nine patients
with refractory (z=15) or relapsed disease (7= 14)
entered the study [95]. Objective responses were
observed in both refractory (one complete) and relapsed
(seven partial) patients [95].

"To assess the pharmacokinetic profile of E'T-743 in a large
number of patients, limited pharmacokinetic sampling is
performed during all phase II studies. A limited sampling
strategy has been developed and validated using the
phase I data for application with the 24-h infusion studies
[105]. Results of preliminary population pharmacokinetic
modeling of the 24-h data showed that the pharmacoki-
netic profile of ET-743 was best described using a 3-
compartment model [106]. The estimated clearance (44
I/h) was comparable to that reported in the phase I
studies (59 1/h) [86,106]. Preliminary analyses using non-
compartmental methods suggested a correlation between
age and total plasma clearance, clearance being lower in
patients older than 50 years [107].

Discussion

E1-743 is one of the first marine-derived compounds
currently in clinical development for the treatment of
cancer. Although the precise mechanism through which
ET-743 exerts its antitumor activity remains to be fully
elucidated, the unique mechanism by which ET-743
interacts with DNA is different from that observed with
other alkylating agents. This could explain the activity of
ET-743 in preclinical models and clinical trials against
tumor types that were not sensitive to established DNA-
interacting anticancer drugs.

The recommended phase II dose for the 3-h infusion
established in the phase I study did not seem feasible.
Currently the actual dose given to patients is 1300 pg/m?
and at this dose the safety seems manageable [95]. For
the 24-h infusion dose reductions are required in patients
with high baseline bilirubin levels and patients experien-
cing bilirubin or alkaline phosphatase elevations between
the treatment cycles. Bone marrow suppression was dose
limiting in most phase [ trials but liver toxicity
characterized by an elevation in transaminase levels is
also of concern. However, other clinically relevant
toxicities such as mucositis, alopecia, diarrhea and
neurotoxicity were not observed after ET-743 treatment.

Preclinical studies indicated that a prolonged administra-
tion of the drug would be beneficial for the antitumor
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activity. Therefore, phase I clinical studies were initiated
to explore the potential benefit of prolonged administra-
tion in a 24- and 72-h infusion. However, as ET-743
displays such a long terminal half-life, a long duration of
infusion such as a 72-h infusion does not seem necessary
and would be unpractical in the clinic. In the phase II
studies the 3- and 24-h infusion schedules are being
compared for their antitumor activity. However, a
comparison between these two schedules in terms of
activity cannot yet be made as the results of the studies
have only been published as preliminary reports.

ET-743 has demonstrated cytotoxic activity in tumor
types such as breast cancer [104] and ovarian cancer [95].
Furthermore, activity was seen in soft tissue sarcomas, a
tumor type for which limited adequate chemotherapy is
currently available. So far, the response rate in first-line
treatment with these tumors is 18%, which is comparable
to the results obtained with ifosfamide and doxorubicin in
this tumor type [16]. However, stabilization of disease
was observed more frequently (42-50%) lasting up to 14
months in some patients [16]. This could be a possible
advantage of E'T-743.

Future studies with ET-743 could focus on the combina-
tion with licensed chemotherapeutics, such as paclitaxel
and cisplatin. The rationale for these combinations is
supported by mechanistic data: ET-743 appeared to
repress the increased SXR activity caused by paclitaxel,
which would ultimately lead to a reduction in metabolism
and efflux of paclitaxel. Furthermore, ET-743 was active
in cells with an enhanced NER system, such as cisplatin-
resistant cells. Preclinical studies with these combina-
tions have shown synergistic effects. In addition, these
combinations seem feasible as ET-743 lacks important
toxicities observed with these agents, such as neurotoxi-
city and nephrotoxicity.

The usefulness of the clinical response to determine the
outcome of trials in metastatic soft tissue sarcomas has
been discussed by Le Cesne ez /. [110]. In a randomized
trial in this tumor type comparing standard doxorubicin
and ifosfamide doses with an intensified regimen they
could not demonstrate a significant difference between
the two treatment arms in observed partial and complete
responses. However, progression-free survival was higher
with the intensified treatment, which obviously not
correlated with the observed clinical responses [110].
Recently, van Glabbeke ez @/. advocated the use of the
progression-free rate at 3 or 6 months in standard phase II
trials with non-cytotoxic agents in soft tissue sarcomas
[111]. They suggested that the progression-free rate
could be a useful endpoint for phase II studies, which aim
at screening potentially active compounds in order to
justify further investigation of the new treatment.
Subsequent phase III trials are also required with ET-
743 as a single agent or in combination in less pretreated

patients (i.e. first line) to confirm the actual therapeutic
benefit of the new treatment. A combined analysis of
three multicenter phase II trials with ET-743 demon-
strated a progression-free rate at 6 months of 27.2% [16],
which seems favorable [111].

Further trials planned are expected to provide additional
information on the benefit of ET-743 for patients with
soft tissue sarcomas in terms of survival, time to
progression and quality of life.
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