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Chapter 1

INTRODUCTION

Cancer is a dominant cause of death in civilized countries (1). In 2005, malignant
neoplasms were with 41,068 deaths responsible for 30% of the total mortality in
The Netherlands, only surpassed by cardiovascular diseases (32.3%) (2). Strikingly,
malignancies have recently even taken over the leading position from cardiovascular
diseases in males (3). Lung cancer is the most frequent fatal malignancy in males,
followed by prostate carcinoma. In females, breast cancer represents the main cause
of cancer death in this country, but due to increased smoking habits of women, lung
cancer has dramatically increased in incidence. Lung cancer may overtake breast
cancer from its leading position in the coming decade also in The Netherlands, as
it has already done in the USA. In both sexes, colon carcinoma and hematological
malignancies are the third and fourth most frequent cause of cancer mortality in
The Netherlands (3).

The fatal character of malignant diseases is due to their unbridled growth and
tendency to spread and form distant metastases. In aim for cure, combined treatment
modalities are frequently used to target both the primary tumor as well as distant
(micro)metastases. Chemotherapeutic agents are given as adjuvant or neoadjuvant
treatment in combination with surgery and/or radiotherapy, in order to augment the
survival obtained with local treatment modalities. Although significant advances in
the treatment of solid tumors and hematological malignancies have been achieved,
clinical drug resistance to anticancer therapy is still a frequent problem that often
leads to treatment failure. Combination regimens with multiple agents are given in
an attempt to avoid or to overcome drug resistance.

Despite its limitations, chemotherapy remains the mainstay treatment of many
tumor types, in particular hematological malignancies. Many research lines focus on
the development of new chemotherapeutic agents. Novel mechanisms of action are
explored, such as inhibition of the kinesin spindle protein leading to mitotic arrest
and subsequent cell death by the compounds SB-715992 and SB-743921 (3–6). In ad-
dition, existing pathways are exploited to develop novel agents with a more favorable
activity and/or toxicity profile. Examples of the latter are OSI-7836, a novel nucle-
oside analogue that belongs to the class of gemcitabine (7, 8), and the epothilones
that stabilize microtubules but are structurally different from the taxanes, other
members of this class, and are less susceptible to development of drug resistance (9).
Other lines of intensive research involve ‘targeted therapies’ that target abnormal
signalling pathways in human malignancies. A large number of novel agents that are
molecularly targeted have already entered the clinical care, and among them there
are a number of monoclonal antibodies (e.g. trastuzumab, bevacizumab, cetuximab,
etc.) and small molecules (e.g. imatinib, sunitinib, erlotinib, etc.). Current research
strategies often involve combination of traditional treatments such as surgery, radio-
therapy and chemotherapy, with these novel agents.

Most current chemotherapeutic drugs are given intravenously. However, intra-
venous administration limits the use of prolonged or continuous schedules that may
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Introduction

have advantages for some drugs, such as paclitaxel and fluorouracil (9, 10). Oral
administration would be ideal for such protracted regimens. Moreover, oral admin-
istration is more convenient and preferred by the majority of patients (11). This has
prompted the search for analogues with sufficient oral bioavailability and comparable
antitumor activity. Capecitabine, an oral fluoropyrimidine carbamate, has shown to
be an effective alternative for intravenous fluorouracil as adjuvant therapy for stage
III colon cancer, and first line treatment for metastatic colon cancer (12, 13). Similar
attempts have been made to develop orally bioavailable taxane-analogues.

MICROTUBULE-STABILIZING AGENTS

In the 1970s, the taxanes were identified as a new and potent class of agents. They
have obtained a prominent place in cancer chemotherapy, with activity against a wide
spectrum of malignancies, including ovary, breast and lung cancers (14). Paclitaxel
was the first taxane in clinical trials and was discovered as part of a National Cancer
Institute program in which thousands of plants were screened for potential anticancer
activity. This drug was found to be the active constituent of an extract from the bark
of a Pacific yew, the Taxus brevifolia (15). In 1986, docetaxel was semisynthetically
produced from a non-toxic precursor extracted from the needles of the Taxus baccata
(16).

Both compounds share the so called ‘taxane skeleton’ (Fig. 1) and have the
same mechanism of action: they act via polymerization and stabilization of micro-
tubules, which are an essential component of the cytoskeleton (17). Microtubules are
composed of polymers of tubulin in dynamic equilibrium with tubulin heterodimers
that consist of an alpha and a beta subunit. Their principal function is the forma-
tion of the mitotic spindle during cell division, but microtubules are also involved in
many vital cellular interphase functions including the maintenance of shape, motility
and signal transduction (18). Upon treatment with microtubule-stabilizing agents,
the microtubules become extraordinarily stable and dysfunctional (Fig. 2), thereby
leading to cell death by disruption of the normal microtubulin dynamics required
for cell division and interphase processes. In addition, recent research has indicated
that low, protracted doses of taxanes can interfere with the angiogenic capacity of
endothelial cells, thereby inhibiting tumor growth and metastasis (19–21).

Like for other chemotherapeutic agents, the presence or the development of
resistance is a major drawback for taxanes. Drug resistance to taxanes is mostly
due to upregulation of the plasmamembrane protein, the P-glycoprotein (P-gp) that
pumps the drug out of the cell. P-glycoprotein is abundantly expressed in several
normal tissues, including the adrenal glands, kidney, liver, pancreatic ducts, gas-
trointestinal tract, testes, pregnant uterus and the capillary epithelium of the blood
brain barrier (22, 23). Although its physiological function is not entirely clear, P-gp
appears to be involved in the protection of normal tissues from environmental and
endogenous toxins and in secretion and excretion of proteins (23). Besides numer-
ous physiological products, the substrate list of P-gp contains a broad spectrum of
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microtubule-stabilizing agents.

structurally unrelated chemotherapeutic drugs including taxanes (reviewed in (24)).
In addition to active cellular excretion, alteration of the cellular targets of taxanes
may disturb effective drug-target interaction and thus lead to impaired drug re-
sponse. Preclinical data indicate that β-tubulin mutations cause impaired polymer-
ization of microtubules, leading to resistance against paclitaxel (25–27). The role of

  

a. b.

Figure 2. Polymerization of microtubules by paclitaxel. Anti-β-tubulin staining of H460 NSCLC-

cells, grown under standard conditions (A), or with 16h incubation with IC80 concentrations of

paclitaxel (B). Note the abnormal polymerized bundles of microtubules in the treated cells, versus

the fine network of microtubules in the control cells.
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β-tubulin mutations in clinical drug resistance appears, however, to be very limited,
as somatic mutations in the β-tubulin gene are either not present in clinical series,
or so rare to be unlikely to play a role in clinical drug resistance (reviewed in (28)).

In an effort to overcome drug resistance, other microtubule-stabilizing agents
with a more favorable activity profile have been investigated. Recently, several novel
natural cytotoxic microtubule-stabilizing compounds have been described, includ-
ing the marine sponge product discodermolide and the epothilones produced by
the myxobacteria Sorangium cellulosum (29–31). Several epothilone-analogues have
been described, of which epothilone B is one of the most potent (29, 32). Although
discodermolide and epothilones are structurally unrelated to the taxanes (Fig. 1),
they have the same mechanism of action and stabilize the microtubules even more
potently than paclitaxel, leading to mitotic arrest and subsequent cell death (29,
33). Both drugs competitively inhibit the binding of paclitaxel to the microtubules,
indicating identical or overlapping binding sites (29, 34) and several molecular mod-
eling assays have demonstrated that discodermolide and epothilones share a common
pharmacophore with paclitaxel (35–38). Interestingly, their activity remains intact
in paclitaxel resistant cell lines with multidrug resistant phenotypes and certain
β-tubulin mutations (29, 34, 39, 40).

To date, the epothilones are the most advanced drugs of this class of agents
in clinical development, whereas the development of discodermolide has been dis-
continued due to toxicity. Several phase I and II studies have recently been pub-
lished, mostly with aza-epothilone B (ixabepilone or BMS-247550) and epothilone B
(patupilone or EPO906). In addition, epothilone D (KOS-862) has reached clinical
testing (9). In a phase II trial in patients with metastatic or locally advanced breast
cancer, ixabepilone induced a response in 22% of patients previously treated with a
taxane (41). Similar results were obtained in a phase I trial with patupilone, in which
several partial responses were observed in patients pretreated with taxanes (42). The
side effects of epothilones are similar to those of paclitaxel, and dose limiting tox-
icities consisted of neutropenia, neuropathy and diarrhea (9). These trials indicate
that the epothilones represent a potent class of novel chemotherapeutic agents.

ROUTE OF TAXANE ADMINISTRATION:

INTRAVENOUS VERSUS ORAL

Both paclitaxel and docetaxel are administered intravenously. However, they are
schedule-dependent drugs that benefit from prolonged tumor exposure times in
which plasma concentrations are above a pharmacological threshold level (10).
Weekly treatment regimens of paclitaxel appear to have less side effects than the
most commonly used treatment every three weeks (43–45) with comparable or su-
perior activity in lung and breast cancer (46, 47). Oral administration allows more
prolonged or continued schedules. Furthermore, oral formulations do not require
the vehicle Cremophor EL, which contributes largely to the hypersensivity reac-
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tions caused by intravenous paclitaxel (48). The oral bioavailability of paclitaxel is,
however, very poor partly due to a low passive absorption and active excretion by
the P-glycoprotein pump, which is abundantly present in the intestinal brush bor-
der. This was first shown in preclinical studies with mdr1a P-glycoprotein knockout
mice, which lack functional P-glycoprotein in the gut. These knockout mice showed
significantly increased oral bioavailability of paclitaxel compared to their wild type
counterparts (49). In addition, a first pass elimination by cytochrome p450 metabolic
enzymes in gut and liver may also contribute to the low bioavailability of taxanes.

Several attempts have been made to increase the bioavailability of paclitaxel
after oral administration. One strategy involved the co-administration of drugs that
inhibit the activity of the P-glycoprotein pump. Thus far, several inhibitors have
been described including cyclosporine A, its analogue SDZ PSC833 and the acridone
carboxamide derivative GF120918 (50). Phase I and II studies demonstrated that co-
administration of a P-glycoprotein blocker indeed enabled oral delivery of paclitaxel
and docetaxel (51–54). An alternative approach is the development of taxane ana-
logues with higher intrinsic oral bioavailability. To date, three taxane analogues with
oral activity are being tested in clinical trials. DJ-927 (55) seems to have a favourable
activity and toxicity profile, and has induced objective responses as a second line
treatment in a phase II trial in colorectal cancer patients (56, 57). Ortataxel, initially
launched as IDN5109 (58), is currently in phase I-II testing (59–61). Interestingly, in
a phase II trial in patients with taxane-resistant NSCLC, several objective responses
were observed (59). BMS-275183 is a C-4 methyl carbonate analog of paclitaxel con-
taining modifications to the side chain (62). Remarkably, BMS-275183 was active
in vitro against paclitaxel-resistant tumors including those harboring tubulin muta-
tions or overexpressing P-glycoprotein (63). As described in this thesis, BMS-275183
has demonstrated considerable activity in phase I trials in patients with advanced
solid tumors, indicating that this drug may become a valuable contribution to the
chemotherapeutic arsenal (64).

INDUCTION OF CELL DEATH BY

CHEMOTHERAPEUTIC AGENTS

The recent development of novel therapies underlines the importance of understand-
ing the underlying abnormalities involved in the development of cancer. A field of
intensive research involves the study of the death mechanisms by which anticancer
therapies exert their lethal effects, irrespective of their intracellular target. These
studies are of major importance, because they provide crucial insight into the basic
mechanisms involved in the presence or development of drug resistance, and may
open ways to circumvent or overcome these. Chemotherapeutic agents exert at least
part of their cell killing effects by induction of programmed cell death, or apoptosis
(65). Apoptosis was first described by Kerr et al . in 1972 as an orchestrated death
process characterized by morphological changes such as shrinkage of the cell, con-
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densation of chromatin, and disintegration of the cell into small fragments (so called
‘apoptotic bodies’) that can be removed by phagocytosis (66). Whereas apoptosis is
an inherent, controlled cellular death program, the conceptual counterpart, necro-
sis , is a more chaotic way of dying, which results from circumstances outside the
cell, and is characterized by cellular edema and disruption of the plasma membrane,
leading to release of the cellular components and inflammatory tissue response (66,
67). It is evident that programmed cell death plays a pivotal role in many biologi-
cal processes, and tightly controls the balance between cell division and cell death,
which is of utmost importance for the development and maintenance of multicellular
organisms (68). Disorders of either process have pathological consequences and can
lead to disturbed embryogenesis, neurodegenerative diseases or the development of
cancer (69).

The apoptotic cascade can be initiated via two major pathways (Fig. 3), in-
volving either the release of cytochrome c from the mitochondria (intrinsic or mi-
tochondria pathway), or activation of death receptors in response to ligand binding
(extrinsic or death receptor pathway) (70, 71). Upon triggering of either pathway,
caspases, the final executioners of apoptosis, are activated, causing degradation of

  

Caspase 8

Ligand

APOPTOSIS CASPASE INDEPENDENT

 CELL DEATH

Cyt c

FADD

Effector caspases

Caspase 9

Apaf1

Endo G AIF Omi/HtrA2

ROS

Mitochondria Lysosomes

Lysosomal 

proteases

ER

Ca2+

Calpains

Death

receptor

Figure 3. Cross-talk between cellular organelles during cell death. Upon a lethal stimulus, a cell

has access to different death programs. Apoptosis is executed by caspases, and can be triggered via

the death receptor (extrinsic) pathway, or via the mitochondria (intrinsic) pathway. Non-caspase

proteases are responsible for other types of the so called caspase-independent cell death. Mitochon-

dria, lysosomes and the endoplasmic reticulum can be involved in various pathways, but may play

a more prominent role in certain types of PCD. As depicted here, the signals from the different

organelles are linked, and may act both upstream and downstream of each other. Note: for reasons

of legibility, only the most important molecules and connections are included in this figure.
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cellular proteins and disassembly of the cell, leading to typical morphological changes
such as chromatin condensation, nuclear shrinkage and the formation of apoptotic
bodies (72–74). The apoptotic cell death program is tightly regulated by various
proteins, and multiple new proteins that regulate the apoptotic cell death cascade
are being identified every year (69).

Among the genes implicated in the regulation of apoptosis, p53, Bcl-2 family
members, c-myc and the inhibitors of apoptosis proteins (IAPs) have been studied
in their relation with sensitivity to chemotherapy. p53 is a crucial tumor suppressor
gene involved in the regulation of the cell cycle and induction of apoptosis and it
is likely involved in cell death induced by antineoplastic therapies. Despite much
preclinical research, clinical studies are inconclusive with respect to the effect of
p53 status on tumor response in cancer patients (75–84). In addition, Bcl-2 family
members have been extensively studied in relationship with chemosensitivity. Several
members of this important protein family can be distinguished that are either pro-
or anti-apoptotic and differ in their expression patterns and structural features (85).
Data in both solid tumors and hematological malignancies are contradictory and
do not provide clear evidence to allow to draw a conclusion on the role of Bcl-2
family members in drug resistance (86–96). It appears that the efforts to identify
drug resistance parameters are hampered by the co-existence of multiple, partially
unidentified resistance mechanisms in human cancer.

In recent years, it has become evident that the classical dichotomy of apoptosis
versus necrosis is a simplification of highly sophisticated processes which guard the
organism against unwanted and potentially harmful cells. Although caspases may be
indispensable for the typical apoptotic morphology, the process of caspase-activation
is not the sole determinant of life and death decisions in PCD (97–101). One of the
first clear demonstrations of caspase-independent PCD was given by Xiang et al.,
who showed that inhibition of caspase activities in the human leukemic cell line
Jurkat did not inhibit Bax-induced cell death itself, but only changed the apoptotic
morphology of the dying cells (102). Indeed, more evidence is now accumulating that
PCD can occur in complete absence of caspases, and other, noncaspase proteases
have been described to be able to execute PCD (103–109). Not only the mitochon-
dria, but also other cellular organelles such as the lysosomes and the endoplasmic
reticulum play pivotal roles in the execution of this so-called ‘caspase-independent
cell death’ (Fig. 3). The various forms of caspase-independent cell death cannot read-
ily be classified as ‘apoptosis’ or ‘necrosis’, and alternative types of PCD have been
described (97, 98, 100, 103, 110, 111). They do not occur only under physiological
circumstances, but can also be induced by for instance TNF-α and chemotherapeu-
tic drugs (112). Interestingly, emerging studies suggest that cell death induced by
microtubule-stabilizing agents do not follow in many cases the classical apoptotic
cascade but uses other, non-caspase proteases (113).

Further insight into the pathways leading to cell death triggered by different
classes of chemotherapeutic agents will contribute to a better understanding of the
mechanisms underlying drug response and chemosensitivity. In addition, the recent
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progress made in the field of gene sequencing, microarray technologies and pro-
teomics and these techniques could be helpful to identify genetic abnormalities in
individual human tumors that could be relevant for treatment response. Genetic pro-
filing may enable clinicians to develop individualized treatment regimens, based on
the molecular characteristics of the tumor, that are associated with higher response
rates than standard therapies. Further studies on determinants of response and re-
sistance of human tumors will likely lead to the development of more efficacious
treatment regimens.

OUTLINE OF THIS THESIS

Microtubule-stabilizing agents represent a potent class of anti-cancer agents, and
the taxanes have obtained a prominent place in cancer chemotherapy with activ-
ity against a broad range of solid tumors. Curative treatment with microtubule-
stabilizing agents and other chemotherapeutic drugs is, however, hampered by the
existence or development of drug resistance. The research outlined in this thesis fo-
cuses on the molecular mechanisms underlying (the failure of) cell death induced by
chemotherapeutic agents on the one hand, and on the development of novel drugs
with a more favourable activity profile, on the other hand. Chapter 2 gives an
overview of the various molecular pathways leading to multidrug resistance and a
series of attempts to manipulate these pathways are discussed. In Chapter 3, the
contribution of the major apoptotic pathways to the cytotoxic effects of the novel
microtubule-stabilizing agents discodermolide and epothilone B is studied in NSCLC
cell lines. Chapter 4, the potential role of other, non-caspase proteases in cell death
induced by microtubule-stabilizing agents is investigated. Chapter 5 reviews the
various models of programmed cell death induced by anticancer therapy and their
death pathways at molecular and organelle level, and discusses the relevance of the
growing knowledge of caspase-independent cell death pathways for cancer and cancer
therapy.

Despite many efforts, chemotherapy has not substantially altered the long-term
outcome for many cancer patients in the past decade and it is likely that the results of
chemotherapy have reached a plateau. In the second, clinical part of the thesis novel
and urgently needed treatments and treatment strategies are discussed. Chapter 6
reviews the novel ways to improve the results of current treatment regimens in
NSCLC, which include novel chemotherapeutic agents with more favourable toxicity
and activity profiles and the use of biological agents that target for instance abnormal
signal transduction pathways, either alone or in combination with chemotherapy.

Traditional taxanes are administered intravenously, but oral administration is
to be preferred for several reasons. In Chapter 7, the results of a dose escalat-
ing phase I trial investigating the safety, tolerability, pharmacokinetics and possible
anti-tumor activity of a novel oral taxane analog, BMS-275183, are presented. Chap-
ter 8 investigates administration of BMS-275183 in a twice weekly regimen, in an
attempt to improve its toxicity profile. In Chapter 9, the thesis is summarized and
implications for future directions are discussed.
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Chapter 2

INTRODUCTION

Despite significant advances in the treatment of solid tumors and hematological ma-
lignancies, clinical drug resistance to anticancer therapy is still a frequent problem
that often leads to treatment failure in cancer patients. Resistance to chemotherapy
can be divided into intrinsic (or de novo) and acquired resistance. The former refers
to tumors that are insensitive to cytotoxic drugs at diagnosis, such as pancreatic
cancer, renal cancer and malignant melanoma. Acquired drug resistance is common
in tumors such as breast cancer, small cell lung cancer (SCLC) and ovarian can-
cer that initially are highly responsive to anticancer therapy, but become resistant
during the course of the disease. These tumors often develop resistance not only to
previously used drugs, but also to other compounds with different structures and
mechanisms of action to which they have never been exposed.

Multiple cellular mechanisms have been identified that can contribute to the
drug resistance phenotype, including the following: 1. alterations in drug transport
systems, resulting in decreased intracellular drug concentration; 2. changes in the
activation or inactivation of drugs (metabolic resistance); 3. alterations in drug
targets; 4. increased repair of drug-induced damage; 5. alterations in drug-induced
apoptosis; 6. changes in signaling pathways. In addition, pharmacological factors,
such as inadequate dosing or route of delivery, may play a role in clinical resistance
of tumors (Table 1). These mechanisms can develop simultaneously and multiple
factors can contribute to the drug resistance phenotype of tumor cells. Table 2 shows
the various resistance mechanisms associated with the anticancer drugs paclitaxel,
cisplatin, irinotecan, methotrexate and doxorubicin. This chapter will focus on
the molecular pathways leading to multidrug resistance and a series of attempts to
manipulate these pathways will be discussed.

Table 1.

Mechanisms of drug resistance

Pharmacological factors

Inadequate drug dose

Inappropriate infusion rate

Inadequate route of delivery

Drug metabolism and pharmacological interaction

Cellular factors

Alterations in drug transport systems

Changes in drug activation or detoxification, resulting in metabolic resistance

Alterations in drug targets

Enhanced repair of drug-induced damage

Alterations in drug-induced apoptosis

Changes in signaling pathways
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Table 2. Cellular mechanisms contributing to resistance against

chemotherapeutic drugs.

Drugs Mechanisms of resistance

Paclitaxel (259) P-gp, LRP
β-tubulin mutations
Altered apoptotic response

Cisplatin (152) MRP, LRP
Inactivation by glutahione and metallothionein
Enhanced DNA-repair
Altered apoptotic response

Irinotecan (260) BCRP
Decreased activation by carboxylesterase
Mutations in topo-isomerase I
Degradation of topo-isomerase I DNA complexes

Methotrexate (85) MRP, BCRP
Decreased uptake by the reduced folate carrier
Decreased polyglutamylation
Mutated or increased levels of DHFR

Doxorubicin (261) P-gp, MRP, BCRP, LRP
Mutations in topo-isomerase II
Enhanced DNA-repair
Altered apoptotic response

ALTERATIONS IN DRUG TRANSPORT SYSTEMS

Reduced intracellular accumulation of drugs is one of the most common mechanisms
of multidrug resistance. It is usually caused by enhanced drug efflux, but can also
result from a decreased uptake of the cytotoxic agent caused by defects in the import
system (e.g. methotrexate resistance (1)). In addition, intracellular entrapment or
redistribution of the drug may decrease the effective intracellular drug concentration.
The best characterized drug exporter in this respect is P-glycoprotein (P-gp), which
was first described more than 25 years ago (2). In recent years, many other trans-
porter proteins involved in multidrug resistance have been identified, including the
family of multidrug resistance-associated proteins (MRP), the transporter associ-
ated with antigen presentation (TAP), the breast cancer resistance protein (BRCP)
and the lung resistance protein (LRP). P-gp, MRPs, TAP and BCRP all belong to
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the ATP binding cassette (ABC) superfamily of membrane proteins that are able
to transport proteins across cellular membranes against a concentration gradient,
using energy derived from ATP hydrolysis.

P-glycoprotein

P-glycoprotein is a 170 kDa plasmamembrane protein, containing 12 transmembrane
domains and 2 ATP-binding sites that can efficiently remove cytotoxic drugs and
other substrates from the cell. Besides numerous physiological products, the sub-
strate list of P-gp contains a broad spectrum of structurally unrelated chemothera-
peutic drugs including anthracyclines, vinca alkaloids, taxanes, epipodophyllotoxins
and actinomycin D (Table 3; reviewed in (3)). The transmembrane regions of the
P-gp bind its drug substrates that are probably presented to the transporter directly
from the lipid bilayer (4). This binding stimulates the ATPase activity of P-gp, caus-
ing a conformational change that releases the substrate either to the extracellular
space or to the outer leaflet of the membrane (5). Hydrolysis at the second ATP-
binding site seems to be required to re-set the transporter, completing one catalytic
cycle (6). P-gp is the product of MDR1, one of the two members of the MDR gene
family. Although the product of the other MDR gene (MDR2/3) has been shown
to bind and transport a subset of P-gp substrates to a limited extent (7), only cells
expressing MDR1 P-gp display the MDR phenotype (8).

P-glycoprotein is abundantly expressed in several normal tissues, including
the adrenal glands, kidney, liver, pancreatic ducts, gastrointestinal tract, testes,
pregnant uterus and the capillary epithelium of the blood brain barrier (9, 10).
Although its physiological function is not entirely clear, P-gp appears to be involved
in the protection of normal tissues from environmental and endogenous toxins and in
secretion and excretion of proteins (10). Thus, P-gp probably evolved to transport
a variety of natural toxic products and has coincidentally acquired the ability to

Table 3.

P-glycoprotein substrates

Anthracyclines Vinca alkaloids
Daunorubicin Vinblastine
Doxorubicin Vincristine
Epirubicin Vinorelbine

Taxanes Other
Paclitaxel Actinomycin D
Docetaxel Colchicine

Epipodophyllotoxins Mitoxantrone
Etoposide Mitramycin
Teniposide Plicamycin

26



Molecular Pathways of Drug Resistance

transport cytotoxic drugs as well.

Solid tumors originating from tissues that normally express high levels of P-gp
(including colon, kidney, liver and pancreas) frequently have a high expression of the
MDR1 transcript, and tend to be resistant to many chemotherapeutic agents (9, 11).
Furthermore, relatively high levels of MDR1 have been detected in several hema-
tological malignancies (reviewed in (12)). Recent studies in acute lymphoblastic
leukemia (ALL) and acute myeloid leukemia (AML) showed that MDR1 expression
is independently associated with a lower complete remission rate and a higher inci-
dence of refractory disease (13–15). Also in multiple myeloma, MDR1 may play a
role in drug resistance (16). In solid tumors, such as sarcomas, small cell and non-
small cell lung cancer and ovarian cancer, the role of P-gp overexpression in multiple
drug resistance (MDR) is more controversial (reviewed in (12)). A meta-analysis of
31 reports on P-gp expression in breast cancer demonstrated that P-gp expression
increased after therapy and was associated with a greater likelihood of treatment
failure (17), but there was a considerable interstudy variability. This problem, en-
countered in many studies, is partially due to the different methods used to detect
of P-gp expression, and the lack of a quantification standard.

A substantial effort has been made to develop strategies to reverse or circum-
vent P-gp mediated multidrug resistance. Several agents can partially or completely
reverse drug accumulation defects in MDR cells, including calcium channel blockers
(e.g. verapamil, nifedipine, bepridil), calmodulin inhibitors (e.g. phenothiazines),
immunosuppressive agents (e.g. cyclosporine A) or derivatives (i.e. PSC 883) and
many others (reviewed in (18)). Clinical trials of MDR modulation are, however,
complicated by the presence of multiple mechanisms of drug resistance in human
cancers and, until recently, the lack of potent and specific inhibitors of P-gp (re-
viewed in (19)). Furthermore, inhibition of P-gp in normal tissues such as liver
and kidney can result in pharmacokinetic interactions due to a decreased clearance,
causing increased toxicity (20). Although some trials in hematological malignancies
demonstrated significant clinical benefit from inhibition of P-gp (21), others had to
be discontinued because of unacceptable toxicity in the treatment arm containing the
P-gp modulator (22). The incidence of toxicity and mortality due to pharmacoki-
netic interactions seems to depend on the drug administration regimen, the patient
population and the P-gp modulator used. In this regard, new generation P-gp in-
hibitors are being developed that have fewer pharmacokinetic interactions, such as
biricodar (VX-710) (23) and LY335979 (24). Alternative strategies to specifically
inhibit P-gp by downregulation of its expression are also being explored. In this
regard, antisense oligodeoxynucleotides that can form complementary double helix
structures with their target mRNAs and thereby inhibit their translation, have been
effective in in vitro and in vivo models (25).

Multidrug-resistance associated proteins

The observation that multidrug resistance can be present in tumors and cell lines
that do not express P-gp, led to the search for other proteins involved in drug
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transport. In 1992, Cole et al. discovered a second type of drug pump in the small
cell lung cancer cell line H69 after stepwise exposure to doxorubicin (26). This pump,
the multidrug resistance associated protein (MRP), is a 190 kDa transmembrane
glycoprotein, localized on the plasma membrane and endomembrane structures that
belongs, like P-gp, to the ABC-superfamily (27). Nine members of the MRP family
(MRP1–9) have been identified thus far.

MRP1 is generally expressed in normal tissues, where it is probably involved
in protection from natural toxins (28). Expression of MRP1 is able to convey a mul-
tidrug resistant phenotype (29), and may be related unfavorable treatment outcome
(30, 31). Despite their common involvement in MDR, there are clear differences in
function and substrate specificity of P-gp and MRP1. The substrate list of MRP1
includes cytotoxic drugs such as doxorubicin, epirubicin, etoposide, vincristine and
methotrexate, but does not contain mitoxantrone, paclitaxel or docetaxel (reviewed
in (12)). In addition, whereas MRP1 transports conjugated organic anions such as
leukotriene C4 and drugs conjugated to glutathione, glucunorate or sulfate, P-gp
has a low affinity for such negatively charged compounds (32).

MRP2, also known as the canicular multispecific organic anion transporter
(cMOAT), is normally expressed in the liver and, to a lesser extent, in renal prox-
imal tubules (33). Its physiological function includes hepatobiliary excretion of
conjugated bile salts, and mutations in MRP2 can lead to the hyperbilirubinemia
II/Dubin-Johnson syndrome (33). Overexpression of this protein is found in many
cancer types, such as renal, gastric, beast, lung, ovarian and colon carcinoma (34).
MRP2, like MRP1, confers resistance to a spectrum of anticancer agents including
methotrexate, etoposide, doxorubicin and vincristine. In addition, MRP2 causes
resistance to cisplatin, a drug not transported by MRP1 (12).

MRP3, the closest homologue of MRP1, is expressed on the basolateral mem-
brane of liver, gallbladder, colon, pancreas, adrenal gland and kidney cells (35), and
may play a role in the cholehepatic and enterohepatic circulation of bile and in pro-
tection of the biliary tree tissues against toxic bile constituents (36). This protein
can induce resistance against etoposide, teniposide, methotrexate, vincristine, dox-
orubicin and cisplatin in vitro (37, 38). Furthermore, upregulation of MRP3 has
been found in lung cancer patients after exposure to platinum compounds (39).

MRP4 and 5 do not confer resistance to natural anticancer agents, but in-
stead are capable of transporting nucleotide analogues and cyclic nucleotides, a
feature that suggests their involvement in the regulation of intracellular cyclic nu-
cleotide levels (40, 41). MRP4 can confer resistance to antiviral HIV drugs (42)
and methotrexate (43, 44), whereas both MRP4 and MRP5-overexpression result in
moderate resistance against thiopurines (6-mercaptopurine and 6-thioguanine (40,
45).

The MRP6 gene is highly expressed in liver and kidney (46). Although its
physiological function is unknown, MRP6 gene mutations have been discovered to
cause a heritable disease of connective tissues, pseudoxanthoma elasticum (47). It is
presently not known if MRP6, or the more recently discovered MRP7, 8 and 9 play
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a role in clinical drug resistance (46, 48–50).

Transporter associated with antigen processing
Another member of the ABC transporter superfamily is the transporter associated
with antigen processing (TAP). TAP is a heterodimer consisting of two subunits,
TAP1 and TAP2, that physiologically plays an important role in presentation of
major histocompatibility complex (MHC) I-restricted antigens by mediating peptide
translocation across the endoplasmatic reticulum membrane (51). Although its role
in clinical drug resistance remains to be established, in vitro evidence suggests that
enhanced expression of TAP may be related to increased resistance to anticancer
agents such as etoposide, vincristine, doxorubicin and mitoxantrone (52, 53).

Breast cancer resistance protein / mitoxantrone resistance protein
The most recently discovered ABC-transporter involved in multidrug resistance is
the breast cancer resistance protein (BCRP), also known as mitoxantrone resistance
protein (MXR). BCRP, a 72 kDa plasma membrane protein containing an ATP-
binding domain and six transmembrane domains, confers a MDR phenotype that
partially overlaps with that of P-gp-expressing cells (54). Chemotherapeutic drug
substrates of BCRP include mitoxantrone, topotecan, irinotecan, methotrexate and
anthracyclines (55, 56). The tissue with the highest expression of BCRP is the
placenta, but this protein is also expressed in liver, small intestine, colon, breast
and venous and capillary endothelium (57). This expression profile suggests a role
of BCRP in protection of the fetus and regulation of transport of chemicals through
the epithelium of the gastrointestinal tract (58). Its role in clinical drug resistance, on
the other hand, is still not clear. In this regard, conflicting data on the relationship
between BCRP expression and increased drug resistance in AML stress the need for
further studies (59–61).

Lung resistance protein
Essential for the activity of chemotherapeutic drugs is the intracellular movement to-
wards their site of action, which frequently is the nucleus. Besides ABC transporters,
other molecules exist that can divert the drugs from their intracellular target, and
thereby confer MDR. In 1993, Scheper et al. identified the lung resistance protein
(LRP) in a non-Pgp multidrug resistant lung cancer cell line (62). This protein was
found to be identical to the major vault protein (63). Vaults are complex ribunucle-
oprotein particles, that are predominantly located in the cytoplasm, but can also
be present in the nuclear membrane and nuclear pore complex (64). The structure
and localization of the vaults have led to the hypothesis that vaults mediate the
bi-directional transport of a variety of substrates between the nucleus and the cyto-
plasm drugs (65), and may therefore play a role in drug resistance by regulating the
nucleo-cytoplasmic transport of cytotoxic agents.

LRP is widely distributed in normal tissues and tumors (66) and the phe-
notype conferred by LRP expression is broad and overlaps with that of P-gp and
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MRP-expressing cells (67). Overexpression of LRP in human colon, lung and gastric
carcinoma cell lines is associated with resistance to doxorubicin, vincristine, etopo-
side, cisplatin, gramicidin B and paclitaxel (68), and expression of LRP correlates
with resistance to anthracyclines in childhood ALL (69). Furthermore, expression of
functional LRP is associated with poor outcome in adult T-cell leukemia, AML, mul-
tiple myeloma, and ovarian carcinoma (70–74). In contrast, no association between
LRP and treatment outcome has been demonstrated in breast and lung carcinoma
(75, 76). To date, no drugs are available that can revert LRP-mediated multidrug
resistance.

METABOLIC RESISTANCE

Alterations in the activation or detoxification of chemotherapeutic drugs can con-
tribute to clinical resistance of tumors. Irinotecan, for instance, is a prodrug that
needs to be converted by a carboxylesterase into its active metabolite, SN-38 (77).
Expression levels of this enzyme inversely correlate with irinotecan-resistance in
vitro (78), and adenovirus-mediated transfer of the DNA encoding human car-
boxylesterase can reverse resistance against this drug in in vivo lung cancer models
(79). However, human carboxylesterase is also present in the liver (80), and the
relationship between carboxylesterase levels in tumor tissue and in clinical drug
resistance remains controversial (81, 82).

Methotrexate (MTX) is another anticancer drug that needs to be modified for
its retention in the cell, which is essential for its cytotoxic function. MTX modifi-
cation consists of polyglutamylation by the enzyme folylpolyglutamate synthetase
(FPGS). Polyglutamylated MTX is not recognized by export proteins such as MRPs
(83), and can accumulate inside the cell (84). Furthermore, while both MTX and
MTX polyglutamates interfere with pyrimidine and thymidylate biosynthesis, only
polyglutamylated forms of MTX can inhibit DNA synthesis by interference with
enzymes involved in purine biosynthesis (reviewed in (85)). Decreased polyglutamy-
lation of MTX can be caused by alterations in the FPGS expression (86) or by en-
hanced activity of γ-glutamyl hydrolase (GGH), the enzyme that causes breakdown
of polyglutamates (87). Preclinical studies indicate that mRNA levels of FPGS and
GGH correlate with drug sensitivity (88, 89). In ALL and AML patients, expression
of these enzymes may be related to MTX-response, but further evidence is needed
(90–93).

Detoxification of cytotoxic drugs inside the cell is another mechanism of me-
tabolic resistance. An important pathway that leads to inactivation of anticancer
drugs is the glutathione/glutathione-S-transferase (GSH/GST) system that conju-
gates electrophilic metabolites, such as alkylating agents, with the intracellular an-
tioxidant GSH. This reaction, catalyzed by GST, makes these compounds less toxic
against cellular targets and more readily excretable by transport systems such as
MRP1 and 2. GSTs form a multigene family, encoding at least four classes of
isoenzymes that have partially overlapping substrate specificity (reviewed in (94)).
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Cisplatin, doxorubicin and most alkylating agents, including melphalan, chlorambu-
cil and cyclophosphamide can be inactivated by the GSH/GST system (reviewed in
(95)). In addition to the GSH/GST system, the metal-binding protein metalloth-
ionein can act as an antioxidant and confer resistance to cisplatin, melphalan and
chlorambucil (96, 97).

In vitro studies have shown that transduction of GSH and GST or metal-
lothionein has chemoprotective effects in human cell lines (98, 99). In line with
these preclinical data, increased expression of these detoxification systems has been
associated with inferior drug response and unfavorable clinical features in cancer
patients with several malignancies (100–104). These findings led to the development
of inhibitors of detoxification pathways, such as buthionine sulfoximine (BSO), an
inhibitor GSH synthesis (105). Although promising results were reported in early
clinical trials, (106–108), no data are currently available on the effect of GSH mod-
ulation on drug sensitivity in cancer patients.

ALTERATIONS IN DRUG TARGETS

Alterations in the cellular targets of chemotherapeutic drugs may disturb effective
drug-target interaction and thus lead to impaired drug response. As discussed below,
defects in β-tubulin, topoisomerases, dihydrofolate reductase (DHFR) or thymidilate
synthase (TS), for example, may render tumor cells resistant to drugs that target
these proteins. Paclitaxel is a microtubule-disrupting agent that targets tubulin, a
heterodimer consisting of α- and β-tubulin. Binding of paclitaxel to β-tubulin in-
duces polymerization and bundling of microtubules, which leads to cell cycle arrest
and subsequent cell death (109). Preclinical data indicate that β-tubulin mutations
cause impaired polymerization of microtubules, leading to resistance against pacli-
taxel (110, 111). The role of β-tubulin mutations in clinical drug resistance remains,
however, to be established, as clinical studies have shown conflicting results (112,
113). Mutations of β-tubulin may also play a role in resistance against vinca alka-
loids, which exert their cytotoxic function through depolymerization of microtubules
(114).

Topoisomerase I and II are critical enzymes involved in DNA replication, tran-
scription, chromosome segregation, and DNA recombination, that constitute a target
for the topoisomerase inhibitors (irinotecan, topotecan and etoposide) and anthracy-
clines. Several alterations affecting topoisomerase I and II, in particular the isoform
IIα, have been identified that lead to in vitro resistance against topoisomerase in-
hibitors in vitro. These include mutations of topoisomerase I and IIα genes, changes
in phosphorylation of topoisomerase IIα and reduced expression of topoisomerase
IIα and β isoforms due to transcriptional downregulation (44, 115–120). Clinical
studies in lung cancer and multiple myeloma patients have indicated that high levels
of topoisomerase IIα and β were predictive for worse clinical outcome (121–123).

The primary cellular target for methotrexate is the enzyme DHFR that cat-
alyzes the reduction of folate and dihydrofolate to tetrahydrofolate, which is essential
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for DNA-synthesis. Increased levels of intracellular DHFR, usually due to gene am-
plification, may cause decreased rug response in human cancer cells (reviewed in
(85)). As an example, DHFR gene amplification was found in 20-30% of patients
with relapsed ALL, indicating that this may represent a common mechanism of ac-
quired resistance to MTX (91, 124). Additionally, DHFR mutations that reduce
affinity for MTX might result in a decreased drug response in human cancer cells
(reviewed in (125)).

The cellular target of 5-fluorouracil (5-FU), is the enzyme thymidylate syn-
thase (TS), a key element in the de novo synthesis of dTMP from dUMP. Muta-
tions in the TS gene and amplification of the gene lead to decreased responsiveness
to 5-FU in several models (reviewed in (126)). High TS levels can be present at
diagnosis or induced during treatment, and generally predict resistance to 5-FU,
whereas lower levels are correlated with better response in colorectal and gastric
cancer (127–130). It has been postulated that the response to 5-FU can be more
accurately predicted if the expression of TS is analyzed in combination with that of
dihydropyrimidine dehydrogenase (DPD), the enzyme responsible for degradation
of 5-FU (131). Prospective clinical trials are currently being conducted that allo-
cate patients for 5-FU or non-5-FU containing treatment regimens, based on the
molecular characteristics of their tumors.

ENHANCED REPAIR OF DRUG INDUCED DNA DAMAGE

To preserve genome integrity, cells use a precise replication mechanism, and a com-
plex machinery to repair the accidental lesions that occur continuously in the DNA.
DNA repair processes not only correct accidentally acquired defects, but can also
repair damage induced by the action of anticancer drugs, such as platinum com-
pounds and alkylating agents. In this regard, a substantial increase in the repair
of DNA lesions may conceivably result in reduced chemotherapy-induced cell death
and increased drug resistance to DNA damaging agents (132). Four pathways are
involved in the repair of DNA damage induced by anticancer drugs: activity of O6-
alkylguanine DNA alkyltransferase (AGT), base excision repair (BER), nucleotide
excision repair (NER), and mismatch repair (MMR) (Table 4 (133)). The involve-
ment of each pathway is largely determined by the type of DNA lesion, although
they may overlap to some extent.

O6-alkylguanine DNA alkyltransferase-mediated DNA repair

Chemotherapeutic agents that attack DNA at the O6-position of guanine include
nitrosurea derivatives, such as carmustine and lomustine that cause interstrand
crosslinks, and methylating agents, such as procarbazine, temozolamide, and dacar-
bazine, which induce DNA-strand breaks (reviewed in (134)). Repair of lesions at
the O6-site of guanine occurs almost entirely through the action of O6-alkylguanine
DNA alkyltransferase (AGT). Using a ‘suicide’ mechanism, AGT acts as an accep-
tor protein for the alkyl group, restoring DNA integrity but inactivating itself in
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Table 4. DNA repair pathways in drug resistance.

Mechanism of repair Drugs affected Drugs potentially affected

O6-alkylguanine DNA Nitrosurea-derivatives, Alkylating agents
alkyltransferase methylating agents

Base excision repair Alkylating agents, Anthracyclines
ionizing radiation

Nucleotide excision Platinum compounds
repair

Mismatch repair Methylating agents,
doxorubicin,
topo-isomerase inhibitors,
platinum compounds

the process (reviewed in (135)). Tumor expression levels of AGT vary considerably
among individuals, and decreased levels correlate with better response to chemo-
therapy in clinical studies in several malignancies (136–139). Inhibition of AGT,
achieved by administration of O6-benzylguanine (BG (140)), potentiates the effects
of nitrosureas in in vivo human cancer models (reviewed in (141)). In phase I stud-
ies, BG efficiently decreased AGT activity in peripheral blood mononuclear cells and
tumor tissue, without showing significant toxicity (142–144). Phase II studies are
being conducted to evaluate the effect of combining BG with nitrosureas in several
malignancies.

Base excision repair

BER is a multistep DNA repair process involved in repairing DNA damage in-
duced by ionizing radiation and alkylating agents. The general scheme of BER
involves removal of the damaged base by a glycosylase, leading to the formation of
an apurinic/apyrimidic (AP) site in the DNA. AP-sites can also directly be formed
through ionizing radiation and oxidative agents such as anthracyclines, and can be
processed via two branches of the BER-pathways that both use DNA-polymerases
and ligases to fill the gap. The BER ‘short patch’ pathway involves the repair of one
isolated AP site, whereas the more complex ‘long patch’ pathway can replace up to
13 nucleotides surrounding the AP-site (reviewed in (145)).

Since many proteins are involved in the BER process and several, partially
overlapping pathways co-exist, the clinical relevance of this repair mechanism is
difficult to establish. Gene transduction studies showed that several BER enzymes
such as the glycosylase MPG/AAG does not or only modestly increase resistance
against alkylating agents (reviewed in (133)). Recent studies on the glycosylases
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Fpg and α-hOgg1 demonstrated, however, that mammalian cells can be protected
from chemotherapeutic agents such as thiotepa, BCNU and mafosfamide by the
BER pathway (146, 147). In line with these findings, methoxyamine, which disrupts
the DNA repair process by preventing AP endonuclease cleavage, can enhance the
cytotoxicity of methylating agents (148).

Nucleotide excision repair

The nucleotide excision pathway is a complex DNA repair mechanism that can re-
move bulky DNA lesions up to 27–29 nucleotides. Rather than the search for specific
base changes, NER scans the DNA for distortions in the double helix that interfere
with base pairing and generally obstruct normal transcription and replication. These
changes can be caused by, for instance, UV-light and platinum compounds. Two
NER subpathways exist with partially distinct substrate specificity: global genome
NER surveys the entire genome for distorting injury, and transcription-coupled NER
focuses on damage in the transcribed DNA strands of active genes (reviewed in
(149)). Repair initiated by NER is a sequential, multistep process, which involves
recognition of the DNA damage, opening of a region around the lesion, dual incision
and repair synthesis (150).

Platinum compounds are the prototype of drugs studied in relation to the role
of the NER pathway in drug resistance, because of the bulky DNA lesions they
induce. In fact, NER, in particular transcription-coupled NER (151), is assumed
to be one of the most important determinants of cisplatin resistance (152). Among
the many components of the NER complex, the excision repair cross complemen-
tary group 1 (ERCC-1) gene is crucial with respect to drug (153). In vitro studies
demonstrate that increased ERCC-1 mRNA levels correlate with resistance against
cisplatin (154, 155). Alternatively, decreasing ERCC-1 expression by using antisense
RNA abrogates gemcitabine-mediated synergism with cisplatin in human colon can-
cer cells (156). In cancer patients, ERCC-1 mRNA levels are predictive for response
and survival after cisplatin treatment for gastric, colon and non-small cell lung cancer
(130, 157–159). In recent preclinical investigations, the novel inhibitor of the NER
pathway F11782 increased the effect of cisplatin, providing a basis for its evaluation
in clinical trials in combination with DNA cross-linking agents (160).

Mismatch repair

Mismatches that breach the Watson-Crick base pairing rules (A and G pair with T
and C, respectively) can occur as a consequence of incorrect nucleotide incorporation
during DNA replication. This type of defect is corrected by the mismatch repair
(MMR) pathway, which plays a critical role in guarding the integrity of the genome
in virtually all species from bacteria to humans (reviewed in (161)). Defects in
the human MMR system are responsible for predisposition to the hereditary non-
polyposis colorectal cancer (HNPCC (162)).

In contrast to other DNA repair pathways, it is deficiency in MMR functions in-
stead of increased activity what causes resistance to various chemotherapeutic agents
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in vitro, including methylating agents (temozolomide and procarbazine), doxoru-
bicin, etoposide, topotecan and platinum compounds (163–166). As an explanation
for this somewhat surprising observation, it has been proposed that the MMR sys-
tem may trigger programmed cell death when confronted with the extent of DNA
damage induced by chemotherapeutic drugs. Thus, a reduced activity of the MMR
system would lead to fewer apoptotic events, causing cellular protection against the
cytotoxic effects of certain chemotherapeutic drugs (reviewed in (167)). To date, the
few data that are available on the clinical relevance of defective MMR pathways do
not indicate a relationship between expression of MMR genes and drug sensitivity,
but further evidence is needed (168, 169).

DEFECTIVE APOPTOTIC RESPONSE AS A MECHANISM

OF DRUG RESISTANCE

In the past ten years, cumulative evidence has indicated that anti-neoplastic agents
exert at least part of their cytotoxic effects via induction of a common death path-
way, known as programmed cell death or apoptosis. This process can be initiated
via intrinsic and extrinsic pathways, which both lead to a cascade-like activation
of caspases, a family of proteases that are the final executioners of programmed
cell death, resulting in degradation of cellular proteins and disassembly of the cell
(170). The apoptotic cell death program is tightly regulated by various proteins,
and is responsible for normal tissue homeostasis, which is achieved through a bal-
ance between cell death and cell proliferation. As a consequence, deregulation of the
apoptotic pathways favors carcinogenesis by providing tumor cells with a survival
advantage compared with their normal counterparts (171), and novel therapeutic ap-
proaches are being explored that specifically trigger apoptotis in cancer cells (172).
In addition, since many anticancer agents exert their effect at least partially through
activation of the apoptotic cascade (173), alterations in the death pathways can lead
to broad-spectrum drug resistance, irrespective of the intracellular target. Among
the genes implicated in the regulation of apoptosis, p53, Bcl-2 family members, c-
myc and the inhibitors of apoptosis proteins (IAPs) (Table 5) have been studied in
their relation with sensitivity to chemotherapy and will be discussed here.

p53

The tumor suppressor gene p53 encodes a 53 kDa nuclear phosphoprotein that func-
tions as a transcription factor and plays a crucial role in cellular processes such as
cell cycle regulation at the G1/S and the G2/M checkpoint, induction of apoptosis,
and maintenance of genomic stability (174). As each of these processes is indispens-
able for cellular homeostasis, alterations in the p53 gene may play a central role in
the multistep carcinogenesis process, and may affect the prognosis and response to
therapy of a variety of tumors. Normally, cellular p53 is kept at a low concentration
by its relatively short half life, but it can be induced by a variety of stimuli, in-
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Table 5. Important pro- and anti-apoptotic proteins involved in drug resistance.

Pro-apoptotic proteins Anti-apoptotic proteins

Bcl-2 family members Bcl-2 family members
Bax Bcl-2
Bcl-xS Bcl-xL

Bak Bcl-w
Bad Mcl-1
Bid A1

Bag-1
p53 Inhibitors of apoptosis proteins
c-myc cIAP-1

cIAP-2
XIAP
Survivin

cluding ionizing radiation, hypoxia, UV-light as well as by DNA damage caused by
cytotoxic agents. Upon activation of p53, either cell cycle arrest allowing for DNA
repair processes, or the triggering of apoptosis may occur, depending on the type
and severity of damage and the presence or absence of survival factors (reviewed in
(175)). Although the precise interactions remain to be elucidated, there seems to
be a close collaboration between genes involved in DNA repair and p53 (reviewed in
(176)). The pivotal functions of p53 explain why selection for p53 mutations occurs
in tumors, as p53 triggers apoptosis in cells with activated oncogenes (174).

p53 gene mutations are common in human cancer and are mostly located in
the highly conserved core domain of the p53 gene (177). Besides mutational inac-
tivation, p53 can become inactive through interactions with its physiological coun-
terpart mdm2 (178) or with viral proteins such as E6 (179). The dual role of p53
as a mediator of apoptosis and inducer of cell cycle arrest implies that p53 muta-
tions could potentially result in either increased or decreased chemosensitivity to
anticancer agents. Current preclinical and clinical data provide evidence for both
scenarios. Whereas initial in vitro and in vivo evidence pointed towards an increase
in chemoresistance caused by loss of p53 function (180–183), it was also observed
that p53 inactivation could correlate with increased chemosensitivity in some sys-
tems (184, 185). Thus, the relationship between p53 status and chemosensitivity in
preclinical models is complex and is presumably dependent on a number of factors,
including the specific cytotoxic stimuli, tissue specific differences and the specific
cellular context.

In addition to the contradictory preclinical data, clinical studies are inconclu-
sive with respect to the effect of p53 status on tumor response in cancer patients.
As reviewed by Ferreira et al., some studies demonstrated a correlation between mu-
tant p53 and decreased chemosensitivity, whereas in others p53 was not predictive
for treatment outcome (186). Recently published studies have also produced contra-
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dictory findings on the impact of mutant p53 on drug resistance in the most common
solid tumors (187–195). Some pitfalls associated with the methodology used in the
clinical studies, such as low sample size, detection method (immunohistochemical
staining versus single-strand conformational polymorphism analysis and mutational
analysis), use of frozen versus fixed tumor tissue and cut-off points for positivity,
may contribute to these conflicting results (196). In summary, p53 is crucial for
regulation of the cell cycle and induction of apoptosis and is likely involved in cell
death induced by antineoplastic therapies, but its precise role in chemosensitivity
cannot yet be defined and needs further investigation in large, carefully designed
prospective studies.

The pivotal role of p53 in cell cycle control and apoptosis and its function as
tumor suppressor gene has led to attempts to modulate p53 in human malignan-
cies. p53 gene transfer as mediated by retroviral or adenoviral expression vectors
restored drug and radiation sensitivity in vitro (197), and showed evidence of clinical
activity when given in combination with cisplatin (198). However, p53 gene trans-
fer did not provide any additional benefit in patients receiving an effective first-line
chemotherapy for advanced NSCLC in another trial (199).

Bcl-2 family of proteins

The Bcl-2 gene was originally described at the chromosomal breakpoint of t(14;18)-
bearing B-cell lymphomas (200). The first evidence for the biological function of this
protein was obtained in in vitro experiments in which enforced expression of Bcl-2
led to long term survival of hematopoietic cell lines after growth factor deprivation
(201). Other experiments showed that Bcl-2 prevents apoptosis and is indispensable
to maintain the viability of hematopoietic stem cells (202). Thus far, several Bcl-
2 family members have been identified that are either pro- or anti-apoptotic and
differ in their expression patterns and structural features (203). A rheostat model
has been proposed, in which the ratio of death antagonists (Bcl-2, Bcl-xL, Bcl-
w, Mcl-1, A1, Bag-1) to death agonists (Bax, Bad, Bid, Bcl-xS , Bak) determines
the fate of cells after an apoptotic signal (204). The determinants of the ratio of
Bcl-2 family members are poorly understood, but they appear to be controlled at
both transcriptional (e.g. p53-dependent transactivation of Bax) (205) and post-
translational (e.g. phosphorylation of Bcl-2 induced by anti-mitotic agents) levels
(206).

The role of Bcl-2 family members in chemoresistance has been investigated
extensively in in vitro systems, animal models and clinical studies. As reviewed by
Reed, preclinical data showed that Bcl-2 family alterations contribute to resistance to
various chemotherapeutic agents, including cytarabine, methotrexate, doxorubicin,
paclitaxel, etoposide and cisplatin (207). Several studies in AML have indicated
that high Bcl-2 expression and a high Bcl-2/Bax ratio were independent prognostic
factors for unfavorable clinical outcome (208–210), whereas no relationship between
bcl-2 or Bax expression and drug resistance could be demonstrated in ALL (211,
212). Additionally, some authors found that low Bax levels, Bcl-2 overexpression
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and Bcl-2 rearrangement correlated with poor response in lymphomas (213–215),
whereas others could not confirm such a relationship (216–218). The data in solid
tumors are even more contradictory and do not provide clear evidence to draw a
conclusion on the role of Bcl-2 family members in drug resistance (219–224). Apart
from methodological issues, these paradoxical data on Bcl-2 may be due to inactiva-
tion, inhibition or loss of the downstream apoptotic machinery in apoptosis-resistant
(solid) tumor cells. As aggressive cancers may not further depend on Bcl-2 after
losing functional apoptotic pathways, this protein may become irrelevant for cell
death, and levels of Bcl-2 may decline in such cells. In contrast, in hematopoietic
and leukemic cells, which are prototypes for apoptosis-prone cells, overexpression of
Bcl-2 is needed to prevent cell death and may predict tumor response to cytotoxic
agents (225).

Recent research has focused on affecting the Bcl-2 status of cancer cells in an
attempt to restore the natural occurrence of apoptosis and to enhance the effects
of chemotherapy. For this purpose, antisense oligonucleotides have been developed,
that have been shown to facilitate tumor cell apoptosis and to sensitize tumor cells
to cytotoxic treatments in preclinical models (reviewed in (226)). Clinical phase I
trials showed that Bcl-2 antisense therapy is safe and well tolerated when given in
combination with chemotherapy (227, 228), but no studies are as yet available that
address the effect on chemosensitivity in human tumors of Bcl-2 antisense therapy.

c-myc

The oncogene c-myc is a transcriptional regulator that plays an important role in
growth control and cell cycle progression. Its ability to modulate the transcription
of a wide range of target genes gives c-myc the capacity to affect multiple pathways
involved in proliferation, apoptosis, growth and transformation. By generating an
excessive proliferating signal, c-myc produces a paradoxical effect that leads to apop-
tosis and may influence the response to chemotherapy (reviewed in (229)). In vitro
studies confirm that amplification of c-myc is associated with an apoptosis-prone
phenotype of human colon carcinoma cells (230, 231). In line with these preclinical
data, the few clinical studies that have investigated the relationship between c-myc
expression and chemosensitivity indicate that low-level amplification of c-myc is cor-
related with better response to chemotherapy (230, 232), especially in patients with
wild type tumoral p53 (233).

Inhibitors of apoptosis proteins

Several members of the inhibitor of apoptosis family (IAPs) have been shown to
inhibit cell death mainly through interaction with caspases. IAPs were first dis-
covered in baculoviruses, but are highly conserved throughout mammalians. They
comprise a growing family consisting of NIAP, Apollon, c-IAP1, c-IAP-2, XIAP,
survivin (reviewed in (234)), and the recently discovered TUCAN (235), Livin (236)
and Aven (237), that may be involved in oncogenesis and tumor development (238).
In vitro, overexpression of IAPs has been shown to protect tumor cell lines from
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apoptosis induced by different anticancer agents (reviewed in (234)). In the clinical
setting, however, the relationship between IAP expression and chemosensitivity may
be more complex than anticipated by in vitro data. In 55 NSCLC patients, expres-
sion of c-IAP1, c-IAP2 and XIAP did not correlate with response to chemotherapy
(239). Expression of survivin is commonly found in human cancers and has fre-
quently been described to be an unfavorable prognostic factor, though it was often
unrelated to tumor response (240–244).

ALTERATIONS IN SIGNALING PATHWAYS

Cellular processes such as cell proliferation and differentiation are controlled by var-
ious signal transduction pathways, and altered signaling through these pathways is
involved in oncogenesis and tumor development. The development of biological re-
sponse modifiers, which target abnormal signaling pathways in human malignancies,
has led to the recognition of alternative resistance mechanisms that stem from alter-
ations in signaling pathways. HER2, a member of the erbB receptor tyrosine kinase
family that is frequently overexpressed in breast cancer, can cause enhanced DNA-
repair, defective cell cycle checkpoints and altered apoptotis responses, resulting in
resistance against DNA-damaging agents and anti-mitotic drugs in vitro (245, 246).
However, not all in vivo studies could confirm these findings, and also in clinical
studies some controversy remains with respect to the effect of HER2 expression on
chemosensitivity in human cancer (reviewed in (247)). Nevertheless, combination
studies of the recombinant human anti-HER2 antibody Herceptin with chemothe-
rapy in breast cancer demonstrated that response rates are higher than expected for
either single agent alone, indicating that overexpression of HER2 may be a clinically
relevant mechanism of drug resistance, that may be partially overcome by Herceptin
(248, 249). Although Herceptin has some activity in HER2-positive breast cancer
patients, resistance to this agent is present in the majority of patients (250). The
mechanisms of Herceptin resistance are so far not well understood.

STI-571 (Glivec) is a tyrosine kinase inhibitor that inhibits the constitutively
active fusion protein Bcr-Abl arising from the Philadelphia chromosome, and the
oncogenic protein c-kit. Both c-kit and Bcr-Abl are members of the tyrosine kinase
family, and promote cancer cell growth in gastrointestinal stroma tumor (GIST) and
CML, respectively. In both diseases, Glivec is highly active and induces responses
in up to 95% of patients in chronic phase CML and in approximately 40% of pa-
tients with GIST (251). However, response rates are much lower in blast phase
CML, and relapses occur despite continuous therapy (reviewed in (252)), suggest-
ing that mechanisms of resistance against this agent either pre-exist or can develop
under treatment. The relative resistance of blast phase CML is consistent with
the hypothesis that secondary mutations, and not Bcl-Abl itself, are the driving
force of cell growth, as blast cells are genetically more unstable and have additional
molecular changes than cells in chronic phase CML (253). In addition, Gorre et al .
demonstrated in 11 relapsing CML patients that acquired drug resistance to Glivec

39



Chapter 2

was due to Bcr-Abl gene amplification, or mutations in the Bcr-Abl gene (254). Sev-
eral point mutations in the region of tyrosine kinase domain of Bcr-Abl have been
described to result in decreased binding of Glivec, leading to clinical drug resistance
(255–258).

FUTURE PERSPECTIVES

Despite its achievements, the effectiveness of chemotherapy is still hampered by
the development of drug resistance. In order to prevent the occurrence of broad-
spectrum drug resistance, combination regimens have been designed. In addition,
attempts have been made to modulate resistance pathways by, for instance, in-
hibiting P-gp, decreasing the cellular drug detoxification potential, and by affecting
p53 or Bcl-2 status. These efforts are, however, hampered by the co-existence of
multiple, partially unidentified resistance mechanisms in human cancer. Recently,
progress has been made in the field of gene sequencing and microarray technologies
and these techniques could be helpful to identify genetic abnormalities in individual
human tumors that could be relevant for predicting response. Genetic profiling may
enable clinicians to develop individualized treatment regimens, based on the molec-
ular characteristics of the tumor, that induce higher response rates than standard
therapies. It is hoped that further studies on determinants of response and resis-
tance of human tumors will lead to the development of more efficacious treatment
regimens.
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ABSTRACT

Discodermolide and epothilone B are promising novel chemotherapeutic agents that

induce cell death through potent stabilization of microtubules. In this study we

investigated the cellular and molecular events underlying the cytotoxicity of these

drugs in non-small cell lung carcinoma (NSCLC) cell lines, focusing on apoptotic

characteristics.

IC80 concentrations of either drug effectively disrupted the microtubule cy-

toskeleton of H460 cells and induced cell cycle disturbances with early accumulation

in the G2-M phase and development of a hypodiploid cell population in both H460

and SW1573 cells. These events were followed by abnormal chromosome segrega-

tion during mitosis and subsequent appearance of multinucleated cells. At later

time points the cells displayed several apoptotic features, such as nuclear conden-

sation and fragmentation as well as Annexin V-staining, cleavage of PARP and the

activation of caspases.
To examine the contribution of apoptotic pathways to the cytotoxic effects of

these agents, the involvement of the mitochondria- and death receptor routes was
studied. At 48 h post-treatment both agents disrupted mitochondria of H460 cells,
as indicated by cytochrome c release. Nonetheless, H460 cells stably overexpressing
anti-apoptotic Bcl-2 or Bcl-xL did not show any protective effect from cell death
induced by either drug. Possible death receptor dependency was investigated in H460
cells stably overexpressing dominant negative FADD (FADD-DN), which failed to
reduce the cytotoxic effects of discodermolide and epothilone B. To study the role of
caspases more directly, the effect of stable overexpression of the caspase-8 inhibitor
CrmA was studied in H460 cells. Furthermore, the effect of the pancaspase inhibitor
zVAD-fmk was investigated in a panel of lung carcinoma cell lines. Interestingly,
caspase-inhibition did not rescue cells from discodermolide or epothilone B-induced
cell death. In conclusion, these results demonstrate that in spite of several apoptotic
features detected at relatively late time points after drug exposure, apoptosis is
not the dominant mode of cell death induced low but efficacious concentrations of
discodermolide and epothilone B.
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INTRODUCTION

Microtubule-stabilizing agents represent an important class of chemotherapeutic
drugs, of which paclitaxel was the first to be described. Since its introduction into
the clinic in 1993, paclitaxel has established itself as one of the most active antineo-
plastic agents against a wide spectrum of malignancies, including lung, ovarian and
breast cancer (1, 2).

Recently, several novel natural cytotoxic microtubule-stabilizing compounds
have been described, including the marine sponge product discodermolide and the
epothilones produced by the myxobacteria Sorangium cellulosum (3–5). Several
epothilone-analogues can be distinguished, of which epothilone B is one of the most
potent (3, 6). Although discodermolide and epothilones are structurally unrelated to
the taxanes, they have the same mechanism of action and stabilize the microtubules
even more potently than paclitaxel, leading to mitotic arrest and subsequent cell
death (3, 7). Both drugs competitively inhibit the binding of paclitaxel to the
microtubules, indicating identical or overlapping binding sites (3, 8) and several
molecular modeling assays have demonstrated that discodermolide and epothilones
share a common pharmacophore with paclitaxel (9–12). Interestingly, their activity
remains intact in paclitaxel resistant cell lines with MDR3 phenotypes and certain
β-tubulin mutations (3, 8, 13, 14). In vivo studies confirmed that desoxyepothilone
B, one of the most potent epothilones, was curative in human tumor xenografts that
were refractory to paclitaxel (15, 16). Clinical phase I and II studies with epothilones
are currently ongoing (17, 18).

Successful treatment with chemotherapeutic agents is largely dependent on
their ability to trigger cell death in tumor cells and activation of apoptosis is at
least partially involved in this process (19). The apoptotic cascade can be initiated
via two major pathways, involving either the release of cytochrome c from the mi-
tochondria (mitochondria pathway), or activation of death receptors in response to
ligand binding (death receptor pathway) (20, 21). Upon triggering of either pathway,
caspases, the final executioners of apoptosis, are activated, causing degradation of
cellular proteins and disassembly of the cell, leading to typical morphological changes
such as chromatin condensation, nuclear shrinkage and the formation of apoptotic
bodies (22, 23, 24). The majority of chemotherapeutic agents triggers the mito-
chondria pathway, but also the death receptors have been reported to be involved
in chemotherapy-induced apoptosis (25, 26).

Discodermolide and epothilone B have been described to trigger apoptosis
in several cell lines, as established by changes in cell membrane integrity, DNA-
fragmentation and morphological abnormalities (27, 28), but the molecular path-
ways underlying this process are poorly described. Despite the activation of apop-
totic pathways by many anticancer drugs, recent evidence suggests that there are
forms of chemotherapy-induced cell death that cannot be readily classified as apop-
tosis or necrosis. Therefore, the contribution of apoptosis to the cytotoxic effects of
chemotherapeutic agents is currently debated (29, 30). Recent studies demonstrate
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involvement of caspase-independent pathways in cell death induced by several cyto-
toxic agents (31). The outcome of the cellular response appears to be dependent on
the type and dose of chemotherapeutic stress within the cellular context (32).

In the present study, we have investigated the contribution of the major apop-
totic pathways to the cytotoxic effects of discodermolide and epothilone B in non-
small cell lung cancer cell lines. Activation of the apoptotic machinery could be
demonstrated, but only at relatively late time points. Moreover, inhibition of the
major apoptotic routes and direct blockade of caspases failed to protect against the
cytotoxic effects of discodermolide or epothilone B. These findings indicate that the
apoptotic machinery is merely co-activated and not instrumental in cell death, im-
plying that alternative, caspase-independent forms of cell death are responsible for
the cytotoxic effects of discodermolide and epothilone B in NSCLC cells.

MATERIAL AND METHODS

Cell Lines and Transfectants
The human NSCLC cell lines NCI-H460 (H460), SW1573 and A549, the SCLC cell
line GLC4 and Jurkat-T-leukemia cells were used. Cells were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum (Gibco BRL, Life
technology, Breda, The Netherlands), 2 mM L-glutamine, 50 IU/ml penicillin and 50
µg/ml streptomycin. Stably transfected H460 cells expressing Bcl-2, Bcl-xL, CrmA
and FADD dominant negative (FADD-DN) were cultured in medium containing a
final concentration of 1.5 µg/ml puromycin (Bcl-2, Bcl-xL, and CrmA) or 200 µg/ml
neomycin (FADD-DN), as described previously (33).

Drugs and Growth-inhibition Assay
Discodermolide and epothilone B were kindly provided as pure substances by Dr. M.
Wartmann (Novartis Pharma AG, Basel, Switzerland) and dissolved in DMSO. Their
cytotoxic activities were assessed after 72 h of drug-treatment by MTT-assay (Sigma
Chemicals, St. Louis, MO) as described previously (34, 35). Values were expressed
as a percentage of untreated controls, from which IC50 and IC80 concentrations were
calculated. All subsequent experiments were performed with IC80 concentrations of
each drug freshly diluted in culture medium. The broad-spectrum caspase inhibitor
zVAD-fmk (Enzyme System Products, Livermore, CA) was diluted in DMSO and
added to the cells at a final concentration of 50 µM 1 hour prior to addition of the
drugs.

Immunofluorescence Microscopy
Immunofluorescence stainings were performed as described previously (36). We used
monoclonal anti-β-tubulin antibody (Pharmingen, San Diego, CA; 1:100 dilution),
secondary anti mouse-FITC antibody (Santa Cruz Biotechnologies, Santa Cruz, CA)
and Hoechst 33342 (Sigma Chemicals, St. Louis, MO). Slides were mounted in Vecta
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shield (Vector Laboratories, Burlingame, CA) and analyzed with a Leica DM IRBE
fluorescence microscope.

DNA Labeling and Flow Cytometric Analysis

The extent of apoptosis was determined by flow cytometry, using either propidium
iodide (Sigma Chemicals, St. Louis, MO) staining of hypodiploid DNA or annexin-
V (Nexins Research, Kattendijke, The Netherlands) and 7-AAD (Pharmingen, San
Diego, CA) double staining, as described previously (33, 37). The percentage of spe-
cific apoptosis was calculated by subtracting the percentage of spontaneous apoptosis
of the relevant controls from the total percentage of apoptosis.

Protein Extraction and Western Blotting

Preparation of cytosolic and total cell extracts as well as Western blot analysis was
performed as described previously (34). For immunodetection the following antibod-
ies were used: anti-Bcl-2 monoclonal antibody (mAB) (Dako, Santa Barbara, CA),
anti-caspase-8 mAb (Immunotech, Marseille, France), rabbit polyclonal anti-PARP
antibody (Boehringer Mannheim, Germany), anti-mitochondrial heat shock protein
70 mAb (Affinity Bioreagents, Golden, CO), anti-cytochrome c mAb (Pharmin-
gen, San Diego, CA), anti-AU1 mAb (Covance, Richmond, CA) and horseradish
peroxidase-conjugated secondary antibody (Amersham, Braunschweig, Germany).
ECL (Amersham, Braunschweig, Germany) was used for detection and protein-
loading equivalence was related to the expression of β-actin.

Fluorimetric Assay for Caspase Activity

Caspase-3-like enzyme activity was assayed in cellular extracts using a caspase-3
activity kit (Clontech Laboratories Inc., Palo Alto, CA) according to the manufac-
turer’s instructions. Fluorescence was detected using Spectra Fluor equipped with
a 400-nm excitation and a 505-nm emission filter (Tecan, Salzburg, Austria). Rel-
ative percent activity, as measured by DEVD-AFC cleavage, was determined by
comparing the levels of treated cells with untreated controls.

Statistics

Quantitative experiments were analyzed by the Student’s t test. All P-values resulted
from the use of two-sided tests and were considered significant when < 0.05.

RESULTS

Discodermolide and Epothilone B potently Induce Cell Death that Dis-
plays Several Characteristics of Apoptosis

To explore the cytotoxicity of discodermolide and epothilone B, we started our study
with growth inhibition assays to determine IC50 and IC80 values in the NSCLC
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H460, SW1573 and A549 cell lines, in the SCLC GLC4 cell line as well as in Jurkat-
T-leukemia cells (Table 1). Consistent with previous reports (reviewed in (38)), both
drugs were cytotoxic at low nanomolar concentrations, epothilone B being 6 to 20
times more potent than discodermolide.

Analysis of the cellular tubulin network by immunofluorescence microscopy re-
vealed that IC80 concentrations of each drug effectively disrupted the normal micro-
tubule cytoskeleton of H460 cells, causing aberrant spindle formation during mitosis
and the appearance of multipolar aster spindles (Fig. 1A), as previously described
(3, 8). In time-course experiments, we observed rapid induction of mitotic anoma-
lies in epothilone B-treated cells, followed by abnormal chromosome segregation and
the appearance of cells with multiple nuclei of various sizes (Fig. 1B). These ab-
normalities were also observed upon treatment with other microtubule-stabilizing
agents such as paclitaxel (39, 40). The percentage of multinucleated cells increased
to 48% at 24 h post-treatment followed by an increasing number of cells display-
ing apoptotic features, such as chromatin condensation, nuclear fragmentation and
apoptotic bodies (Fig. 1B–C). Similar results were obtained after exposing the cells
to discodermolide (data not shown).

Table 1. Drug concentration responsible for 50% and 80% growth inhibition
(IC50 and IC80).

The values (nM) were determined by MTT-assay
and represent the mean (± SD) of four experiments

Discodermolide Epothilone B

Cell line IC50 IC80 IC50 IC80

H460 3.2 ± 0.6 12 ± 1.7 0.44 ± 0.05 1.9 ± 0.05
A549 4.3 ± 0.7 26 ± 7 0.25 ± 0.05 1.2 ± 0.1
SW1573 2.6 ± 0.6 19 ± 4 0.50 ± 0.1 2.8 ± 0.7
GLC4 17.0 ± 3 48 ± 5 0.40 ± 0.05 2.1 ± 0.06
Jurkat 6.0 ± 1.1 30 ± 8 0.19 ± 0.05 1.3 ± 0.1

In parallel to the analysis of morphology, H460 and SW1573 cells treated with
discodermolide and epothilone B for 8 to 48 h were evaluated by PI-staining-based
FACS analysis to determine the effect of these drugs on the cell cycle. As shown
in Fig. 1D, epothilone B caused an early accumulation of cells in the G2-M phase
and concomitant induction of a cell population with sub-G1 DNA content. This
hypodiploid population further increased from 19% at 8 h to 34% at 48 h (Fig. 1E).
Although a sub-G1 DNA-content is indicative for apoptotic cells, this method is not
exclusively specific for apoptosis (41). To further characterize the apoptotic features
of discodermolide and epothilone B-induced cell death, we performed Annexin V-
FITC / 7-AAD double staining assays that measure the amount of phophatidylserine
externalization on the plasma membrane as an indicator of early apoptosis. Inter-
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estingly, this assay did not reveal a substantial number of annexin V-positive cells
before 48 h of treatment (Fig. 1E), suggesting that the cells with a sub-G1 DNA-
content that were detected at earlier time points represent a cell fraction that does
not display the classical characteristics of apoptotic cells. There were no signifi-
cant differences in responses between the two drugs in either H460 or SW1573 cells
(data not shown). Taken together, these results demonstrate that discodermolide
and epothilone B potently induce cell death in NSCLC cells, that is accompanied
by the appearance of mitotic anomalies and multinucleated cells shortly after drug
exposure, whereas at later time points several apoptotic features become evident,
such as Annexin V-staining and nuclear condensation and fragmentation.

Discodermolide and Epothilone B Trigger Late Activation of Caspases
To further examine the role of apoptotic pathways in discodermolide and epothilone
B-induced cytotoxicity, we assessed the activation of caspases. In time course exper-
iments, cleavage of caspase-8, previously shown to be the apical caspase in NSCLC
cells treated with DNA-damaging agents (33), was detected in H460 and SW1573
cells only after 48 h of incubation with discodermolide or epothilone B (data not
shown). The downstream effector protease, caspase-3, was also activated upon treat-
ment with discodermolide and epothilone B, as established by DEVD-AFC cleavage
in H460 and SW1573 cells after 48 h incubation (Fig. 2A). As an additional indica-
tor of caspase-activation, cleavage of the caspase substrate PARP was determined
by Western blotting. PARP-cleavage, as indicated by the appearance of an 89 kDa
fragment, became weakly evident at 48 h post-treatment with discodermolide or
epothilone B in H460 cells (Fig. 2B), whereas it was not detected before 72 h of
incubation in SW1573 cells (data not shown). These results show that caspases are
activated only after prolonged incubation with discodermolide or epothilone B.
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Figure 2. Prolonged incubation with discodermolide and epothilone B induces caspase activation.
A, Caspase-3-like protease activity upon 48 h exposure to discodermolide and epothilone B in H460
and SW1573 cells, as measured by DEVD-AFC cleavage. The changes in activity are shown relative
to activity in control cells, which is set as 1. Results are depicted as the mean ± SD of at least
three independent experiments. B, Western blot analysis showing cleavage of PARP in H460 cells
upon treatment with discodermolide (upper panel) and epothilone B (lower panel), respectively.
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The Mitochondria and Death Receptor Pathways are not Instrumental
in Discodermolide- or Epothilone B-Induced Cell Death
To further assess the role of apoptosis in the cytotoxic effects of discodermolide and
epothilone B, we investigated the contribution of the two major apoptotic pathways
more directly. Involvement of the mitochondria pathway was evaluated by investi-
gating the release of cytochrome c that could only be demonstrated after 48 h of
treatment with discodermolide or epothilone B (Fig. 3A). Next, we exploited H460
cells stably overexpressing Bcl-2 and Bcl-xL (Fig. 3B), which effectively prevented
the release of cytochrome c upon exposure to chemotherapeutic agents in previ-
ous studies (33, 37). Although these anti-apoptotic proteins protected H460 cells
from the cytotoxic effects of DNA-damaging agents (data not shown, see also (33)),
they did not prevent the development of a hypodiploid population upon exposure
to discodermolide or epothilone B (Fig. 3C; P-values range from 0.16 to 0.77). This
was confirmed in growth inhibition assays, in which H460 cells overexpressing Bcl-2
(Fig. 3D) or Bcl-xL (data not shown) were equally sensitive to the cytotoxic effects
of discodermolide or epothilone B as the parental cell line. Moreover, the morpho-
logical changes induced by discodermolide and epothilone B were similar in both
cell lines (Fig. 3E), and neither drug induced phosphorylation of Bcl-2 or Bcl-xL

(data not shown). These results suggest that the mitochondrial pathway does not
substantially contribute to the cytotoxic effects of discodermolide and epothilone B,
although it becomes activated as a late event.

The role of death receptors was tested using H460 cells stably overexpressing
dominant negative FADD (FADD-DN; Fig. 3B), a truncated form of FADD that
interferes with the function of the normal variant as an adapter molecule between
the death receptor and caspase-8. This cell line was effectively protected against Fas-
induced apoptosis (data not shown, see also (33)), but was equally sensitive to the
cytotoxic effects of discodermolide and epothilone B as the parental cell line (Fig. 3F;
P = 0.50 and 0.62, respectively). In summary, these data suggest that neither the
mitochondria nor the death receptor pathways are instrumental in discodermolide
and epothilone B-induced cell death.
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Figure 3. The apoptotic pathways are not essential for discodermolide- or epothilone B-induced
cell death. A, Cytochrome c (cyt c) release from mitochondria was determined by Western blotting
in cytosolic extracts at 24 and 48 h post-treatment with IC80 concentrations of discodermolide
(upper panel) and epothilone B (lower panel). Heat shock protein 70 (Hsp 70) was used as a
control for the purity of the cytosolic extracts in comparison to a whole cell lysate, whereas β-actin
was applied as a control for protein loading. B, Western blots showing the expression of Bcl-2
(upper panel), Bcl-xL (middle panel) and truncated, AU1-tagged FADD (FADD-DN; lower panel)

in H460 cells compared to cells transfected with the empty vector. β-actin was used as a control
for loading. C, Effect of stable overexpression of Bcl-2, Bcl-xL and the empty vector in H460 cells
treated with discodermolide and epothilone B. Following 48 h of exposure the percentage of cells
with a sub-G1 DNA-content was assessed by PI staining. The results are represent the mean ±

SD of at least three independent experiments. D, Growth inhibition assay of discodermolide and
epothilone B in H460 cells overexpressing Bcl-2 and the empty vector. The results were obtained 72
h post-treatment and represent the mean ± SD of three independent experiments. E, Morphological
changes (as defined under Fig. 1B) induced by 72 h exposure to discodermolide and epothilone B
in H460 cells overexpressing Bcl-2, Bcl-xL or the empty vector. Results represent the mean of three
independent experiments, in each of which 300 cells were counted. All SD were < 10%. F, Effect
of stable expression of FADD-DN or the empty vector in H460 cells treated with discodermolide or
epothilone B for 48 h. The percentage of cells with a sub-G1 DNA-content was determined by PI-
staining and the results are depicted as the mean ± SD of at least three independent experiments.
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Blockade of Caspases does not Influence the Cytotoxicity of Discoder-
molide or Epothilone B

In order to confirm that the apoptotic machinery is dispensable for the cytotoxic
effects of discodermolide and epothilone B in NSCLC cells, we studied the effect
of direct blockade of caspases on drug sensitivity. First, we examined H460 cells
overexpressing the cowpox viral protein CrmA, a selective inhibitor of caspase-1 and
-8, previously found to protect strongly against cisplatin-induced apoptosis (33).
Despite the late activation of caspase-8 by discodermolide and epothilone B, stable
expression of CrmA failed to reduce the cytotoxic effects of these drugs (Fig. 4A,
P = 0.25 and 0.46, respectively).

Next, we evaluated the effect of the broad-spectrum caspase inhibitor zVAD-
fmk on discodermolide and epothilone B-induced cell death. Pretreatment with
50 µM zVAD-fmk effectively prevented activation of caspase-3 (Fig. 4B), but did
not significantly reduce the cytotoxic effects of discodermolide or epothilone B in
H460, A549 and SW1573 cells (Fig. 4C–D; P-values range from 0.08 to 0.44), as
determined by the development of cells with a hypodiploid DNA-content. In the
SCLC cell line GLC4 zVAD-fmk reduced the percentage of hypodiploid cells from
35% to 25% (P = 0.01) and from 27% to 18% (P = 0.008) after 48 h of incubation
with discodermolide or epothilone B, respectively (Fig. 4C–D). Interestingly, in the
apoptosis-prone Jurkat-T-leukemia cell line (31) zVAD-fmk also provided no more
than a 30% protection against epothilone B induced cell death (P = 0.04), whereas
the percentage of hypodiploid cells was only reduced from 29% to 27% upon exposure
to discodermolide (P = 0.38). Apart from the only modest protective effect of
caspase-inhibition on the appearance of hypodiploid cells, zVAD-fmk did not prevent
the morphological changes induced by discodermolide or epothilone B in H460 cells
(Fig. 4E). We thus conclude that discodermolide and epothilone B can kill cells
through a mechanism independent of caspase activation that may not be exclusively
specific for NSCLC cells.

DISCUSSION

The molecular mechanisms underlying cell death induced by the promising micro-
tubule-interacting agents discodermolide and epothilone B are still largely unknown.
Although discodermolide and epothilone B have been described to induce several
characteristics of apoptosis, such as changes in cell membrane integrity, DNA-frag-
mentation and morphological abnormalities (27, 28), it is not known to which extent
activation of the apoptotic machinery is essential for the cell killing potential of these
drugs. In the present study, we investigated the contribution of the apoptotic cascade
to the cytotoxic effects of discodermolide and epothilone B. Despite late activation
of the apoptotic machinery, neither blockade of the mitochondria or death receptor
pathways, nor direct inhibition of caspases did substantially reduce the cytotoxic
effects of either drug, indicating that alternative, caspase-independent mechanisms
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Figure 4. Caspase-activation is not required for discodermolide- or epothilone B-induced cell
death. A, H460 cells stably transfected with the caspase-8 inhibitor CrmA or the empty vector were
treated with IC80 concentrations of discodermolide or epothilone B. After 48 h, the percentage of
cells with a sub-G1 DNA-content was determined by PI-staining. B, Effect of zVAD-fmk (50 µM)
on caspase-3-like protease activity induced by 48 h incubation with discodermolide or epothilone B.
C-D, Indicated cell lines were treated for 48 h with discodermolide (C) or epothilone B (D) and
compared with cells pretreated with 50 µM of zVAD-fmk. The fraction of cells with a sub-G1 DNA-
content was assessed by PI-staining. Results represent the mean ± SD of at least three independent
experiments. E, Effect of zVAD-fmk (50 µM) on the morphological changes (as defined under Fig.
1B) induced by 48 h of incubation with discodermolide (disco) and epothilone B (epoth B) in H460
cells. Results represent the mean of at least three independent experiments, in each of which 300
cells were counted. All SD were < 10%.

are responsible for the cell killing effects of discodermolide and epothilone B.

As summarized in Table 2, nanomolar concentrations of discodermolide and
epothilone B rapidly disrupted the microtubule cytoskeleton leading to morpho-
logical abnormalities during mitosis, followed by abnormal exit from mitosis and
nuclear fragmentation, which gave the cells a multinucleated appearance, similar
to the nuclear morphology observed in several cell lines after incubation with low
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concentrations of paclitaxel (39, 40, 42). The subsequent increase of cells with
apoptotic features such as nuclear condensation, nuclear shrinkage, apoptotic bod-
ies, phosphatidylserine externalization, cytochrome c-release, caspase activation and
PARP-cleavage (Table 2) suggests that the apoptotic cascade is involved in mediat-
ing the cytotoxic effects of discodermolide and epothilone B.

In spite of these apoptotic features, discodermolide and epothilone B were
found to trigger cell death independent of the two major apoptotic routes. In con-
trast to the mitochondria-dependency of many chemotherapeutic agents (33, 43),
discodermolide and epothilone B seem to bypass the mitochondria route, since over-
expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL did not protect against
cell death. Inhibition of the death receptor pathway by overexpression of FADD-
DN did not affect the cytotoxicity of these drugs either. The ability of anti-cancer
drugs to trigger cell death independent of the mitochondria and death receptor path-
ways is not unprecedented and has also been shown for other agents, such as the
sesquiterpene lactone helenalin (44). Moreover, we have recently found that the
death receptor and mitochondria pathways contribute only partially to the early
and late stages of paclitaxel-induced cell death, respectively (37).

Table 2. Overview of the observed characteristics of discodermolide- and
epothilone B-induced cell death in NSCLC cells.

Early events (< 24h) Late events (> 24h)

Cellular G2-M arrest/aberrant mitosis Nuclear condensation,

apoptotic bodies

Multinucleated cells Cycochrome c release

Hypodiploid DNA Content

Molecular Disruption of microtubule Phosphatidylserine externalization

cytoskeleton

PARP cleavage

Caspase-3 and -8 activation

The absence of a role for the two major apoptotic routes and the facts that most
apoptotic features occurred only at very late time points or were rather nonspecific
such as the development of a hypodiploid population (41), raise the possibility that
the observed activation of the apoptotic machinery occurred only as a bystander
effect and is not relevant for the cytotoxic effects of discodermolide and epothilone B.
In support of this view, neither expression of the caspase-8 inhibitor CrmA, nor
preincubation with the broad-spectrum caspase blocker zVAD-fmk, decreased the
effects of these compounds. Our findings imply that caspase-independent routes are
involved in the cytotoxic effects of discodermolide and epothilone B, as has recently
been demonstrated in several cell lines upon exposure to paclitaxel or docetaxel (45–
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47). The activation of caspase-dependent or independent death pathways seems to
rely on yet uncharacterized cell specific factors (31), and may also be related to the
applied drug concentration, as it has been reported that the mechanism of paclitaxel-
induced cytotoxicity is concentration dependent (39, 48, 49). This may also hold
true for discodermolide and epothilone B that were used at low but effective doses
in the current study.

The role of apoptosis versus necrosis on drug-induced cell death in tumors
is still a controversial issue (29, 30, 50–52). In this context, the existence of al-
ternative death pathways (as described here) supports the view that other forms
of cell death, which cannot be strictly classified as apoptosis or necrosis, may ac-
count for the effect of certain chemotherapeutic agents (31). Various patterns of cell
death have been described thus far (53–56) that were recently categorized by Leist
and Jäättelä in apoptosis, apoptosis-like PCD, necrosis-like PCD and accidental cell
death/cell lysis. In this model, caspases are the main players in apoptosis, whereas
other proteases such as cathepsins, calpains and serine proteases account for other
types of PCD (57). Whether similar mechanisms are involved in discodermolide
and epothilone B-induced cell death, remains to be demonstrated. Further stud-
ies to unravel the signaling pathways triggered by discodermolide and epothilone
B are currently being carried out in our laboratory. Understanding the caspase-
independent pathways triggered by agents such as discodermolide and epothilone B
might contribute to the development of new, mechanistic-based therapeutic strate-
gies to circumvent chemoresistance, by triggering for instance caspase-independent
death routes in apoptosis-resistant tumors.
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Chapter 4

ABSTRACT

We have previously reported that the microtubule-stabilizing agents (MSAs) pac-
litaxel, epothilone B and discodermolide induce caspase-independent cell death in
non-small cell lung cancer (NSCLC) cells. Here we present two lines of evidence
indicating a central role for the lysosomal protease cathepsin B in mediating cell
death. First, inhibition of cathepsin B, and not of caspases or other proteases, such
as cathepsin D or calpains, results in a strong protection against drug-induced cell
death in several NSCLC cells. Second, MSAs trigger disruption of lysosomes and re-
lease and activation of cathepsin B. Interestingly, inhibition of cathepsin B prevents
the appearance of multinucleated cells, an early characteristic of MSA-induced cell
death, pointing to a central, proximal role for cathepsin B in this novel cell death
pathway.
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INTRODUCTION

Successful treatment of cancer with chemotherapy is largely dependent on its abil-
ity to trigger cell death in tumor cells. Activation of apoptosis has long been held
responsible for the cell killing potential of anticancer drugs, but recent evidence sug-
gests that there are forms of cell death that can not readily be classified as apoptosis
or necrosis (1). Therefore, the contribution of the apoptotic cascade to the cytotoxic
effects of chemotherapeutic agents and cytokines is currently being debated and al-
ternative forms of programmed cell death (PCD), such as ‘apoptosis-like PCD’ and
‘necrosis-like PCD’ have been described (2–4). Whereas caspases are well estab-
lished as the main players in apoptosis, other proteases such as calpains, cathepsins,
and serine proteases may account for alternative types of PCD (3). Cathepsins, in
particular cathepsin B and D, act as the main executors of caspase-independent cell
death induced by TNF-α in several systems (5, 6).

We have recently found that paclitaxel and two promising novel microtubule-
stabilizing drugs, epothilone B and discodermolide, exert their cytotoxic activity
mainly via caspase-independent routes in NSCLC cell lines. This phenomenon was
strongest for discodermolide and epothilone B, whereas paclitaxel-induced cell death
was partially dependent on caspase activation and involved early triggering of the
death receptor pathway, followed by activation of the mitochondria (7, 8). In the
present study, we have investigated the potential role of other proteases in cell death
induced by MSAs. Using a panel of specific protease inhibitors, we found that inhi-
bition of the lysosomal protease cathepsin B, but not of caspases or other proteases
such as calpains or cathepsin D, provided a strong protection against cell death, and
prevented the development of multinucleated cells, an early feature of MSA-induced
cell death. We further show that paclitaxel, epothilone B and discodermolide trig-
ger disruption of the lysosomes, followed by release and activation of cathepsin B,
providing evidence for a novel, cathepsin B-dependent cell death pathway induced
by microtubule-stabilizing agents in NSCLC cells.

MATERIAL AND METHODS

Cell Culture and Reagents
The human NSCLC cell lines NCI-H460 (H460), SW1573, and A549 were cultured in
RPMI or Dulbecco’s modified Eagle’s Medium (BioWhittaker, Verviers, Belgium),
supplemented with 10% (v/v) fetal calf serum (Life Technologies, Inc., Breda, The
Netherlands), 100 U/ml penicillin, and 100 µg/ml streptomycin (Gibco BRL, Grand
Island, NY). Epothilone B and discodermolide were kindly provided by Dr. M. Wart-
mann (Novartis Pharma AG, Basel, Switzerland) and dissolved in DMSO. Paclitaxel
(Bristol-Myers Squibb, Woerden, The Netherlands) was diluted in ethanol. For each
experiment, we freshly diluted stock solutions of the drugs in culture medium to their
final IC80 concentration (7, 8): for paclitaxel 50 nM (H460), 15 nM (SW1573 and
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A549); for epothilone B 2.0 nM (H460 and A549), 2.8 nM (SW1573); for discoder-
molide 12 nM (H460), 19 nM (SW1573) and 26 nM (A549). zVAD-fmk (Enzyme
Systems Products, Livermore, CA), calpeptin (Calbiochem, Darmstadt, Germany),
CA-074 Me (Peptides International, Osaka, Japan), zFA-fmk (Enzyme Systems
Products), and pepstatin A (Sigma Chemicals, St. Louis, MO) were dissolved in
DMSO and added to the cells 1 hr prior to addition of the drugs at final concentra-
tions of 50 µM (zVAD-fmk), 100 µM (calpeptin, CA-074 Me, pepstatin A) and 200
µM (zFA-fmk).

Flow Cytometric Analysis
The extent of apoptosis was determined by flow cytometry, using propidium iodide
(Sigma) staining of hypodiploid DNA-content, as described previously (9). We per-
formed lysosomal integrity assays with the lysosomotropic probe Lysotracker Red
(Molecular Probes, Eugene, OR), according to the literature (10).

Plasmid Construction and Transfection
We created an expression plasmid encoding YFP-tagged cathepsin B by cloning full
length human cathepsin B cDNA (generated by RT-PCR using primers 5’-ATC TGT
TCT CGA GCT ATG TGG CAG CTC TGG GCC TCC-3’ and 5’-ATG GTA GGA
TCC TTA GAT CTT TTC CCA GTA CTG-3’) into the pEYFPC1 vector (Clontech
Laboratories, Inc., Palo Alto, CA). Cells were seeded onto sterile glass coverslips in
a 6-well tray, and transfected with 1.5 µg of plasmid DNA using the FuGene6 trans-
fection reagent (Roche Molecular Biochemicals, Mannheim, Germany), according to
the manufacturer’s protocol.

Fluorescence Microscopy
We performed fluorescence stainings as described previously (7), using Hoechst 33342
(Sigma) or Lysotracker Red (Molecular probes), according to the manufacturer’s
protocol. Slides were mounted in Vectashield (Vector Laboratories, Burlingame,
CA) and analyzed with a Leica DM IRBE fluorescence microscope.

Protein extraction and Western Blotting
Preparation of total cell extracts as well as Western blot analysis was performed as
described previously (9). For immunodetection, anti-cathepsin B monoclonal anti-
body (Oncogene Research Products, Boston, MA; 1:400 dilution) and horseradish
peroxidase-conjugated secondary antibody (Amersham, Braunschweig, Germany;
1:2000 dilution) were used. Enhanced chemiluminescence (Amersham) was used
for detection.

Statistics
We analyzed all quantitative experiments with the Student’s t test. All P -values re-
sulted from the use of two-sided tests and were considered significant when
< 0.05.
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RESULTS

Identification of cathepsin B as a mediator of caspase-independent cell
death triggered by microtubule-stabilizing agents
To elucidate the caspase-independent pathways mediating cell death induced by
MSAs, we evaluated the contribution of different cellular proteases, such as calpains,
cathepsin B and cathepsin D, to the cytotoxic potential of paclitaxel, epothilone B
and discodermolide. For this purpose, we screened several protease inhibitors for
their ability to interfere with MSA-induced cell death in H460 cells. As shown in
Table 1, the selective calpain inhibitor calpeptin did not reduce the cytotoxic effects
of IC80 concentrations of either drug, as determined by PI-staining based FACS-
analysis of hypodiploid cells, a method that we previously reported to correlate
well with induction of cell death (7, 8). The lack of effect of calpain-inhibition
was independent of duration of drug exposure (24–72 hr) or concentration of the
inhibitor (20–200 µM; data not shown). Interestingly, inhibition of cathepsin B by
the selective chemical inhibitors CA-074 Me and zFA-fmk strongly protected H460
cells from induction of a hypodiploid cell population by paclitaxel, epothilone B
and discodermolide, thereby reducing their cell killing potential by 42 up to 70%
(P-values < 0.05). In a dose finding experiment, low concentrations of the inhibitors
that also protect against TNF-α-induced cell death (25 µM of CA-074 Me and
100 µM of zFA-fmk (5)), already reduced the cytotoxic effects of MSAs significantly
(data not shown), whereas optimal results were obtained when higher concentrations
were used (100 and 200 µM respectively; Table 1). Additional studies indicated that

Table 1. Protective effect of various protease inhibitors on cell death induced by
paclitaxel, epothilone B and discodermolide in H460 cells. Percentages of cells with
a hypodiploid DNA-content are shown, as determined by PI-staining and flow cyto-
metric analysis after 48 hr exposure to the drugs. Results represent the mean and
SD of three independent experiments.

Percentage of cells with a
hypodiploid DNA-content

Inhibitor Paclitaxel Discodermolide Epothilone B
(target protease)

None (control) 32.6 ± 2.1% 32.5 ± 1.7% 33.2 ± 2.7%
zVAD-fmk (caspases) 26.5 ± 1.7%∗ 30.8 ± 1.2% 31.2 ± 1.7%
Calpeptin (calpains) 35.8 ± 3.6% 32.0 ± 3.7% 31.9 ± 3.8%
CA-074 Me (cathepsin B) 10.8 ± 1.3%∗ 14.2 ± 2.0%∗ 14.9 ± 2.3%∗

zFA-fmk (cathepsin B) 14.9 ± 0.6%∗ 18.9 ± 1.9%∗ 14.5 ± 2.6%∗

Pepstatin A (cathepsin D) 32.0 ± 3.9%∗ 30.5 ± 1.0%∗ 34.1 ± 3.6%

(* P < 0.05)
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Figure 1. Inhibition of cathepsin B protects against cell death in a panel of NSCLC cells. H460,

A549 and SW1573 were treated for 48 hr with paclitaxel, with or without pretreatment with the

cathepsin B inhibitors CA-074 Me or zFA-fmk, stained with PI and analyzed by flow cytometry.

Mean and SD of at least three independent experiments are shown.

cathepsin B inhibition provided protection from 16 up to 96 hr post-treatment (data
not shown). Protection was not observed when cells were pretreated with pepstatin
A, a selective inhibitor of cathepsin D. As a control in these experiments, we used
the pancaspase inhibitor zVAD-fmk. In line with our previous reports (7, 8), zVAD-
fmk did not protect significantly against the cytotoxic effects of epothilone B or
discodermolide, whereas it only reduced paclitaxel-induced cell death from 32.6 to
26.5%. We next analyzed the effect of cathepsin B-inhibition in other NSCLC cell
lines, A549 and SW1573. As shown in Fig. 1, the cathepsin B inhibitors protected
against paclitaxel-induced cell death in all investigated cell lines (P-values < 0.05).
This effect was strongest in SW1573 cells, in which CA-074 Me reduced paclitaxel-
induced cell death from 33% to 2.5%. For epothilone B and discodermolide, the
protection rates ranged from 45% in A549 cells up to 83% in SW1573 cells and from
42% in H460 cells up to 89% in SW1573 cells (P-values all < 0.05; data not shown).
Taken together, these results provide evidence for a central role of cathepsin B as a
mediator of caspase-independent cell death induced by MSAs in NSCLC cell lines.

Cathepsin B is released from the lysosomes and activated upon treatment
with paclitaxel, epothilone B and discodermolide
The lysosomal protease cathepsin B can be released from its cellular compartment
upon triggering with apoptotic stimuli such as TNF-α, resulting in tumor cell apop-
tosis (5). To assess whether treatment with MSAs results in a similar lysosomal
membrane permeabilization, we performed lysosomal integrity assays using the lyso-
somotropic fluorescence probe Lysotracker Red. In H460 cells treated with pacli-
taxel, increased numbers of cells with a weak fluorescence (so called ‘pale cells’) were
detected (Fig. 2A), a phenomenon reported to be due to leakage of the probe into
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Figure 2. Cathepsin B is released from the lysosomes and activated upon treatment with microtubule-

stabilizing agents. A, H460 cells were treated for 8–24 hr with paclitaxel, stained with Lysotracker

Red and analyzed by flow cytometry. The marker indicates pale cells with disrupted lysosomes.

Representative figures of three independent experiments are shown. B, time course experiment of

H460 cells treated for 4–24 hr with paclitaxel, epothilone B or discodermolide, as described under

A. The results represent the mean and SD of at least three independent experiments. C, Cathep-

sin B-YFP diffuses throughout H460 cells upon 16 hr treatment with paclitaxel, epothilone B or

discodermolide. D, Western blot analysis of SW1573 cells, showing activation of cathepsin B upon

treatment with paclitaxel or epothilone B, as indicated by the cleaved, active 25 kDa band.
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the cytoplasm, indicating lysosomal rupture (10). This effect was also observed in
SW1573 cells (data not shown), or when cells were treated with epothilone B or dis-
codermolide, and was already present from 8 hr after treatment (Fig. 2B). Next we
studied whether the disruption of the lysosomal integrity would facilitate the release
of cathepsin B into the cytoplasm. We therefore engineered a YFP-tagged cathep-
sin B fusion protein into the expression vector pEYFPC1, to allow easy detection
by fluorescence microscopy. Co-localization studies with Lysotracker Red confirmed
that cathepsin B-YFP was mainly present in the lysosomes (data not shown). As
shown in Fig. 2C, cathepsin B was released from the lysosomes of SW1573 cells
upon incubation with either drug, as indicated by the diffuse staining pattern of
the fusion protein throughout the cells after treatment. As expected based on the
lysosomal membrane integrity studies, this release was evident after 16 hr of incuba-
tion, and was also observed in H460 cells (data not shown). Inhibition of cathepsin
B only slightly prevented disruption of the lysosomes (data not shown), suggesting
that cathepsin B can stimulate its own release, as reported previously (11), and con-
firming that cathepsin B release occurs downstream of disturbance of the lysosomal
membrane integrity. To examine activation of cathepsin B after its release into the
cytoplasm, we performed Western Blot analysis on cellular extracts derived from
SW1573 cells, treated for 16 up to 72 hr with paclitaxel or epothilone B. Cathepsin
B is synthesized as an inactive pro-enzyme (43 kDa) which is processed into active
25 or 31 kDa forms (12). As shown in Fig. 2D, a clear increase in the cellular amount
of the cleaved, active 25 kDa product of cathepsin B was observed from 48 hr af-
ter treatment with either agent, whereas levels of the inactive 43 kDa pro-enzyme
and the active 31 kDa product remained unchanged. Incubation of H460 cells with
paclitaxel or epothilone B produced similar results (data not shown). Taken to-
gether, these results indicate that lysosomal disruption and release and subsequent
activation of cathepsin B accompany the induction of cell death in NSCLC cells by
MSAs.

Inhibition of cathepsin B potently protects against drug-induced nuclear
changes

Next, we studied the effect of cathepsin B inhibition on nuclear changes elicited by
MSAs. Paclitaxel, epothilone B and discodermolide trigger mitotic anomalies, re-
sulting in abnormal chromosome segregation and the appearance of so called ‘multi-
nucleated cells’ with multiple nuclei of various sizes. This early event is then fol-
lowed by the onset of apoptotic features and cell death (7, 13). As illustrated in
Fig. 3A, the cathepsin B inhibitor zFA-fmk prevented the development of multi-
nucleated cells upon 48 hr treatment with paclitaxel in the H460 cell line. Similar
results were obtained with epothilone B and discodermolide (data not shown) and
in SW1573 cells (Fig. 3B). In this cell line, the vast majority of untreated cells dis-
played normal nuclear morphology with only 1% of cells showing characteristics of
apoptotic cells with chromatin condensation, nuclear fragmentation and apoptotic
bodies. Upon treatment with paclitaxel for 48 hr, this pattern changed dramatically:
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76% of cells became multinucleated, and 9.5% of cells showed apoptotic morphology.
The cathepsin B inhibitors CA-074 Me and zFA-fmk almost completely prevented
the induction of multinucleated cells and reduced their incidence to 3 and 7%, re-
spectively. As reported before (7, 8), the pancaspase-inhibitor zVAD-fmk did not
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Figure 3. Inhibition of cathepsin B prevents drug-induced nuclear changes. A, H460 cells were

treated for 48 hr with paclitaxel or epothilone B, with or without pretreatment with the cathep-

sin B inhibitor zFA-fmk, stained with Hoechst 33342, and analyzed by fluorescence microscopy.

Arrowheads indicate normal (left and right panel) and multinucleated cells (middle panel). Repre-

sentative figures of multiple experiments are shown. B, Morphological changes (as depicted under

A, and described previously ) in SW1573 cells treated for 48 hr with paclitaxel, with or without the

cathepsin B inhibitors CA-074 Me and zFA-fmk, or the pancaspase inhibitor zVAD-fmk. Results

represent the mean of three independent experiments, in each of which 300 cells were counted. All

SDs were < 10%. C, SW1573 cells were treated for 48 hr with epothilone B, with or without the

cathepsin B inhibitor CA-074 Me, stained with PI and analyzed by flow cytometry. Representative

figures of three independent experiments are shown.
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affect the induction of multinucleated cells by paclitaxel, but only reduced the per-
centage of cells with apoptotic morphology from 9.5 to 3%. There were no significant
differences between the three drugs in either H460 or SW1573 cells (data not shown).
This protective effect of cathepsin B-inhibition on drug induced nuclear changes was
reflected in the cell cycle profile. As shown in Figure 3C, CA-074 Me largely re-
stored the cell cycle profile of SW1573 cells treated with epothilone B, and reduced
the amount of cells with a hypodiploid DNA-content from 30.3 to 7.7%. Similar
results were found in H460 and A549 cells, and for paclitaxel and discodermolide
(data not shown). These findings confirm the pivotal role of cathepsin B in cell death
induced by microtubule-stabilizing agents and suggest that activation of cathepsin
B represents an early step in this process.

DISCUSSION

We have previously reported that paclitaxel, epothilone B and discodermolide trigger
cell death primarily via caspase-independent routes in NSCLC cells (7, 8). In this
study, we demonstrate that MSAs can trigger disruption of lysosomes leading to
release and subsequent activation of the lysosomal protease cathepsin B, representing
an early stage of the cell death process in this type of cells. Inhibition of cathepsin
B, and not of caspases or other proteases such as calpains or cathepsin D, strongly
protected against cell death, indicating that cathepsin B is essential for the caspase-
independent cell death triggered by paclitaxel, epothilone B and discodermolide.
Although our observation of cathepsin B-dependency in MSA-induced cell death
is novel, involvement of lysosomal proteases in cell death is not unprecedented.
Cathepsin D mediates PCD induced by interferon-γ, Fas and TNF-α in HeLa cells
(14), whereas this protease can activate cathepsin B in hepatocytes upon treatment
with camptothecin and thereby lead to cell death (6). The pivotal role of cathepsin
B in hepatocyte apoptosis has further been demonstrated in cathepsin B knockout
mice, which were resistant to TNF-α-mediated apoptosis and liver injury (15).

Strong evidence is now accumulating for involvement of alternative proteases,
such as cathepsin B, in PCD (16), but the molecular identity of the mediators and the
necessity of activation of the apoptotic pathways remains to be elucidated in most
cases, and may vary upon the type of cells and the applied death stimulus (17). For
example, cathepsin B has been reported to contribute to apoptosis via induction
of mitochondrial membrane permeabilization, possibly via cleavage of Bid, in some
systems, thereby acting upstream of the caspase cascade (18–21). Others have,
however, reported that cathepsin B can act as an effector protease, downstream of
activation by caspases (5, 22). Additionally, cathepsin B is capable of executing cell
death completely independent of the apoptotic machinery in WEHI-S fibrosarcoma
cells (5). In our system, inhibition of caspases did not affect the cytotoxicity of
epothilone B or discodermolide, and it only slightly reduced cell death by paclitaxel,
indicating that cathepsin B is the main mediator of MSA-induced cell death in
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NSCLC cells, without requirement of the apoptotic cascade. Loss of mitochondrial
membrane potential may, however, contribute to this process as a secondary event,
as we have previously reported that these drugs trigger mitochondria to release
cytochrome c in a late stage of the cell death process (7, 8). In this respect, our data
indicate that the three microtubule-stabilizing drugs may not act fully identically:
whereas paclitaxel may partially exploit caspases as effector proteases, epothilone
B and discodermolide induce cell death completely independent from the apoptotic
machinery in NSCLC cells. Caspase-independent cell death is, however, not an
intrinsic characteristic of this type of cells, as the apoptotic cascade is functional
and accounts for the cytotoxic activity of DNA-damaging agents (9). Our study
therefore provides further evidence for the view that the cellular death response
may depend on the type and dose of chemotherapeutic stress within the cellular
context.

The nearly complete prevention of drug-induced nuclear changes suggests that
activation of cathepsin B represents an early step in the cell death process. The
mechanism underlying MSA-induced disruption of the lysosomal membrane integ-
rity, which preceded release and activation of cathepsin B in our studies, remains,
however, speculative, and other yet unidentified factors are likely to contribute to
this process. For example, p53 has been reported to trigger lysosomal destabiliza-
tion via yet unknown pathways (10), but also generation of reactive oxygen species
may account for this phenomenon (19). Additionally, TNF-α has been postulated
to trigger lysosomal permeabilization via formation of the lysosomotropic detergent
sphingosine from ceramide (11). As paclitaxel induces ceramide formation (23), sim-
ilar processes may be involved in the release and activation of cathepsin B triggered
by this class of agents. Alternatively, interaction between the drugs and micro-
tubules may trigger a yet uncharacterized signal transduction cascade leading to
lysosomal permeabilization. In this respect, it would be interesting to see whether
similar characteristics of cell death occur after treatment with cytotoxic drugs that
act via destabilizing microtubules, such as the vinca alkaloids. Currently, further
studies are in progress to unravel the molecular pathways underlying the exciting
process of caspase-independent cell death induced by microtubule-stabilizing agents
and to evaluate a potential role of cathepsin B as a determinant of sensitivity to
MSA-based chemotherapy.
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F.A.E. Kruyt
G. Giaccone

Department of Medical Oncology
VU University Medical Center, Amsterdam



Chapter 5

ABSTRACT

Patterns of cell death have been divided into apoptosis, which is actively executed
by specific proteases, the caspases, and accidental necrosis. However, there is now
accumulating evidence indicating that cell death can occur in a programmed fashion
but in complete absence and independent of caspase-activation. Alternative mod-
els of programmed cell death (PCD) have therefore been proposed, including au-
tophagy, paraptosis, mitotic catastrophe and the descriptive model of apoptosis-like
and necrosis-like PCD. Caspase-independent cell death pathways are important safe
guard mechanisms to protect the organism against unwanted and potential harmful
cells when caspase-mediated routes fail, but can also be triggered in response to
cytotoxic agents or other death stimuli. As in apoptosis, the mitochondrion can
play a key role but also other organelles such as lysosomes and the endoplasmic
reticulum have an important function in the release and activation of death-factors
such as cathepsins, calpains and other proteases. Here we review the various models
of PCD and their death pathways at molecular and organelle level, and discuss the
relevance of the growing knowledge of caspase-independent cell death pathways for
cancer.
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INTRODUCTION

Balance between cell division and cell death is of utmost importance for the develop-
ment and maintenance of multicellular organisms. Disorders of either process have
pathological consequences and can lead to disturbed embryogenesis, neurodegener-
ative diseases or the development of cancer. Therefore, the equilibrium between
life and death is tightly controlled and faulty elements can effectively be eliminated
by a process called ‘programmed cell death’ (PCD) (1). In the past decades, PCD
was held synonymous of apoptosis , a death process characterized by morphological
changes such as shrinkage of the cell, condensation of chromatin, and disintegration
of the cell into small fragments (so called ‘apoptotic bodies’) that can be removed by
phagocytosis (2). The apoptotic cascade can be initiated via two major pathways,
involving either the release of cytochrome c from the mitochondria (mitochondria
pathway), or activation of death receptors in response to ligand binding (death
receptor pathway) (3, 4). Upon triggering of either pathway, a specific family of cys-
teine proteases, the caspases, is activated to execute the cell’s fate in a programmed
fashion, leading to the typical morphological changes (5). Whereas apoptosis is an
inherent, controlled cellular death program, the conceptual counterpart, necrosis , is
a more chaotic way of dying, which results from circumstances outside the cell, and
is characterized by cellular edema and disruption of the plasma membrane, leading
to release of the cellular components and inflammatory tissue response (2, 6).

In recent years, it has become evident that the classical dichotomy of apoptosis
versus necrosis is a simplification of the highly sophisticated processes which guard
the organism against unwanted and potentially harmful cells. Although caspases
may be indispensable for the typical apoptotic morphology, the process of caspase-
activation is not the sole determinant of life and death decisions in PCD (7–11). One
of the first clear demonstrations of caspase-independent PCD was given by Xiang et
al., who showed that inhibition of caspase activities in the human leukemic cell line
Jurkat did not inhibit Bax-induced cell death itself, but only changed the apoptotic
morphology of the dying cells (12). Indeed, more evidence is now accumulating that
PCD can occur in complete absence of caspases, and other, noncaspase proteases
have been described to be able to execute PCD (13–19). In addition, Cauwels et al.
have demonstrated that caspase-inhibition did not alleviate, but rather exacerbated
TNF-α-induced toxicity in mice, indicating that caspase-independent PCD is not
restricted to in vitro models (20, 21). The various forms of caspase-independent
cell death cannot readily be classified as ‘apoptosis’ or ‘necrosis’, and alternative
types of PCD have been described (7, 8, 10, 13, 22–24). They do not occur only
under physiological circumstances, but can also be induced by for instance TNF-α
or chemotherapeutic drugs (25). In this review, we focus on the various types of
PCD and their death pathways at molecular and organelle level, and discuss several
stimuli that can lead to caspase-independent cell death.
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CLASSIFICATION OF PCD

The various types of PCD have in common that they are executed by active cellular
processes that can be intercepted by interfering with intracellular signaling. This
distinguishes them from accidental necrosis (22). Since it has become clear that
inhibition of caspase-activation does not necessarily protect against cell death stim-
uli, but rather can reveal or even enhance underlying caspase-independent death
programs, several models have been proposed (Figure 1).

One model involves autophagy, which is also called type II cell death to distin-
guish it from apoptosis or type I cell death (23, 26). This process is characterized
by sequestration of bulk cytoplasm and organelles in double or multimembrane au-
tophagic vesicles, and their delivery to and subsequent degradation by the cell’s
own lysosomal system (autophagia = self-digestion in Greek). It serves to eliminate
long-lived proteins and organelle components, and has an important function in cel-
lular remodeling due to differentiation, stress or damage induced by cytokines. Cells
that undergo excessive autophagy are triggered to die in a non-apoptotic manner,
without activation of caspases (reviewed in (27)). Interestingly, autophagy may fac-
tor into both the promotion and prevention of cancer, and its role may be altered
during tumor progression (reviewed in (28)). The autophagic capacity observed dur-
ing experimental animal carcinogenesis has been shown to be decreased, indicating
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Figure 1. Various models of cell death. Since it has become clear that a cell can not only die

from apoptosis or necrosis (as defined by Kerr et al.), several models have been proposed to define

the observed process of caspase-independent PCD. Paraptosis involves cytoplasmic vacuolation,

mitochondrial swelling in the absence of caspase activation or typical nuclear changes , whereas

mitotic catastrophe occurs as a default pathway after mitotic failure and (threatening) development

of aneuploid cells. Slow cell death had been proposed by Blagosklonny, to describe the delayed type

of PCD that occurs if caspases are inhibited or absent. Finally, autophagy is characterized by

sequestration of cytoplasm or organelles in autophagic vesicles and their subsequent degradation

by the cells own lysosomal system.
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that breakdown of the autophagy process may contribute to the development of
cancer (29–31). This is supported by recent reports on the autophagy gene Beclin
1 which demonstrate that heterogenous disruption of this gene leads to increased
tumori-genesis in mice (32, 33). However, cancer cells may need autophagy to sur-
vive nutrient-limiting and low-oxygen conditions and autophagy may protect cancer
cells against ionizing radiation by removing damaged elements (34, 35). The precise
role of cell death by autophagy in mammals is, therefore, not yet fully understood
(36).

Paraptosis has recently been characterized by cytoplasmatic vacuolation that
begins with progressive swelling of mitochondria and the endoplasmic reticulum.
It typically does not response to caspase inhibitors, nor does it involve activation
of caspases, the formation of apoptotic bodies or other characteristics of apoptotic
morphology (10). Paraptosis has been described to be mediated by MAP-kinases
(37), and can be triggered by the TNF-receptor family member TAJ/TROY (38)
and the insulin-like growth factor 1 receptor (37). Interestingly, paraptosis but not
apoptosis has been shown to be inhibited by AIP1/Alix, a protein interacting with
the cell calcium binding death-related protein ALG-2 (37), suggesting that this type
of cell death is fundamentally different from apoptosis. There are, however, only a
few reports on paraptosis, and they do not make a comparison with other types of
PCD such as autophagy. It remains, therefore, to be established whether autophagy
and paraptosis represent independent types of PCD.

Mitotic catastrophe is another cell death pathway, which is not typical for apop-
tosis. It is triggered by mitotic failure caused by defective cell cycle checkpoints and
the (threatening) development of aneuploid cells that are doomed to die (reviewed in
(24)). Mitotic catastrophe can, in particular, be triggered by microtubule-stabilizing
or destabilizing agents and DNA-damage (39). This death pathway kills the cell
during, or close to the metaphase in a p53-independent manner, or occurs partially
dependent of p53 after failed mitosis by activation of a polyploidy checkpoint. Mi-
totic catastrophe has been reported to be accompanied by mitochondrial membrane
permeabilization and caspase-activation (40), but others have argued that it is fun-
damentally different from apoptosis, as caspase-inhibition or Bcl-2 overexpression
fails to prevent catastrophic mitosis or the development of giant multinucleated cells
(39, 41). Whether mitotic catastrophe represents a fully caspase-independent type
of PCD, is therefore still matter of debate.

In contrast to the more specific definitions of PCD above, Leist and Jäättelä
proposed a descriptive model, which classifies cell death into four subclasses, ac-
cording to their nuclear morphology (Fig. 2). Apoptosis is defined by stage 2
chromatin condensation into compact figures, which are often globular or crescent-
shaped. Slightly different is apoptosis-like PCD , which is characterized by less com-
pact chromatin condensation, so-called stage 1 chromatin condensation. In con-
trast, in necrosis-like PCD no chromatin condensation is observed, but at best chro-
matin clustering to loose speckles, whereas necrosis is characterized by cytoplasmatic
swelling and cell membrane rupture (22).

91



Chapter 5

  

Apoptosis

Apoptosis-like PCD Necrosis-like PCD

Death stimulus
Necrosis

Triggering of death receptors

Oncogene activation

Cytotoxic drugs

Radiation

UV-light

Etc. 

Figure 2. Classification of cell death according to the nuclear morphology of the dying cell.

Upon a lethal stimulus, a cell can die in different ways that can be classified according to their

nuclear morphology. In apoptosis there is chromatin condensation into compact figures, which are

often globular or crescent shaped. Apoptotic morphology further includes shrinkage of the cell,

membrane blebbing, and the formation of apoptotic bodies. Apoptosis is dependent of caspase

3 and caspase-activated DNAse. Apoptosis-like PCD is characterized by chromatin condensation

that is less compact, but which gives more complex and lumpy shapes and is caused by apoptosis

inducing factor, endonuclease G, cathepsins or other proteases. Any degree or combination with

other apoptotic features can be found. In necrosis-like PCD, no chromatin condensation is observed,

but at best chromatin clustering to loose speckles, whereas necrosis is associated with cytoplasmic

swelling and cell membrane rupture (Modified from Leist and Jäättelä).

Despite the numerous models proposed to categorize PCD, exclusive defini-
tions are difficult to make and are probably artificial due to the overlap and shared
signaling pathways between the different death programs. It has been demonstrated,
that apoptotic and necrotic death markers can concomitantly be present in the same
cell after cerebral ischemia, indicating that more than one death program may be ac-
tivated at the same time (42). In addition, a cell may switch back and forth between
different death pathways as demonstrated in neuronal cell death that exhibited el-
ements of autophagic degeneration upon oncogenic Ras-expression, whereas it had
characteristics of apoptotic cell death upon treatment with TNF-α (43). It has,
therefore, been postulated that the dominant cell death phenotype is determined by
the relative speed of the available death programs: although characteristics of several
death pathways can be displayed, only the fastest and most effective death pathway
is usually evident (44). In addition, attempts have been made to order caspase-
independent cell death according to the cellular organelles involved (45). Organelles
such as the mitochondria, lysosomes or endoplasmic reticulum, and plasma mem-
brane death receptors can be involved in either of the subclasses, but may play a
more prominent role in certain types of PCD. As reviewed here and summarized in
Figure 3, the signals from the different cellular organelles are linked, and may act
both upstream and downstream of each other.
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Figure 3. Cross-talk between cellular organelles during cell death. Upon a lethal stimulus, a cell has

access to different death programs that can be executed via caspases (apoptosis) or independent

of caspases. Mitochondria, lysosomes and the endoplasmic reticulum can be involved in various

pathways, but may play a more prominent role in certain types of PCD. As depicted here, the

signals from the different organelles are linked, and may act both upstream and downstream of each

other. It has therefore been postulated that the dominant cell death phenotype is determined by

the relative speed of the available death programs, and only the fastest and most effective pathway

is usually evident. For details see text. Note: for reasons of legibility, only the most important

molecules and connections are included in this figure.

ORGANELLES INVOLVED IN PCD

Mitochondria
Release of toxic proteins form the intermembrane space of the mitochondria triggered
by permeabilization of the outer mitochondrial membrane constitutes the ‘point of
no return’ in most cases of PCD (Fig. 3). Members of the Blc-2 family control
this process tightly (46): upon apoptotic signals, proapoptotic Bcl-2 proteins such
as Bax and Bak are activated, resulting in outer mitochondrial membrane perme-
abilization. In contrast, anti-apoptotic Bcl-2 family members, such as Bcl-2 and
Bcl-XL, can prevent this occurrence by heterodimerization with Bax-like proteins.
Other proapoptotic Bcl-2 proteins which contain only the BH3 domain (e.g. Bad,
Bid, Bim, Bmf, Noxa) act by opposing the inhibitory effect of Bcl-2 or Bcl-XL, or
by activating Bax-like proteins by direct binding. A second mechanism of permeabi-
lization of the outer mitochondrial membrane is opening of a permeability transition
pore in the inner mitochondrial membrane upon a variety of stimuli. This allows
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water and small molecules (up to 1.5 kD) to pass through, leading to swelling of the
intermembrane space and rupture of the outer mitochondrial membrane (reviewed
by Green (46)).

The first protein shown to be released from the mitochondria upon apoptotic
stimuli is cytochrome c, an essential component of the respiratory chain. Upon
release in the cytoplasm, it forms, in the presence of ATP, the so-called ‘apopto-
some’ together with Apaf-1 and caspase 9. This triggers the classical apoptotic
cascade, leading to apoptotic cell death. The catalytic function of cytochrome c is
safeguarded by members of the inhibitor of apoptosis proteins (IAPs) family, which
are in turn controlled by two other mitochondrial proteins, Smac/DIABLO and
OMI/HtrA2 (Fig. 3). In this way, OMI/HtrA2 plays a role in caspase-dependent
cell death, but it can also act as an effector protein in necrosis-like PCD. This func-
tion is independent of its IAP-binding activity, but is performed by its protease
activity (47–50). It is, however, difficult to make firm conclusions about to precise
contribution of OMI/HtrA2 to cell death, as downregulation of OMI/HtrA2 expres-
sion influences both its mitochondrial function and its cytosolic role in cell death
(51). Another mitochondrial protein that potentially contributes to both caspase-
independent and caspase-dependent cell death is endonuclease G. This protease is
evolutionarily conserved with orthologues known in bacteria and fungi and is able to
induce caspase-independent DNA-fragmentation in isolated nuclei (52). It is likely
that endonuclease G cooperates with caspase-activated exonucleases and DNase I to
generate internucleosomal DNA fragments under physiological conditions (53), and
it remains to be established whether endonuclease G defines a single mitochondrial
DNA-fragmentation pathway in mammalian cells (25).

Apoptosis inducing factor (AIF) is a mitochondrial protein that plays a pivotal
role in PCD, as demonstrated by Joza et al., who reported that targeted disruption
of the AIF gene inhibited the first wave of programmed cell death during embryoge-
nesis (54). AIF was first described by Susin et al. (55), and is normally retained in
the intermembrane mitochondrial space, where it performs an oxidoreductase func-
tion (56). Similar to the bifunctional role of cytochrome c, AIF becomes an active
cell killer when it is released to the cytosol: it then translocates to the nucleus and
triggers, possibly together with endonuclease G (57), peripheral chromatin conden-
sation and high molecular weight (50 kb) DNA loss (58–60). The lethal effects of
AIF are controlled by the anti-apoptotic protein heat-shock protein 70 that interacts
with AIF and protects against its apoptogenic effects (61).

Interestingly, the lysosomal protease cathepsin D has been reported to trigger
AIF-release independent of the caspase-cascade (62), and AIF mediated cell death
in Apaf 1 –/– and caspase 3 –/– cells (63). In addition, the presence of the broad
caspase-inhibitor zVAD-fmk did not prevent the mitochondrial-nuclear translocation
of AIF (64), nor did it prevent its lethal effects (58, 59), indicating that this protein
is involved in caspase-independent, apoptosis-like PCD. This notion is supported
by Yu et al., who demonstrated that AIF-release and subsequent cell death can be
triggered independent of caspases by excessive calcium influx resulting in overactiva-
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tion of poly (ADP-ribose) polymerase-1 (PARP-1) (60). Furthermore, AIF and not
caspase-activation was demonstrated to be largely responsible for pneumococcus-
induced apoptosis in a experimental meningitis model (65), suggesting that caspase-
independent cell death by AIF plays an important role in pathological conditions.
Others have, however, demonstrated that mitochondrial release of AIF occurs down-
stream of cytochrome c in response to certain stimuli and may require caspase acti-
vation (66, 67). Apparently, AIF can serve as an additional response mechanism to
facilitate the completion of caspase-dependent apoptosis in certain death paradigms,
whereas it is capable of executing caspase-independent cell death in other cell types
(reviewed in (68)). Indeed, there is now accumulating evidence in vitro as well as in
vivo suggesting that AIF can act as a safe-guard death executioner in cancer cells
with faulty caspase activation (69–71).

Lysosomes

In the classical apoptosis-necrosis paradigm, lysosomes were solely considered
to be involved in necrotic and autophagic cell death, and the lysosomal proteases
were believed to take care only of non-specific protein degradation within the lyso-
some. In recent years, however, it has become evident that the role of lysosomes
in cell death is far more sophisticated. One of the first studies reporting an active
role for lysosomal proteases in cell death was based on the cloning of ‘regression se-
lected genes’ in rat prostate and mammary glands after hormone ablation. Increased
amounts of the lysosomal enzyme cathepsin B were found in the basal aspect of cells
in regressing tissue, indicating that cathepsin B is required for the local degradation
of the basement membrane, which is one of the earliest morphologically recogniz-
able events of active cell death (72). Active participation of lysosomal proteases has
since then been observed in cell death induced by several stimuli, including oxida-
tive stress (73–77), TNF-α (16, 17, 78, 79), bile salt-induced apoptosis (80, 81), and
chemotherapeutic drugs (15, 82).

Studies with the synthetic lysosomotropic detergent MSDH indicate, that the
key factor in determining the type of cell death is the magnitude of lysosomal per-
meabilization, and the amount of proteolytic enzymes released into the cytosol (83).
Whereas partial, selective permeabilization triggers apoptotic like PCD, massive
breakdown of lysosomes results in unregulated necrosis (reviewed in (44)). Several
mechanisms to achieve the translocation of a balanced amount of lysosomal proteases
to the cytoplasm, without risking a complete breakdown of the organelle and induc-
tion of necrotic cell death have been proposed. One theory involves accumulation of
the lysosomotropic detergent sphingosine in the lysosomes, which could facilitate the
release of lysosomal enzymes into the cytoplasm (18). Another possible mechanism
is the generation of reactive oxygen species (ROS) which also can induce lysosomal
leakage. Indeed, experimental evidence suggests that ROS-induced lysosomal per-
meabilization usually precedes mitochondrial dysfunction (73, 74), thereby creating
a feedback loop in which mitochondrial ROS can lead to more lysosomal permeabi-
lization (84). An intriguing hypothesis is the translocation of pro-apoptotic members
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of the Bcl-2 family to the lysosomes, where they could induce the formation of pores
and membrane permeabilization, similar to their well known role in mitochondrial
membrane polymerization (75–77). Recently, it has been described that heat shock
protein 70, that antagonizes the apoptogenic effects of AIF, promotes cell survival
by inhibiting lysosomal membrane permeabilization (85).

The cysteine protease cathepsin B and L and the aspartatic protease cathepsin
D are the most abundant lysosomal proteases. Cathepsin B and D are most stable
at physiologic, cytoplasmatic pH and seem to have the most prominent role in apop-
totic and necrotic like PCD (reviewed in (86, 87)). Cathepsin B has been shown
to translocate to the nucleus and thereby contribute to bile salt-induced apoptosis
(81). Indeed, cathepsin B can act as an effector protease, downstream of caspases
in certain cell types (16, 88) and is capable of executing cell death independent of
the apoptotic machinery in WEHI-S fibrosarcoma and NSCLC cells (15, 16). Other
reports have, however, demonstrated that lysosomal proteases rather promote cell
death more indirectly by triggering mitochondrial dysfunction and subsequent re-
lease of mitochondrial proteins (14, 17, 82, 89, 90). This may occur via the Bcl-2
family protein Bid (19, 91, 92), which is cleaved and translocated to the mitochon-
dria after lysosomal disruption by lysosomotropic agents (93). In addition, cathepsin
D can trigger activation of Bax, leading to selective release of AIF from the mito-
chondria and PCD in T lymphocytes (62). Finally, lysosomal proteases have been
reported to directly cleave and activate caspases, thereby confirming that lysosomal
permeabilization often is an early event in the apoptotic cascade (94–96).

Taken together, it appears that lysosomal proteases trigger PCD not via a
single specific pathway, but rather via multiple pathways that may overlap with the
traditional mediators of apoptosis (Fig. 3). The molecular identity of the media-
tors and the necessity of activation of caspase-dependent pathways, remains to be
elucidated in many cases, and may vary depending on the type of cells and the ap-
plied death stimulus (97). Many other molecular pathways mediated by lysosomal
enzymes are likely to be described in the near future.

Endoplasmic reticulum

The endoplasmic reticulum (ER) is an important sensor of cellular stress that
can withhold protein synthesis and metabolism in order to restore cellular home-
ostasis (98). If the damage to the ER is too extensive, this can initiate PCD via the
unfolded protein response or via release of calcium into the cytoplasm (reviewed in
(99)). This leads to activation of caspase 12, possibly via translocation of the Bcl-2
family member Bim to the ER (100). Caspase 12 in its inactive state is localized
at the cytosolic face of the ER, but it triggers downstream caspases and apoptosis
when it becomes activated (101, 102). In addition, and independent of caspase 12-
activation, ER stress can induce permeabilization of the mitochondrial membrane,
and thus activate the classical apoptotic pathway as well as other mitochondrial
death pathways (25, 103). Bcl-2 family proteins as well as cytoplasmatic calcium
shifts orchestrate the cross talk between the mitochondria and the ER (104, 105).
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In addition, intracellular calcium influx caused by ER stress induces activation
of a family of cytosolic proteases, the calpains (calcium activated neutral proteases),
which normally reside in the cytosol as inactive zymogens (106). Calpains have
been demonstrated to act downstream of caspase-activation and to contribute to
the degradation phase of campthotecin-induced apoptosis in HL-60 cells (107, 108).
They are kept in control by their natural inhibitor calpastatin, which is in turn
inactivated by calpain- or caspase-mediated cleavage (109). In addition, Bax and
likely also other yet undefined pathways are involved in the cross talk between the
calpain and caspase proteolytic system (110, 111). Indeed, Sanvicens et al. have
demonstrated that both caspases and calpains contribute to oxidative stress-induced
apoptosis in retinal photoreceptor cells (112). Furthermore, a ‘calpain-cathepsin
cascade’ has been reported, in which activated calpains induce release of lysosomal
cathepsins and subsequent cell death (Fig. 3) (113, 114). Interestingly, vitamin D
compounds have been reported to trigger cell death in MCF-7 cells executed by
calpains in complete absence and independent of caspase-activation (115–117), indi-
cating that the ER may play a key role in certain types of caspase-independent cell
death (Fig. 3). This notion is supported by several studies demonstrating an active
and pivotal role for calpains in anthracycline-induced toxicity in cardiac myocytes
(118), neuronal (119, 120) and pancreatic cell death (121).

DEATH STIMULI TRIGGERING ALTERNATIVE TYPES OF PCD

Caspase-dependent apoptosis plays a pivotal role in embryogenic development, but
there is now accumulating evidence indicating that necrotic and apoptotic-like PCD
are important safe guard mechanisms for the developing organism (122). This is
illustrated by knockout studies in caspase 3 or 9 –/– mice which show, despite an
altered morphology and temporal delay in neuronal cell death, equal numbers of
neurons that are ultimately lost during development. Moreover, certain neurological
areas such as the spinal cord and brainstem appear normal in both knockout and
control animals, suggesting that the involvement of specific caspases and the occur-
rence of caspase-independent cell death may depend on the brain region, cell type or
the death stimulus (123). Similar results were found in the early motoneuron death
in the chick embryo cervical spinal cord, in which caspase activity was involved but
for which it was not indispensable (124). Many other physiological cell deaths do
not appear occur through classical apoptosis, but may primarily be executed by
alternative proteases (122). For instance, studies on maturation of osteoblasts in
maturing bone (125), differentiation of keratinocytes (126–128) and differentiation
of lens fiber cells (94, 129, 130) show that there is far more indirect than direct
evidence that their death is apoptotic or caspase-dependent.

Triggering of the TNF receptor-1 (TNFR-1) by TNF-α can lead to classical
apoptosis via activation of the initiator protease caspase 8 in the death receptor
pathway (131). Other studies have raised the possibility that TNF-α may trigger
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apoptosis via an additional route, involving constituents of acidic vesicles that can
generate ceramide as a second messenger (132, 133). Indeed, cathepsin D has been
found to mediate PCD in HeLa cells induced by TNF-α (134). In addition, cathep-
sin B has been described to contribute to bile salt and TNF-α-induced hepatocyte
apoptosis (17, 79, 81, 135). The pivotal role of cathepsin B in hepatocyte apoptosis
has further been demonstrated in cathepsin B knockout mice, which were resistant
to TNF-α-mediated apoptosis (78). In addition, both genetic and pharmacological
inhibition of cathepsin B reduces hepatic inflammation and fibrogenesis upon bile
duct ligation in mice (80). Furthermore, it attenuates hepatocyte apoptosis and liver
damage in steatotic mice livers after cold ischemia/warm reperfusion injury (136).
These results suggest that cathepsin B is indispensable for hepatocyte-apoptosis in-
duced by TNF-α or liver injury and implicate that cathepsin B-inhibition may be
of therapeutic interest in liver diseases (137).

Successful treatment with chemotherapeutic drugs is largely dependent on their
ability to trigger cell death in tumor cells and activation of apoptosis is at least par-
tially involved in this process (138). The majority of cytotoxic agents trigger the mi-
tochondria pathway, but the death receptors have also been reported to be involved
in chemotherapy-induced apoptosis (139, 140). However, recent evidence suggests
that there are forms of chemotherapy-induced cell death that cannot readily be clas-
sified as apoptosis or necrosis, but that fit more in the apoptosis-like / necrosis-like
PCD model (22, 141, 142). Table 1 gives an overview of caspase-independent cell
death induced by chemotherapeutic agents. For instance, cell death induced by
paclitaxel and the novel microtubule-interacting agents epothilone B and discoder-
molide in non-small cell lung cancer (NSCLC) cells was not prevented by the use of
the broad-spectrum inhibitor zVAD-fmk, nor was it reduced in Bcl-2 overexpressing
or Fas-associated death domain-dominant negative cells, indicating that this class of
agents primarily induces caspase-independent cell death in NSCLC cells (143, 144).
Interestingly, specific cathepsin B-inhibitors, and not inhibitors of cathepsin D or
calpains, did reduce the lethal effects of these drugs, thereby providing evidence
for a cathepsin B-mediated cell death pathway induced by microtubule-stabilizing
agents (15). Other studies in NSCLC cells suggest that the relative resistance to
caspase-dependent apoptosis that is frequently seen in this cell type, can be cir-
cumvented by the triggering of an AIF-mediated, caspase-independent mechanism
(70) and AIF may determine the chemoresistance of NSCLC cells (145). In addition,
paclitaxel induced caspase-independent apoptosis via AIF in ovarian carcinoma cells
(146), indicating that the activation of a certain death pathway may vary upon the
cellular system (97). Although cell death in hematological malignancies is more of-
ten mediated by the classical apoptotic proteases than in solid tumors (7, 141), the
occurrence of caspase-independent cell death has been reported in T-lymphocytes
and acute myeloid leukemia (147, 148). Taken together, the cellular death response
triggered by cytotoxic agents depends on the type and dose of chemotherapeutic
stress within the cellular context, and may involve classical apoptosis, as well as
various types of apoptotic or necrotic PCD.
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Cytotoxic agent System Caspase-independent cell
death mediated by

Camptothecin Hepatocytes Cathepsin D (135)
Cladribine Human leukemic cells AIF (149, 150)
Doxorubicin Acute myeloid leukemia cells Not identified (147)

Neuroblastoma (N-type) cells Not identified (151)
Cardiomyocytes Calpains (118)

Paclitaxel NSCLC cells Cathepsin B (15)
Ovarian carcinoma cells AIF (146)

Arsenic trioxide Myeloma cells Not identified (152)
T cell lymphoma cells Not identified (153)

Staurosporine NSCLC cells AIF (145)
Fibroblasts Cathepsin D (82)
T lymphocytes Cathepsin D, AIF (62)

Flavopiridol Glioma cells AIF (69)
Vitamin D Breast cancer cells Calpains (115, 116)
Quinolone Several human and mice cells Cathepsin B and D,
antibiotics followed by mitochondrial

permeabilization (14)

Table 1. Overview of caspase-independent cell death triggered by cytotoxic agents.

CONCLUSIONS

Despite the enormous importance of the discovery of apoptosis as a cell death pro-
gram indispensable for embryogenesis and protection against unbridled cell growth,
the apoptosis-necrosis paradigm is too simple to encompass the wide spectrum of
possibilities we have to eliminate faulty and potentially harmful cells. Not only
caspases, but also calpains, cathepsins, endonucleases and other proteases can exe-
cute programmed cell death, and they can be directed by several cellular organelles,
including mitochondria, lysosomes and the ER, which can act independently, or col-
laborate with each other. Although several models of caspase-independent cell death
have been described, the various death routes may overlap and several characteris-
tics may be displayed at the same time. The evolutionary advantage of the existence
of multiple death pathways is obvious: it protects the organism against the devel-
opment of malignant diseases as many burdens have to be overcome before a cell
becomes a tumor cell. This may explain the relative rarity of cancer, in respect to
the huge number of cell divisions and mutations during a human life. The growing
knowledge of caspase-independent cell death pathways is important for the oncology
field, as they could potentially be manipulated to develop new cancer therapies.
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ABSTRACT

Lung cancer is one of the most frequent causes of cancer deaths world-wide. Non-
small cell lung cancer (NSCLC) accounts for about 80% of cases and no curative
treatment is available for advanced stages of disease (stage III and IV), which com-
prise the majority of cases. Current treatment regimens with standard chemotherapy
offer only a limited survival benefit, and, therefore, the development of new thera-
peutic strategies is needed. Novel chemotherapeutic drugs such as the epothilones,
MEN 10755 and S-1 are being studied in patients with advanced stages of disease.
Furthermore, an abundant number of therapies targeted against critical biological
abnormalities in NSCLC are being investigated in clinical trials. The latter approach
includes inhibition of growth factors, interference with abnormal signal transduction,
inhibition of angiogenesis and gene replacement therapy. Promising results have thus
far been obtained with some of these therapies. This review describes the role of
new therapeutic agents in the treatment of NSCLC.
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INTRODUCTION

Lung cancer is one of the most commonly occurring malignancies in the world and
is the leading cause of cancer-related death in men. It is generally divided into small
cell lung cancer (SCLC), which accounts for about 20% of all cases, and non-small
cell lung cancer (NSCLC) that can be subdivided into squamous cell carcinoma,
adenocarcinoma and large cell carcinoma and represents approximately 80% of all
lung cancers (1).

Surgery remains the sole curative treatment modality for patients with NSCLC.
However, less than one third of patients are candidates for surgical exploration and
more than 50% of them will eventually relapse (2). Chemotherapy is broadly used for
advanced stages of NSCLC and usually consists of a platinum-containing compound
(cisplatin or carboplatin) combined with gemcitabine, a taxane (paclitaxel or doc-
etaxel) or vinorelbine (3). A recent randomised study among 1207 patients showed
that four platinum-based combination regimens were similarly effective with a re-
sponse rate of 17–21% and a 1-year survival rate of 31–36% in previously untreated
patients with stage IIIB or IV NSCLC (4). When compared to best supportive care,
chemotherapy offers only a limited survival benefit often at the cost of substantial
toxicity (5, 6).

Chemotherapy has not substantially altered the long-term outcome for most
lung cancer patients in the past decade and it is likely that the results of chemothe-
rapy have reached a plateau (7). Therefore, novel treatment strategies are urgently
needed in advanced NSCLC. New ways to improve the results of current treatment
regimens appear the use of novel chemotherapeutic agents with more favourable tox-
icity and activity profiles and the use of biological agents that target for instance
abnormal signal transduction pathways, either alone or in combination with chemo-
therapy. This review describes the current status of novel biological and chemother-
apeutic drugs for the treatment of NSCLC.

NOVEL CHEMOTHERAPEUTIC AGENTS IN

THE TREATMENT OF NSCLC

In general there are not that many novel chemotherapeutic agents that are being
developed. The majority of the novel agents are in fact targeted to specific molecular
alterations. However, here we deal with some of the more interesting agents with
cytotoxicity as major mechanism of action, which may have activity in NSCLC and
be further developed for the treatment of this disease.

Epothilones

Taxanes are widely used in the treatment of NSCLC both as single agent (second
line) and in combination with other chemotherapeutic drugs such as cisplatin and
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carboplatin (first line). A major drawback of this group of agents is, however, the
presence or the development of resistance. Drug resistance to taxanes is mostly
due to upregulation of P-glycoprotein that can pump the drug out of the cell, or
mutations in the cellular target, β-tubulin (8). Epothilones are new compounds
that are structurally unrelated to the taxanes, but have the same mechanism of ac-
tion, and stabilise the microtubules more potently than paclitaxel (9). Interestingly,
the epothilones are no good substrates for P-glycoprotein and they are active in
paclitaxel resistant cell lines with certain β-tubulin mutations (9, 10).

EPO906, an epothilone B analogue produced by Novartis Pharma AG, has
been investigated in several phase I clinical trials, in which one objective response
was observed in 31 patients with advanced solid tumours (11, 12). Another epothi-
lone B-derivative, BMS-247550 produced by Bristol Myers Squibb, has also shown
clinical activity in various phase I trials. Its side effects consist of myelosuppression,
neurotoxicity and gastrointestinal symptoms (13–15). Preliminary results from a
phase II trial with this agent when given as a single agent every three weeks in 22
advanced NSCLC patients who had failed first-line platinum-based chemotherapy,
showed a response rate of 18% with stabilisation of disease in another 46% (16).
Furthermore, this agent proved to be effective in some taxane-refractory breast can-
cer patients (17). These results indicate that the epothilones may become a valuable
contribution to the treatment of NSCLC.

Other new chemotherapeutic drugs

Glufosfamide is a new alkylating agent in which isophosphoramide mustard, the
alkylating metabolite of ifosfamide, is linked to β-D-glucose (18, 19), which leads to
drug stabilisation and preferential uptake of the compound via the transmembrane
transport system of glucose (20). This targeting mechanism, together with the accel-
erated metabolic rate and increased glucose consumption of tumour cells, suggests
potentially enhanced tumour selectivity for glufosfamide. Phase I trials in patients
with advanced solid tumours demonstrated clinical activity with objective responses
in several tumour types (21, 22). The dose limiting toxicity of this agent consists of
reversible renal tubular acidosis and other side effects include neutropenia, nausea,
vomiting and alopecia. In a phase II trial in 39 patients with advanced NSCLC, 3
partial responses among 31 assessable patients were observed after administration
of this drug (23).

Anthracyclines have not been very active in NSCLC (24), but in recent years,
novel anthracycline analogues have been developed, that have a broader activity and
a more favourable toxicity spectrum (25). Among these is MEN 10755, an anthra-
cycline disaccharide, which is active in doxorubicin resistant xenografts, including
lung cancer models, and causes less cardiotoxicity than doxorubicin and epirubicin
in preclinical studies (26–30). Its side effects consist of neutropenia and thrombocy-
topenia, and pharmacokinetic analysis revealed a shorter half time life and a much
smaller volume of distribution than doxorubicin (31, 32). The clinical activity of
MEN 10755 in NSCLC has been studied in phase II trials in patients with advanced
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stages of disease, but final results are not yet available.
S-1 is a novel oral fluorpyrimidine derivative consisting of tegafur (FT), a

prodrug of 5-FU, and two modulators, potassium oxanate and CDHP that inhibit
the degradation of FT-derived 5-FU. In preclinical studies, this drug showed anti-
tumour activity in a variety of tumours, including lung cancer models (33, 34).
Side effects of S-1 consist of gastrointestinal symptoms and myelosuppression in a
minority of cases (35). In a phase II study in 59 NSCLC patients with advanced
stages of disease, S-1 showed a response rate of 22% with a median response duration
of 3.4 months, indicating that this drug may represent a valuable contribution to
the treatment of NSCLC (36, 37).

BIOLOGIC DRUGS FOR NSCLC

Targeting erbB receptor pathways
Growth factor dependency drives cell proliferation and differentiation and it is now
clear that tumour cells may overcome normal regulatory inhibition of proliferation
by an enhanced or inappropriate activation of protein tyrosine kinases such as the
erbB receptor family (38, 39). This family includes four distinct members: HER1
(EGF-receptor or c-erbB1), HER2 (neu or c-erbB2), HER3 (c-erbB3) and HER4
(c-erbB4), which share an overall structure of two cystein-rich regions in the ex-
tracellular domain and a cytoplasmatic kinase pocket with a carboxy-terminal tail
that is responsible for the diversified stimulation of downstream signal transduction
pathways. However, HER3 lacks intrinsic kinase activity and no direct ligand has
thus far been identified for HER2, which acts instead as a co-receptor (40–42). Upon
binding of the ligand, the intracellular tyrosine kinase domain is activated, resulting
in tyrosine autophosphorylation which ultimately triggers a cascade of diverse phys-
iological responses involved in the mitogenic signal transduction of the cells (39, 43,
44).

It has been known for several years that the EGF-receptor (EGFR) is overex-
pressed in many lung tumours (39). Squamous cell carcinomas overexpress EGFR
most frequently (85%) and strongly, whereas adenocarcinomas and large cell carci-
nomas are positive in about 65% of cases (reviewed in (45)). Although some studies
have showed that EGFR-expression may be correlated with a decreased survival
(46–51), others have indicated that EFGR-expression is of no prognostic signifi-
cance (52–58). Her2/neu is overexpressed in about 25% of NSCLC (reviewed by
(59)) and correlates with increased metastatic potential, drug resistance and poor
prognosis (52, 60–69). Based on these molecular characteristics of NSCLC, several
agents have been developed that target the erbB-receptor family (70). A summary
of studies in lung cancer with erbB-inhibitors is given in table 1.

ZD1839 and OSI 774 are small molecules that target the HER1 receptor, which
both have demonstrated single agent activity with objective responses in heavily pre-
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Table 1. Current trials with inhibitors of the erbB-receptor pathway in NSCLC.
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treated NSCLC patients. They are well absorbed after oral administration and can
be given chronically. Both drugs have similar side effects that are usually mild to
moderate and consist of dose-dependent acne-like skin rash and diarrhoea which
represents the dose limiting toxicity. Other adverse events include anorexia, nausea
and a transient rise of the liver transaminases (71–76). Recently, a large randomised
phase II multicenter trial with two doses (250 and 500 mg/day) of ZD1839 has
been reported in 210 stage III or IV NSCLC patients who failed one or more prior
treatment regimens. Side effects were generally mild and consisted of skin rash,
pruritus and diarrhoea, but were significantly more common and severe at the higher
dose level. Remarkably, both dose levels were equally efficacious with response rates
of 18.4 and 19%, respectively (77, 78). In another randomised phase II trial of 250
or 500 mg ZD1839 in 216 patients with more extensive pre-treatment, response rates
were 8.8 to 11.8% (79, 80). OSI 774 was investigated in a phase II trial in 56 patients
with advanced NSCLC who failed prior platinum-based chemotherapy, and, unlike
for the studies with ZD1839, were selected based on overexpression of EGFR (≥ 10%
positive cells). In this study OSI 774 was given continuously at a fixed dose of 150
mg/day, which produced an acneiform rash in almost 80% of patients. The response
rate was 11%, whereas 34% of patients had stable disease on this treatment (81).

In general, ZD1839 and OSI 774 do not induce myelosuppression, which makes
them attracting for combination studies with chemotherapy. Moreover, in vitro and
in vivo studies have shown that ZD1839 potentiates the effect of several chemothera-
peutic agents (82, 83). Two large double-blind randomised studies with combination
of chemotherapy and ZD1839 have recently been completed, in which chemothe-
rapy was added to 500 mg/day, 250 mg/day ZD1839 or to a placebo (84). Both
studies accrued over 1100 patients and investigated two different treatment regi-
mens: carboplatin-paclitaxel, which is standard in North America and cisplatin-
gemcitabine, which is more frequently employed in the rest of the world. Phase
III trials of similar design are underway using OSI 774 (84). Final analysis of the
ZD1839 studies is expected shortly and the results of these important trials will help
to define the role of these new agents in the management of NSCLC.

C225, a chimeric antibody that blocks the tyrosine kinase activity of the erbB1-
receptor, has most extensively been studied in head and neck and colorectal cancer.
In head and neck cancer C225 has demonstrated considerable activity when given
in combination with cisplatin to patients refractory to this drug (85–88). Similar
results were obtained when C225 was given in combination with CPT-11 to colorectal
patients progressive on CPT-11 (89–91). C225 has a half-life of about 7 days and
can be given weekly with a loading dose of 400 mg/m2, followed by a maintenance
dose of 250 mg/m2. Side effects include acne-like skin rash, asthenia, and allergic
reactions which occur in up to 4% of cases (92). In preclinical NSCLC models,
C225 was shown to potentiate the effect of chemotherapy and radiotherapy (93–95).
Phase II clinical trials in advanced NSCLC are ongoing to evaluate the efficacy and
tolerability of combinations with chemotherapeutics (96). Preliminary results from
a combination study with docetaxel show clinical activity with objective responses
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in 4 out of 20 patients with mild to moderate side effects (97).

Trastuzamab (Herceptin R©), a humanised monoclonal antibody that binds to
HER2, is registered for the treatment of breast cancer, in which it reached a response
rate of 15% as single agent therapy in HER2-overexpressing tumours, which comprise
25–30% of breast cancers (98, 99). Side effects consist of cardiac dysfunction in a
minority of cases, which is worrisome when trastuzamab is given in combination
with anthracyclines (99). Since HER2 is expressed in 20-66% of NSCLC, several
trials have now been conducted that evaluate its effect in this tumour type (100).
However, the level of expression of HER2 is lower in NSCLC than in breast cancer,
which makes the selection of patients rather cumbersome. In an ECOG study in 139
patients with NSCLC, 50 patients were found to be HER2 negative, whereas only
9% of patients were strongly positive (101). Krug et al. found an even less common
overexpression: among 84 patients screened, HER2 was 3+ in only 6 patients and
19% in total were 2 or 3+ (102). In this phase II trial, previously untreated patients
received trastuzamab with either docetaxel or paclitaxel. The overall response rate
was 26% and did not differ significantly according to HER2 status (overexpression
20% vs. 28% in others). To evaluate the effect of trastuzamab more closely, a
randomised trial was conducted, using either trastuzamab plus gemcitabine and
cisplatin, or gemcitabine and cisplatin alone (103). Among 103 patients, the overall
response rates in the control and trastuzamab arms were 41.2 and 36%, respectively,
indicating that trastuzamab did not likely add benefit to standard therapy. However,
only very few patients with strongly HER2-positive disease were included in this
trial. This problem makes the investigation of the potential effect of trastuzamab in
NSCLC particularly difficult, since this drug does not seem to be effective in patients
not highly overexpressing HER2 (104). Apparently, activity may be limited to cases
that are strongly HER2 (3+) and/or FISH positive.

Farnesyltransferase inhibitors

Post-translational modifications of proteins by the addition of a farnesyl group is
critical for the function of a number of proteins involved in signal transduction. The
best-studied proteins in this respect are probably the Ras proteins that play pivotal
roles in the control of normal and transformed growth (105, 106). In approximately
25–30% of all adenocarcinomas, mutations are present in Ras genes leading to the
production of mutated proteins that remain in a locked, active state thereby relaying
uncontrolled proliferative signals (107, 108). Essential for Ras-activity is the transfer
of farnesyl isoprenoid to the cytoplasmic Ras c-terminus, a process catalysed by an
enzyme called farnesyltransferase. This understanding has led to the development
of farnesyltransferase inhibitors (FTIs) that block the growth stimulating and reg-
ulatory effects of Ras. Additionally, FTIs affect many other proteins, such as Rho,
Rheb and CENP-E and F, that need to be farnesylated for their growth regulatory
function (109).

The FTIs can be divided into three groups: farnesyl diphosphate (FDP) ana-
logues, which compete with FDP, the substrate for farnesyltransferase; CAAX-
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mimetics that target the CAAX-portion of the Ras-protein, and agents which com-
bine features of both. Drugs that are in current clinical investigation, BMS 214662,
SCH 66336, R115777 and L778,123, all belong to the second class (110). Side effects
of these agents include gastrointestinal toxicity, fatigue and, less frequently, myelo-
suppression. Biological studies have shown decreased farnesyltransferase activity in
normal tissues and tumour cells after intravenous administration (111–117). In a
phase I setting, three partial responses in solid tumours were seen after treatment
with SCH 66336, and one patient with NSCLC responded to this agent (111, 118).
Although R115777 has demonstrated clinical activity in AML and glioma patients,
no responses were observed in a phase II trial in 44 patients with NSCLC (119–
121). Similarly, L778-123 was not effective in 23 patients with this tumour type
(113). Combination studies of FTIs with chemotherapeutic drugs are underway in
NSCLC. A large phase III trial is about to start with carboplatin/paclitaxel plus
SCH 66336 versus placebo in untreated NSCLC patients.

Inhibition of angiogenesis

Growth of new blood vessel is required for solid tumours to expand beyond a volume
of 1–2 mm3 (122). This process of angiogenesis is regulated by a balance between
pro- and anti-angiogenic factors: vascular endothelial growth factor (VEGF), basic
and acidic fibroblast growth factor (bFGF and aFGF), platelet-derived endothelial
growth factor (PD-ECGF) and others stimulate neovascularisation (123), whereas
angiostatin (124), endostatin (125) and thrombostatin (126, 127) are important
inhibitors of this process. Increased tumour angiogenesis, identified by increased
microvessel density and VEGF and PD-ECGF-expression, is associated with worse
clinical outcome in many solid malignancies, including NSCLC (128–136).

The fundamental goal of anti-angiogenic therapy is to induce a ’dormancy
state’ of primary tumours and their (micro) metastasis by returning foci of pro-
liferating microvessels to their normal resting state and preventing their re-growth
(137). Clinical responses induced by anti-angiogenic agents may therefore primarily
be expected from their combination with chemotherapy (138). Inhibition of angio-
genesis is actively under study in NSCLC (Table 2). Rhumab-VEGF (bevacizumab),
a recombinant humanised antibody against VEGF, has been administered in human
studies as a single agent and in combination with chemotherapy. Side effects as-
sociated with the VEGF-antibody were generally mild and consisted of headache,
asthenia, low-grade fever, arthralgia, nausea, vomiting and skin rash (139–140). In a
randomised phase II trial in 99 chemotherapy-näıve patients with advanced NSCLC,
the effect of two different doses of anti-VEGF (7.5 mg/kg and 15.0 mg/kg) plus car-
boplatin/paclitaxel was compared with carboplatin/paclitaxel alone (141). Patients
treated at the higher dose of Rhumab-VEGF experienced a higher response rate
than the patients treated at the lower dose or with chemotherapy alone (34.3% ver-
sus 21.9 and 25%, respectively). Additionally, time to progression was longer in this
group (207 days versus 124 and 181 days, respectively). However, six episodes of life-
threatening hemoptysis were observed, four of which were fatal. Furthermore, several
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Table 2. Clinical studies with anti-angiogenesis agents in NSCLC.

116



New Agents in the Treatment of NSCLC

episodes of non-life-threatening epistaxis were seen in patients receiving Rhumab-
VEGF (31 and 44% in the high and low dose arms, respectively). Remarkably,
pulmonary haemorrhage was most common in patients with squamous cell histol-
ogy and central, cavitated tumours, whereas it was relatively mild in two patients
with non-squamous cell carcinoma (142). A subset analysis of 78 patients with non-
squamous cell carcinoma showed very promising results with median survival times
of 77 versus 61 and 53 weeks in patients treated with high dose Rhumab-VEGF
versus low dose Rhumab-VEGF and chemotherapy alone, respectively (143). Based
upon these results, ECOG initiated a phase III study of chemotherapy plus high
dose anti-VEGF (15 mg/kg) versus chemotherapy alone in advanced non-squamous
cell NSCLC (144).

Another anti-angiogenic drug that has been actively investigated is SU5416, a
synthetic antagonist of the VEGF-receptor type 2, Flk-1/KDR. This agent specifi-
cally inhibits the phosphorylation of Flk-1 that occurs in response to binding of its
ligand VEGF, thereby inhibiting in vitro proliferation of endothelial cells and growth
of in vivo models, including lung tumours (145–147). Side effects of this agent consist
of nausea, projectile vomiting, headache, phlebitis and allergic reactions, possibly
due to the vehicle cremophor R©(148–150). Responses after administration as a sin-
gle agent were seen in squamous cell carcinoma of the head and neck and in AML
(151, 152). In a feasibility study, two dose levels of SU5416, 85 and 145 mg/m2,
given in combination with full doses of gemcitabine and cisplatin were investigated
(153). Besides the expected side effects of chemotherapy and SU5416, a worrying
increase of thromboembolic events was observed. In a total of 19 patients with ad-
vanced solid tumours, 9 thromboembolic events were recorded in 8 patients. The
explanation of these effects remains unclear, but may involve disturbances in the
coagulation cascade and interaction with endothelial stability (153–155). Because
of these unexpected, severe side effects, and other somewhat disappointing results
in other tumours, all clinical studies with SU5416 have been closed.

Thalidomide was first marketed in the 1950s as a non-barbiturate sedative,
but was eventually withdrawn in the early 1960s when it was found to be a po-
tent teratogen. The recent return of thalidomide stems from a broad spectrum of
pharmacological and immunologic effects (156). Although the exact mechanism of
action is still largely unknown, it is now clear that its activity is regulated by a
metabolite produced in the liver and involves inhibition of TFNα and inhibition
of the angiogenic effects of bFGF and VEGF (157, 158). Thalidomide is active in
several tumour types such as renal cell carcinoma, Kaposi sarcoma and glioblastoma
multiforme (159–161). In refractory multiple myeloma patients, response rates as
high as 32% were observed after treatment with thalidomide as a single agent (162).
A pilot safety trial of carboplatin, paclitaxel and thalidomide in advanced NSCLC
patients revealed a good tolerance of this agent when given in combination with
standard chemotherapy (163). Side effects associated with thalidomide consist of
fatigue, myalgia, drowsiness, constipation and neuropathy (164, 165). A phase III
trial is now being conducted by the Eastern Cooperative Oncology Group in pa-
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tients with locally advanced, stage IIIA or IIIB, NSCLC who receive neoadjuvant
chemotherapy followed by radiotherapy with or without thalidomide.

Many other anti-angiogenic agents are currently in several stages of develop-
ment and some of these will certainly be tested in NSCLC as this disease is clearly an
important target for novel treatment strategies, given its frequency and poor results
obtained with present treatments. However, a major problem in the development of
these agents is that no substantial anti-tumour activity can be observed when they
are given as a single agent. Early initiation of randomised trials to show stabilisa-
tion of disease and impact on survival is therefore necessary. Caution is, however,
warranted, since toxicities, though non-overlapping with cytotoxic agents, do exist
and may be severe, especially in combination therapy.

Matrix metalloproteinase-inhibitors

Matrix metalloproteaeses (MMP) are a family of more than 20 zinc-endopeptidases,
capable of degrading and remodelling the extracellular matrix, thereby facilitating
not only tumour invasion and metastasis, as originally thought, but also tumour
proliferation and angiogenesis (166, 167). MMPs are produced as inactive zymogens
by tumour cells and surrounding stroma cells and their activity is regulated by the
action of other proteases and their endogenous inhibitors (168, 169). The level
of expression of MMPs generally correlates with the stage of tumour progression
(170). MMP-2 (gelatinase A) and MMP-9 (gelatinase B) are particularly expressed
in NSCLC and were found to correlate with pathologic invasiveness and survival
(171–175).

The important role of MMPs in tumour progression and metastasis has
prompted rapid development of therapeutic agents that block enzyme activity in
these processes (176, 177). Several matrix metalloprotease-inhibitors (MMPIs) are
currently being investigated in clinical trials to assess their efficacy in maintenance of
remission after other treatment modalities or in combination with standard chemo-
therapy (178). MMPIs that have been studied in NSCLC include batimastat (BB-
94), marimastat (BB-2516), prinomastat (AG-3340) and BMS-275291 (179). The
side effect profiles of these agents are similar and consist of proximal musculoskeletal
pain, arthralgia and morning stiffness (reviewed in (178)).

Batimastat, a broad spectrum MMPI, was the first compound to enter clinical
trials but its development was hampered by poor bioavailability. Nevertheless, in a
phase I trial in 18 patients with malignant pleural effusion, 3 of whom with NSCLC,
batimastat significantly reduced symptoms and the frequency of therapeutic aspi-
rations (180). Of the orally active compounds that are currently in clinical trials,
marimastat (BB-2516) is in advanced stage of development. Although this agent
provided clinical benefit in patients with pancreatic and colorectal cancer, activity
could not be demonstrated in SCLC and breast cancer patients (181–184). A phase
III trial with marimastat is ongoing in NSCLC patients with minimal residual dis-
ease after chemotherapy, radiotherapy and/or surgery. BMS-275291 is also being
studied in a phase III randomised trial, in which the additive effects of this agent vs.
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Table 3. Metalloproteinase inhibitors assessed in NSCLC.
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placebo to a regimen with carboplatin and paclitaxel are evaluated in chemotherapy-
näıve NSCLC patients. Prinomastat (AG-3340) has recently been investigated in
two large randomised phase III trials in which its activity was studied in combina-
tion with paclitaxel/carboplatin and gemcitabine/cisplatin in 686 and 362 NSCLC
patients, respectively (185, 186). In both trials patients were randomised to receive
either prinomastat or a placebo, whereas the larger trial also included different dose
levels of this agent. Disappointingly, neither trial showed an effect of prinomastat
on response rate, survival or progression-free survival. However, toxicities were more
frequent in the prinomastat-containing arms and were more severe at the higher dose
levels. Finally, neovastat (Æ-941), an aqueous extract derived from shark cartilage
that has anti-VEGF and metalloproteinase inhibitory activity (reviewed in (187)), is
undergoing phase II-III testing in NSCLC patients as retrospective efficacy analysis
of 48 NSCLC patients who participated in 2 phase I-II trials suggested an improved
survival time induced by this drug (188). Current trials with MMPIs in NSCLC are
summarised in table 3. It appears that this class of agents has not produced thus
far the promising results that were expected based on preclinical studies.

Gene therapy in lung cancer

Cancer is caused by multiple genetic alterations which together transform a cell and
its progeny into a rapidly proliferating, invasive population of cells that has lost its
ability to undergo programmed cell death. Common alterations of oncogenes and
tumour suppressor genes in NSCLC include mutations in ras, myc, raf, erbB and
p16, p53, Rb, and FHIT genes, respectively (189). Restoration of normal function
of specific genes is a particularly attracting treatment modality. Depending on the
strategy, the gene therapy approaches for lung cancer can be divided into three
groups, replacement of defective tumour suppressor genes; introduction of suicide
genes and genetic immunopotentiation.

A frequently used target for gene therapy in NSCLC is p53 (190), which is
mutated in approximately 50% of non-small cell lung tumours (191–193) Abnor-
malities in p53 may have multiple effects on the malignant process, such as genetic
instability favouring accumulation of mutations, alterations in apoptotic and prolif-
eration processes, and reduced sensitivity to chemotherapy and radiotherapy (193,
194). In preclinical models, reintroduction of p53 restored drug and radiation sen-
sitivity and directly induced apoptosis (195–198). The first phase I p53-based gene
therapy trial in locally advanced NSCLC involved nine patients who were given a
single direct intratumoural injection with a retroviral vector containing wild type
p53 (199). Expression of wild type p53 and increased apoptotic index were observed
in post-treatment biopsies, indicating successful transfection. Objective responses
were observed in three patients, whereas stabilisation of tumour growth was demon-
strated in three additional patients. This promising outcome was confirmed in a
second trial in 28 NSCLC patients, using an adenoviral vector with wild type p53.
Therapeutic activity in 25 evaluable patients included two partial responses and dis-
ease stabilisation in 16 patients (200). Although intratumoural injection with Ad-p53
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showed evidence of clinical activity when given in combination with cisplatin (201),
it did not provide any additional benefit in patients receiving an effective first-line
chemotherapy for advanced NSCLC in another trial (202).

Suicide gene therapy involves the delivery of a specific gene to the tumour cells,
encoding for an enzyme that catalyses the conversion of a systemically administered,
non-toxic pro-drug into its active form (203–205). The most widely used gene in
this respect is the herpes simplex virus thymidine kinase (HSV TK). This enzyme
converts the normally non-toxic drug ganciclovir into a toxic compound. The human
thymidine kinase has low affinity for ganciclovir, and, therefore, only tumour cells
that express high levels of HSV TK will suffer from the toxic effects of the drug.
Interestingly, also neighbouring, non-transfected cells are killed, which is due to a so
called ‘bystander effect’ (206). Based on this approach, a phase I trial of adenoviral
vector delivery of HSV TK followed by intravenous ganciclovir is running in NSCLC
(207).

The purpose of genetic immunopotentiation is to augment the host immune
response against tumour-associated antigens via delivery of immune stimulatory
molecules or delivery of foreign genes (208). The immunostimulatory cytokine IL2
has been investigated in two phase I-II trials, in which the gene transfer was either
achieved via intratumoural injection of an adenovirus expressing IL2 or by using a
antigen specific vaccina-virus-MUC1-IL2 in MUC-1 positive NSCLC patients (207,
209). Another approach is the use of vaccines consisting of lethally irradiated autolo-
gous NSCLC cells engineered by adenoviral gene transfer to secrete human GM-CSF
(GVAX), which has showed clinical activity in a phase I-II clinical trial (210). Based
on this strategy, vaccines are being investigated that direct against a tumour specific
gene, CEA, which is expressed in many NSCLC patients (211).

Despite the promising outcomes of these early clinical trials, several problems
must be overcome before successful gene therapy can become a reality. The major
limitation of effective gene therapy still is the delivery of the transgene to the tumour
cells. Several attempts have been made to improve the efficacy of gene transfer,
such as the use of targeted gene delivery by coupling receptor ligands to the vector
(212), liposomal formulation (213, 214) and the use of ONYX-015 virus, a selectively
replicating adenovirus (215). Also other ways of delivery, such as bronchoalveolar
lavage in bronchial carcinoma are being studied (216).

Antisense therapy

The growing knowledge on the structure and function of oncogenes and their pro-
tein products has allowed envisaging therapeutic interventions by inhibiting either
their expression or activity. Such inhibition can be achieved by antisense oligonu-
cleotides, single stranded DNA-molecules that block transcription and translation
of specific oncogenes via hybridisation with corresponding RNA, thereby inhibiting
mRNA-function and targeting mRNA for degradation by RNase H enzymes (217).
Several antisense oligonucleotides have been developed, targeting oncogenes such
as Bcl-2, protein kinase C-alpha (PKC-α), raf, H-ras, protein kinase A and DNA
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methyltransferase (reviewed in (218)).
Two antisense oligonucleotides, ISIS 5132, an inhibitor of c-raf kinase, and

ISIS 2503, an antisense oligonucleotide of H-ras, were not active in phase II clinical
trials in NSCLC patients when given as a single agent (219, 220). However, ISIS
3521/LY900003, an antisense inhibitor of PKC-α, showed promising activity when
used in combination with carboplatin and paclitaxel in a phase I-II clinical trial in
53 untreated NSCLC patients with advanced stages of disease. An overall response
rate of 42% was reported and an impressive median survival of 19 months with a
1-year survival of 75% (221). Toxicity of this compound is very mild, but due to
poor stability, continuous infusion is necessary (221, 222). Based on these impressive
preliminary findings, phase III clinical trials comparing two chemotherapy regimens
(carboplatin-paclitaxel or cisplatin-gemcitabine) alone to the combination with ISIS
3521 in NSCLC are underway.

Cyclooxygenase-2 inhibition
In recent years it has become clear that precursor lesions of lung cancer, including
atypical adenomatous hyperplasias, atypical alveolar epithelium and carcinoma in
situ, express high levels of cyclooxygenase-2 (Cox-2), an enzyme that catalyses the
synthesis of prostaglandines (223). Furthermore, Cox-2 is frequently overexpressed
in NSCLC, in particular in adenocarcinoma, which correlates with unfavourable
treatment outcome in early stages (224, 225). This understanding has led to the
investigation of Cox-2 inhibitors, such as aspirin, indomethacin, meloxocam and
ibuprofen, as modulators of cancer therapy (226). Indeed, several Cox-2 inhibitors
have proved to decrease tumour cell proliferation and induce apoptosis in in vitro and
in vivo lung cancer models (227–229). Clinical studies employing Cox-2 inhibitors
in combination with chemotherapeutic agents have just started, and their results are
awaited (230, 231).

122



New Agents in the Treatment of NSCLC

REFERENCES

1. Travis WD, Colby TV, Corrin B. World

Health Organization classification of lung

and pleural tumors. Berlin: Springer-

Verlag, 1999.

2. American joint Committee on Cancer.

AJCC cancer staging manual. 1997.

3. Manegold C. Chemotherapy for advanced

non-small cell lung cancer: standards. Lung

Cancer 2001;34 Suppl 2:S165-S170.

4. Schiller JH, Harrington D, Belani CP, et al.

Comparison of four chemotherapy regimens

for advanced non-small-cell lung cancer. N

Engl J Med 2002;346:92-8.

5. Anonymous. Chemotherapy in non-small

cell lung cancer: a meta-analysis using up-

dated data on individual patients from 52

randomised clinical trials. Non-small Cell

Lung Cancer Collaborative Group. BMJ

1995;311:899-909.

6. Grilli R, Oxman AD, Julian JA. Chemo-

therapy for advanced non-small-cell lung

cancer: how much benefit is enough? J Clin

Oncol 1993;11:1866-72.

7. Carney DN. Lung cancer–time to move on

from chemotherapy. N Engl J Med 2002;

346:126-8.

8. Dumontet C, Sikic BI. Mechanisms of ac-

tion of and resistance to antitubulin agents:

microtubule dynamics, drug transport, and

cell death. J Clin Oncol 1999;17:1061-70.

9. Bollag DM, McQueney PA, Zhu J, et al.

Epothilones, a new class of microtubule-

stabilizing agents with a taxol-like mech-

anism of action. Cancer Res 1995;55:2325-

33.

10. Kowalski RJ, Giannakakou P, Hamel E.

Activities of the microtubule-stabilizing

agents epothilones A and B with purified

tubulin and in cells resistant to paclitaxel

(Taxol R©). J Biol Chem 1997;272:2534-41.

11. Calvert PM, O’Neill V, Twelves C et al. A

phase I clinical and pharmacokinetic study

of EPO906 (epothilone B), given every

three weeks, in patients with advanced

solid tumors. Proc Am Soc Clin Oncol

2001;20:108a (abstr).

12. Chen T, Twelves C, Calvert AH et al. Phar-

macokinetics (PK) of EPO906 in cancer pa-

tients (pts) receiving EPO906 by a short in-

travenous infusion once every 3 weeks. Proc

Am Soc Clin Oncol 2002;21:91a (abstr).

13. Agrawal M, Kotz H, Abraham J et al. A

phase I clinical trial of BMS 247550 (NSC

71028), an epothilone B derivative, in pa-

tients with refractory neoplasms. Proc Am

Soc Clin Oncol 2002;21:103a (abstr).

14. Mani S, McDaid H, Shen H et al. Phase

I pharmacokinetic and pharmacodynamic

study of an epothilone B analog (BMB-

247550) administered as a 1-hour infusion

every 3 weeks: an update. Proc Am Soc

Clin Oncol 2002;21:103a (abstr).

15. Tripathi R, Gadgeel SM, Wozniak AJ et al.

Phase I clinical trial of BMB-247550 (epo-

thilone B derivative) in adult patients with

advanced solid tumors. Proc Am Soc Clin

Oncol 2002;21:103a (abstr).

16. Delbaldo C, Lara PN, Vansteenkiste J et

al. Phase II study of the novel epothilone

BMS-247550 in patients (pts) with recur-

rent or metastatic non-small cell lung can-

cer (NSCLC) who have failed first-line

platinum-based chemotherapy. Proc Am

Soc Clin Oncol 2002;21:303a (abstr).
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ABSTRACT

Purpose: BMS-275183 is an orally administered C-4 methyl carbonate analog of

paclitaxel. We performed a dose-escalating phase I study to investigate its safety,

tolerability, pharmacokinetics and possible anti-tumor activity.

Experimental design: A cycle consisted of four weekly doses of BMS-275183. Starting

dose was 5 mg escalated by 100% increments (i.e. 5 mg/m2, 10 mg/m2 etc.) in each

new cohort consisting of one patient. Cohorts were expanded when toxicity was

encountered, and 20 patients were treated on the maximum tolerated dose (MTD).

Plasma pharmacokinetics were performed on days 1 and 15.

Results: A total of 48 patients were enrolled in this trial. Dose limiting toxicities

consisted of neuropathy, fatigue, diarrhea and neutropenia. First cycle severe neu-

ropathy was reported in 4 patients treated at 320 (n = 1), 240 (n = 2) and 160

mg/m2 (n = 1), whereas 8 patients treated at dose levels ranging from 160 to 320

mg/m2 experienced grade 2 neuropathy in cycle one. The MTD was 200 mg/m2,

as 3/20 patients experienced grade 3 or 4 toxicity in cycle one (fatigue (n = 2),

and neutropenia / diarrhea (n = 1)). BMS-275183 was rapidly absorbed with a

mean plasma half life of 22 hr. We observed a significant correlation between drug-

exposure and toxicity. Tumor responses were observed in 9/38 evaluable patients

with NSCLC, prostate carcinoma and other tumor types.
Conclusions: BMS-275183 is generally well tolerated on a weekly schedule. Main
toxicity is peripheral neuropathy, and the MTD is 200 mg/m2. Promising activ-
ity was observed in several tumor types, and a phase II trial in NSCLC has been
initiated.
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INTRODUCTION

Paclitaxel is active against a wide spectrum of malignancies, including ovarian,
breast and lung cancer (1). It is a schedule-dependent drug that benefits from
prolonged tumor exposure times in which plasma concentrations are above a phar-
macological threshold level (2). Weekly treatment regimens appear to have less side
effects than the most commonly used three-weekly regimen (3–5) with comparable
or superior activity in lung and breast cancer, respectively (6, 7). Oral administra-
tion allows more prolonged or continued schedules, is often more convenient than
intravenous administration and is preferred by the majority of patients (8). Further-
more, oral formulations do not require the vehicle Cremophor EL, which contributes
largely to the hypersensivity reactions caused by intravenous paclitaxel (9). The
oral bioavailability of paclitaxel is, however, very poor due to a low passive absorp-
tion and active excretion by the P-glycoprotein pump, which is abundantly present
in the intestinal brush border (10). Several attempts have been made to increase
the bioavailability of paclitaxel by co-administration of P-glycoprotein inhibitors
(11–14).

BMS-275183 is a C-4 methyl carbonate analog of paclitaxel containing modifi-
cations to the side chain (15), that has an oral bioavailability of 24% in humans (16).
Its mechanism of action is, like for paclitaxel, stabilization of microtubules and the
anti-tumor activity of oral BMS-275183 is comparable to that of intravenous pacli-
taxel in in vivo tumor models. Moreover, BMS-275183 was active in vitro against
paclitaxel-resistant tumors including those harboring tubulin mutations or overex-
pressing P-glycoprotein (17). The aims of this dose-escalating phase I study were
to investigate the safety, tolerability, pharmacokinetics and possible anti-tumor ac-
tivity of BMS-275183 in patients with advanced solid tumors, and to determine a
recommended phase II dose.

PATIENTS AND METHODS

Patients
Adult patients with histologically or cytologically confirmed diagnosis of a solid tu-
mor not amenable to standard therapy were eligible for this study. They had to have
an ECOG performance status of ≤ 2, a life expectancy of at least 3 months and ade-
quate renal, liver and bone marrow function, defined as creatinine < 1.5 times upper
limits of normal (ULN), bilirubin < 1.5 times ULN, alanine-aminotransferase < 2.5
times ULN, absolute neutrophil count (ANC) > 1.5 × 109/L and platelets > 100 ×
109/L. An adequate method of birth control had to be used, and women of child-
bearing potential had to have a negative serum or urine pregnancy test. At least 4
weeks had to be elapsed from prior anti-cancer treatment (including taxanes) and
toxicities (except alopecia) had to be recovered to ≤ grade 1 (according to the Na-
tional Cancer Institute Common Toxicity Criteria version 2.0, NCI-CTCv2.0 (18)).
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Excluded were patients with a serious uncontrolled medical disease; active infection,
significant pulmonary or cardiovascular disorder; QTc-interval > 450 msec; sen-
sory or motor neuropathy ≥ grade 2; active brain metastasis; inability to swallow
capsules; history of gastrointestinal disease, surgery or malabsorption that could
impact the absorption of BMS-275183; concomitant use of known inducers or in-
hibitors of cytochrome P450 isoform CYP 3A4; any psychiatric or other disorders
such as dementia that would impair compliance. Concomitant radiotherapy or sys-
temic anticancer therapy was not allowed. The study was approved by the medical
ethics committees of the two participating institutes, and all patients gave written
informed consent prior to study entry.

Study design

BMS-275183 (Bristol Myers-Squibb, Princeton, NJ) was given orally on a contin-
uous weekly schedule. One cycle consisted of four weeks of treatment. The start-
ing dose was 5 mg and dose escalation occurred according to a two stage (acceler-
ated/standard) design (19). In the accelerated dose escalation phase, one patient per
cohort was treated and the dose was increased by 100% (i.e. 5 mg/m2, 10 mg/m2,
20 mg/m2 etc.) in each next cohort if no toxicity ≥ grade 2 was observed during
the first cycle. Upon occurrence of any toxicity ≥ gr 2, the accelerated phase ended,
and the standard dose escalation phase began. In this phase at least three patients
per dose level were enrolled, and the dose was escalated according to a modified
Fibonacci scheme. When a dose limiting toxicity (DLT) was encountered, the co-
hort was expanded to six patients. Dose escalation was continued until a DLT was
observed in two out of two to six patients. The maximum tolerated dose (MTD) was
defined as the highest dose at which no more than one out of six patients experi-
enced a DLT. A minimum of 15 patients were to be treated at the MTD, to further
establish the safety of a recommended phase II dose.

DLTs were predefined as any of the following drug-related side effects occurring
during the first cycle: grade 4 neutropenia ≥ 5 consecutive days; febrile neutropenia;
grade 4 thrombocytopenia or grade 3 with a bleeding episode requiring platelet
transfusion; any grade ≥ 3 non-hematological toxicity; retreatment delay of more
than one week due to drug-related toxicity; QTc-interval > 500 msec; any clinically
significant arrhythmia within 24 hr following drug administration. Hypersensitivity
reactions were not defined as DLTs. Dose reductions by one level were performed
when a DLT or grade 2 neurotoxicity occurred. During the study it was noted that
several patients treated at the highest dose of 320 mg/m2 had to be dose reduced
in the first cycle for grade 2 toxicity that did not qualify for a DLT. We therefore
added the following DLT-criterion: ‘dose reduction or omission due to any drug-
related toxicity before completion of the first cycle’.

Drug administration

BMS-275183 was provided in 5 and 25 mg capsules solubilized in PEG 400/PEG
1450 with Gelucire 44/14 as the excipient system at a loading of 4% w/w. The
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calculated dose was rounded to the nearest 5 mg. Patients ingested the capsules
with 150 mL of water in up to 10 minutes (min). Patients were fasting for at least
8 hours (hr) prior to drug administration and for 2 hr post-dose. No prophylactic
medication was prescribed. Patients were to receive at least two cycles.

Patient evaluation
Pretreatment evaluation included a complete history and physical examination, uri-
nalysis including pregnancy test, tumor assessment, chest X-ray, ECG, a full blood
count, coagulation tests, serum chemistries and determination of serum tumor mark-
ers. All blood tests and toxicity assessment were repeated weekly. Physical examina-
tion was done before each cycle. Toxicities were graded according to NCI-CTCv2.0
(18). Patients were considered evaluable for toxicity if they received at least one
dose of the study drug.

Because BMS-275183 moderately prolonged the action potential duration in
isolated Purkinje fibers (unpublished data), ECG-monitoring was performed for
24 hr (baseline, 2, 6 and 24 hr) after the first drug administration to monitor
potential prolongation of the QTc-interval (calculated using the Bazett’s formula
QTc = QT/

√
R − R′). ECG monitoring was again performed after the second dose

if a QTc interval > 450 msec was observed. Response to therapy was assessed every
other cycle according to World Health Organization criteria (20). To be evaluable
for response patients had to complete two cycles, unless they had to prematurely
discontinue treatment because of rapidly progressive disease.

Blood sampling and pharmacokinetic analysis
Pharmacokinetic monitoring was performed on day 1 and 15 of the first cycle.
Blood samples of 5 mL were collected in potassium ethylene-diamine-tetraacetic
acid (K3EDTA) vacutainers (Becton-Dickinson, Franklin Lakes, NJ) up to 48 hr
after drug administration (time point 0 hr, 0.5 hr, 1 hr, 1.5 hr, 2 hr, 3 hr, 4 hr, 5 hr,
6 hr, 8 hr, 24 hr, 48 hr). The tube was placed on ice for 10–30 min, centrifuged for
5 min at 2000 g and 0–4◦C, and plasma was separated and stored at −80◦C until
analysis. Pharmacokinetic profiles were evaluated by non-compartmental analysis
using the software package Kinetica version 4.2 (InnaPhase Corporation, Philadel-
phia, PA). The elimination half-life (T-half) was assessed from the elimination
rate constant, estimated by linear regression of the terminal phase of the semi-
logarithmic concentration-versus-time curve. The area under the concentration-
versus-time curve from time 0 to the last experimental time point was estimated
by the linear-log trapezoidal rule extrapolated to infinity (AUC(INF)).

Plasma concentrations were determined by a validated liquid chromatography /
mass spectrometry (LC/MS) method. The internal standard used was [13C6] BMS-
275183. Oral taxane was extracted by using 4 mL of toluene, followed by shaking
for 20 min and centrifugation. The organic layer was transferred to a clean tube
and evaporated to dryness. The dried extract was reconstituted in 100 µL of a
mixture of mobile phases A and B (50:50, v/v). 20 µL of the reconstituted sample
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were directly injected into the LC/MS system. Chromatographic separation was
achieved by gradient elution on a Keystone Hypersil ODS cartridge (2 × 20 mm,
3 µm). Mobile phase A contained 10 mM ammonium acetate, pH 5.5 – methanol
(75:25, v/v) and mobile phase B contained 10 mM ammonium acetate – acetonitrile
(5:95, v/v). Detection was by negative ion electrospray mass spectrometry on a
Micromass Quattro LC. The standard curve, which ranged from 0.1 to 20 ng/µL,
was fitted to a 1/x2 weighted quadratic regression model. All plasma samples were
analyzed within a total of 35 analytical runs. The limit of quantification was 0.1
ng/mL, and except the baseline sample there were no samples below this limit.
Quality control samples were measured along with the study samples to assess the
accuracy and precision of the assay. The acceptance criteria established for the
analysis of oral taxane in plasma specified that the predicted concentrations of at
least three-fourths of the standards and two-thirds of the quality control samples be
within ±15% of their individual nominal concentration values (±20% for the lowest
concentration standard). In addition, at least one quality control sample at each
concentration must be within ±15% of its individual nominal concentration values.
Values for the between-run precision and the within-run precision for analytical
quality control samples were no greater than 7.6% and 11.7% coefficient of variation
(CV), respectively, with deviations from the nominal concentrations of no more than
±11.2%.

Statistical analysis
Descriptive statistics were used for baseline characteristics, safety assessment, and
pharmacokinetic data. Scatter plots versus dose were used to examine the relation-
ship of pharmacokinetic parameters to dose. The response rate was calculated for
all response-evaluable patients along with the exact 95% confidence interval (CI)
(21). Median duration of response was calculated using the Kaplan-Meier method,
along with their 95% CI. Quantitative results were analyzed by a Student’s t-test.
P-values resulted from two-sided tests, and were considered significant when < 0.05.

RESULTS

Patients and treatment
Between August 2000 and September 2004, 48 patients were enrolled and treated in
the trial at two participating centers in the Netherlands. Patient characteristics are
depicted in Table 1. At study entry, the median performance status was 1, and most
patients (28/48) had previously received two or more chemotherapy regimens before
entering the study. The enrolled patients were diagnosed with a broad variety of
tumor types (Table 1), with a relatively large group of NSCLC patients (40%) and
colon carcinoma patients (21%).

Patients were enrolled at the following dose levels (Fig. 1): 5 mg, 5 mg/m2,
10 mg/m2, 20 mg/m2, 40 mg/m2, 80 mg/m2, 160 mg/m2 and 320 mg/m2. In the
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Characteristic No. % Characteristic No. %

Total no. of patients 48 Prior immuno- or 8 17%
Male 31 65% hormonal therapy
Female 17 35% Prior radiotherapy 19 40%

Age (years) Prior gefitinib treatment 8 17%
Median 58.5 Tumor type
Range 20–70 NSCLC 19 40%

ECOG performance status Colon 10 21%
0 13 27% ACUP 3 6%
1 32 67% Melanoma 3 6%
2 3 6% Cholangiocarcinoma 2 4%

Prior chemotherapy Prostate carcinomaa 2 4%
0 regimens 4 8% PNET 1 2%
1 regimen 16 33% Sarcoma (undifferen- 1 2%
2 regimens 19 40% tiated high grade)
≥ 3 regimens 9 19% Other 7 15%

a one prostate carcinoma patient had had stage IIIA NSCLC treated with
neoadjuvant chemotherapy and surgery, as a prior tumor

Table 1. Patient characteristics.

  

Number of patients 1 2 1 1 1 1 1 6 2 21 5 6

Gr 3-4 toxicity 0 0 0 0 0 0 0 1 2 3 1 0

Dose reduction 1st cycle due to gr 2 toxicity 0 0 0 0 0 0 0 3 NA 4 2 0

5 mg
5

10
20

40

80

160

320

240

200

160

120

Dose level (mg/m2) Initial dose escalation scheme Intermediate dose 
levels

Figure 1. Overview of the dose-escalating study scheme. A total of 48 patients were enrolled at

dose levels from 5 mg to 320 mg/m2. Grade 3 and 4 toxicities were observed from doses above 160

mg/m2. Additionally, in this dose range some patients had to be dose reduced in the first cycle

because of persisting grade 2 toxicity (mainly neuropathy).
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original design of the study, further escalation according to a modified Fibonacci
scheme was planned. However, because of the frequency of toxicity observed at the
highest dose level, the dose was not further increased and the following intermediate
dose levels were (re)explored: 240 mg/m2 (n = 2), 200 mg/m2 (n = 21), 160 mg/m2

(n = 5) and 120 mg/m2 (n = 6) (Fig. 1). The mean administered number of cycles
was 3.9 (range 0.25–18 cycles). Two patients were not able to complete the first
cycle for reasons unrelated to the study drug and were replaced: one patient on
the 5 mg/m2 dose level had to discontinue treatment because of rapidly progressive
disease, whereas the other patient treated with a dose of 200 mg/m2 developed a
bowel perforation shortly after the first dose.

Toxicity
Table 2 summarizes the drug-related adverse events. From the dose level of 5 mg
to 160 mg/m2, no toxicity greater than grade 1 was observed in the first cycle.
The dose level of 320 mg/m2 was not well tolerated: although only 1/6 patients

Table 2. Adverse events caused by BMS-275183 (any cycle). Events considered
possibly, probably or certainly related to BMS-275183 by the treating physician and
the investigator are presented. Several episodes in the same patient are counted as
one adverse event and only the worst grade is mentioned (48 patients treated with
5 mg–320 mg/m2).

gr 1–2 gr 3 gr 4 gr 1–2 gr 3 gr 4

Hematological Pain
neutropenia 12 3 5 arthralgia 12 1
anemia 9 4 myalgia 10
thrombocytopenia 11 abdominal pain 6 1

Neurology Cardiac
sens. neuropathy 26 5 palpitations 2
mot. neuropathy 16 2 QTc-prolongation 2
ataxia 3 Other
dizziness 4 fatigue 14 6 1

Gastrointestinal alopecia 26
nausea 14 fever 10
vomiting 13 skin rash 5
anorexia 11 1 epistaxis 11
stomatitis/mucositis 5 petechiae/purpura 2
constipation 5 1 edema 3
diarrhea 10 4 cough 1
taste disturbance 5 nail changes 3

Hypersensitivity 1 bruising 2
voice changes 2
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experienced a DLT consisting of grade 3 peripheral neuropathy, 3/6 patients had to
be dose reduced in the first cycle because of grade 2 sensory neuropathy (n = 2) and
persisting grade 2 arthralgia (n = 1; Fig. 1). In addition, one patient at this dose
level experienced a grade 4 hypotension combined with grade 2 diarrhea and grade
3 fever 48 hr after the first drug administration. He recovered within a day upon
treatment with both antibiotics and corticosteroids. Because no infectious cause
could be identified, we classified this episode as a late and atypical hypersensitivity
reaction. Rechallenge was uneventful after dose-reduction and premedication with
dexamethasone, clemastine and cimetidine. None of the other patients received
premedication, and no other hypersensitivity reactions were observed. Although
the report of dose reductions in the first cycle for persisting grade 2 toxicity in as
many as 3 patients did not qualify for a DLT in the then current version of the
protocol, this observation still indicated that the 320 mg/m2 dose level was not
feasible. We therefore amended the protocol to include dose reductions or dose
omissions occurring in the first cycle in the DLT-definition.

Both patients treated at the 240 mg/m2 dose level experienced a DLT con-
sisting of grade 3 peripheral neuropathy. Subsequently, we explored the 200 mg/m2

dose level. One DLT, a grade 4 malaise, was observed in the first 6 patients treated
at this dose level. We thus defined this dose as the MTD, and expanded the cohort
to 15 patients to assess this dose for phase II testing. In this expanded cohort, 1/9
patients experienced a grade 3 diarrhea combined with grade 4 neutropenia in the
first cycle. In addition, 3/9 patients had to be dose reduced in the first cycle because
of grade 2 peripheral neuropathy. As 5/15 patients were not able to receive a full
cycle at 200 mg/m2, we decided to re-explore the 160 mg/m2 dose level, and ex-
panded this cohort to a total of 6 patients. At this dose level, 3/6 patients were not
able to tolerate a full cycle: 1 patient experienced neutropenic fever, and 2 patients
were dose reduced because of grade 2 neuropathy. We therefore explored a next
intermediate dose level of 120 mg/m2, where we did not observe any toxicity greater
than grade 1 in the first cycle. As we anticipated that this dose level would be safe
but insufficiently active, we decided to further expand the cohort of 200 mg/m2 to
20 patients. Of the 5 additionally enrolled patients, one patient experienced a grade
3 fatigue, and one patient was dose reduced because of grade 2 fatigue which lasted
longer than one week. Episodes of mild to moderate (grade 1–2) gastro-intestinal
toxicity were observed in approximately 30% of patients, but they did not interfere
with the ingestion of BMS-275183 capsules. ECG-monitoring revealed a grade 1
prolongation of the QTc-interval in 2/41 monitored patients (treated with 160 and
200 mg/m2, respectively). In both cases, this normalized on repeated ECGs and did
not recur after the second dose, suggesting that BMS-275183 does not have clini-
cally relevant cardiac side effects. Taken together, the main dose limiting toxicity of
BMS-275183 was peripheral neuropathy, whereas other DLTs were infrequent and
consisted of diarrhea, neutropenia and fatigue. In general, hematological toxicity
did not occur frequently. The dose level of 200 mg/m2 was identified as the MTD.

145



Chapter 7

  

12   

P
ro

p
o

rt
io

n
 n

e
u

ro
p

a
th

y

Months                  0

Subjects at risk  48

3 6 9

5 3 1 0

0.2

0.4

0.6

0.8

1.0

pooled

censored

Figure 2. Time to onset (months) of neuropathy. Analysis includes onset of any grade sensory,

motor or painful neuropathy in all patients treated with BMS-275183 (n = 48). The curve measures

the percentage of patients who developed neuropathy. The diamonds represent patients going off

study without having developed neuropathy (censored data).

Peripheral neuropathy: main dose limiting toxicity

Among the 48 treated patients, 31 had a new neuropathy event or worsening neu-
ropathy compared to the baseline severity occurring at any time during their treat-
ment with BMS-275183. These 31 patients belonged to the following dose cohorts:
3/6 patients at the 120, 3/6 patients at the 160, 17/21 patients at the 200, 2/2
patients at the 240 and 6/6 patients at the 320 mg/m2 cohort. The observed neu-
ropathy was severe in 6 patients, moderate in 19 patients, and mild in 6 patients.
Sensory neuropathy was more common than motor neuropathy, 31/48 patients versus
18/48 patients, respectively. Symptoms typically consisted of tingling or numbness
of the toes and feet, and/or the fingers and hands, with painful neuropathy in some
patients. Strength loss indicating motor neuropathy occurred mainly in the lower
extremities and interfered with walking in severe cases. Nerve conduction studies
performed in patients with severe neuropathy symptoms showed moderate to severe
axonal polyneuropathy, both sensory and motor.

Neuropathy usually developed rapidly (Fig. 2), with a median time to onset
of 1.2 months (95% CI 0.3–10.8 months), and was partially reversible. In 14/31
patients, the neuropathic symptoms resolved to baseline with a median time to
resolution of 8.6 months (95% CI 5.8–17.5 months). In all patients with severe neu-
ropathy due to BMS-275183, the symptoms decreased to moderate or mild severity
after treatment discontinuation. Interestingly, 25/34 patients without neuropathic
signs at baseline developed neuropathy during BMS-275183 treatment, versus 6/14
patients with grade 1 baseline neuropathy, suggesting that baseline grade 1 neuropa-
thy does not predispose to worsening of neuropathy symptoms during BMS-275183
treatment. It is, however, noteworthy that patients with neuropathy greater than
grade 1 resulting from prior therapies were excluded from participation in this trial.
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Pharmacokinetic analysis
Blood samples for pharmacokinetic analysis were available from 48 patients following
the first dose, and from 39 patients following the third dose. Table 3 presents the
mean pharmacokinetic parameters of BMS-275183 for the first dose. The compound
is rapidly absorbed, with a median Tmax of 1.0 hr and a mean Thalf of 22 hr. In the
lower dose ranges, the systemic exposure (AUC) increased with dose level, but this
relationship was less evident for doses above 160 mg/m2 (Table 3). Figure 3 shows
the mean concentration versus time profile of BMS-275183 (doses 120–320 mg/m2).
The mean interpatient variability at the 200 mg/m2 dose level (n = 21) was 53%. In
the 25 patients treated with the same dose on day 1 and 15 the mean intrapatient
variability was 21% with both higher (n = 12) and lower (n = 13) exposures on day
15, suggesting that no clinically relevant accumulation or induction of metabolism
occurred.

Parameters of plasma-exposure were more predictive of toxicity than the dose
level. Patients in which a DLT or dose reduction after the first dose occurred,
were treated with doses ranging from 160 to 320 mg/m2. Their mean AUC was
6695 ng.hr/mL (n = 16; SD = 2224 ng.hr/mL), compared to a mean AUC of
2478 ng.hr/mL (n = 32; SD = 1828 ng.hr/mL) in patients not experiencing severe
toxicity, resulting in a highly significant difference in means test (P < 0.001). This
relationship was also observed for the Cmax, but with a greater variability (data
not shown). We investigated whether the high exposure to the study drug could
be predicted by factors influencing the metabolism of the drug. The concomitant
use of medications inhibiting or inducing isoform CYP 3A4 of cytochrome p450, the
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Table 3. Pharmacokinetic parameters for BMS-275183 (first dose).
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liver enzyme system responsible for the metabolism of BMS-275183, was excluded by
protocol. We hypothesized that the presence of liver metastases could influence the
metabolism of BMS-275183. We therefore analyzed the clearance of BMS-275183
by liver involvement. The mean clearance in patients with liver metastases (n = 16)
was 94 L/hr compared to 133 L/hr in patients without liver involvement (n = 32),
but this did not reach statistical significance (P = 0.10).

Tumor response
We observed nine partial tumor responses in 38 response-evaluable patients (23.7%;
95% CI 11.4–40.2%). The tumor types of responding patients included: NSCLC
(4/13 response evaluable patients), prostate carcinoma (2/2 patients), PNET (1/1
patient), cholangiocarcinoma (1/2 patients) and undifferentiated sarcoma (1/1 pa-
tient). Partial responses were observed after a mean of 3.5 cycles (range 1–7 cycles)
and their median duration was 8.7 months (range 5.4–40.4 months). CT-scans of a
responding NSCLC and cholangiocarcinoma patient are shown in Figure 4.

As most activity was observed in NSCLC, we conducted further analyses in this
tumor type. Intent-to-treat analysis of all 19 enrolled NSCLC patients demonstrated
a median progression free survival of 3.2 months (95% CI 2.9–7.3 months) and a
median overall survival of 10.6 months (95% CI 8.8–18.1 months). Eleven out of 19
NSCLC patients had received a taxane-containing chemotherapy regimen (docetaxel

  

A

B

Baseline 5 cycles

Figure 4. CT-scans of two responding patients. Baseline scan and evaluation performed after 5

cycles are shown. A) chest CT-scan of a 69-years old male with NSCLC. Partial response of an

intrapulmonary metastasis in the right lung and decrease of pleural fluid is presented. B) abdominal

CT-scan of a 57-years old male with a cholangiocarcinoma, initially treated with hemi-hepatectomy.

Partial response of liver metastasis is presented.
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or paclitaxel) prior to BMS-275183 therapy. Interestingly, two out of five patients
with a response to prior taxane therapy responded to BMS-275183 as well. In
addition, one patient with a stable disease as best response to prior docetaxel had
a partial remission upon BMS-275183 treatment. These data suggest that BMS-
275183 is active in NSCLC after prior taxane treatment.

DISCUSSION

In this dose escalating study, we found that BMS-275183 is a potent taxane analog
that can be safely administered orally without the use of prophylactic medication
for hypersensitivity reactions. The main DLT consisted of peripheral neuropathy
whereas other grade 3 and 4 side effects comprised fatigue, diarrhea and neutropenia,
and were infrequent. These findings are remarkable, because hematological toxicity
and not neuropathy was dose limiting for both paclitaxel and docetaxel (reviewed in
(1, 22)). Severe paclitaxel-induced neuropathy was mainly observed with high doses
of 250 mg/m2 or greater (23, 24), whereas clinically significant neuropathy is not a
common side effect of docetaxel treatment (22). The clinical neuropathy symptoms
of patients treated with BMS-275183 were partially reversible and comparable to
those induced by paclitaxel, although we observed a relatively high incidence of mo-
tor neuropathy. The distal and symmetric neurological deficits suggest that taxanes
cause a ‘dying back’ axonopathy resulting from disruption of axoplasmic transport
from the drug’s effect on microtubule assembly (25). Several attempts have been
made to reduce the neurotoxic effects of paclitaxel by neuroprotective drugs (26,
27), but the clinical effects have been disappointing thus far (26, 28).

We identified 200 mg/m2 as the MTD. The definition of this dose was not
unequivocal: (re-)exploration of several intermediate dose levels was necessary to
identify a safe dose. This was due to the design of the dose escalation schedule
with only one patient per dose level, combined with a relatively high pharmacologic
interpatient variability (53%) and strict definitions of safety which prompted dose
reduction upon occurrence of grade 2 peripheral neuropathy. Retrospectively, a
conventional design with 3–6 patients per cohort might have resulted in a faster and
more straightforward conduct of the trial. The dose of 200 mg/m2 was generally well
tolerated, although some patients had a relatively high exposure to the drug and
experienced severe side effects. This relationship between drug-exposure and severity
of adverse events has also been reported for other taxanes (29). A recently initiated
phase II trial in NSCLC therefore randomizes between weekly administration of 120
and 200 mg/m2, to compare the activity and tolerability of these two different dose
levels of BMS-275183.

The interpatient variability of 53% that we observed for BMS-275183 at 200
mg/m2 is approximately twice as high as for intravenous paclitaxel (historical data
(30)). This is not unprecedented for an oral drug, and is most likely caused by vari-
ation in absorption of the drug combined with individual differences in metabolism
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due to CYP3A4 polymorphism. These two factors probably also explain the appar-
ent non-linear relationship between the dose of BMS-275183 and AUC or Cmax. The
small patient number in many cohorts strengthens this impression, and future studies
will allow more firm conclusions on the linearity of the pharmacokinetic parameters
of BMS-275183. Recently, several studies have been conducted to predict docetaxel
and irinotecan pharmacokinetics by use of cytochrome P450 CYP3A4 phenotyping
probes in order to minimize toxicity and to maximize efficacy (31–34). Although
such individualized docetaxel dosing has significantly decreased its pharmacokinetic
variability compared to body surface area based-dosing (34), the lack of an easily
administered, low-cost and widely available test for CYP3A4 activity still limits its
applicability (35).

For paclitaxel it is known, that short infusion times (1–3 hr) allow higher
doses to be administered but induce neuropathy as a common side effect, whereas
prolonged infusion times of 24 hr or longer trigger less neuropathy, but give a higher
incidence of myelosuppression (36). As neutropenia was not an important dose lim-
iting toxicity in this trial with weekly dosing of BMS-275183, we have initiated a
phase I study investigating twice weekly administration in order to spread the sys-
temic exposure over a longer period of time and hopefully minimize the neurotoxicity
of BMS-275183. Preliminary data suggest that the incidence of neuropathy is in-
deed lower in a twice weekly administration regimen (37), indicating that the dosing
schedule of BMS-275183 may be optimized.

In summary, BMS-275183 is a potent oral taxane analog that is generally well
tolerated at the MTD of weekly 200 mg/m2. Its safety profile differs from other
taxanes: the principal side effect is neuropathy rather than myelosuppression, and
premedication for hypersensitivity reactions is not needed. The observed response
rate of 24% in the heavily pretreated patient group of this phase I trial indicates
that BMS-275183 is a potent new taxane analog. In addition, our results suggest
that BMS-275183 has significant activity in NSCLC and the observed responses in
other tumor types warrant further investigation. A phase II study in NSCLC as well
as phase I trials to investigate other treatment schedules are currently ongoing.
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ABSTRACT

Purpose: BMS-275183, an orally administered C-4 methyl carbonate paclitaxel-

analogue, showed promising activity in a phase I trial investigating a weekly treat-

ment regimen, but was associated with a relatively high incidence of neuropathic

side effects. The current dose escalation phase I trial was initiated to investigate

whether twice weekly administration of BMS-275183 would improve its safety and

tolerability. Additionally, the pharmacokinetics and possible anti-tumor activity

were studied.

Experimental design: A cycle consisted of four weeks (i.e. 8 twice weekly oral doses).

The starting dose was 60 mg/m2 and the dose was increased by 20 mg/m2 incre-

ments. Cohorts consisted of 3 patients and were expanded to at least 6 patients

when toxicity was encountered. Plasma pharmacokinetics were performed on Day 1

and 15.

Results: A total of 38 patients were enrolled. The maximum tolerated dose (MTD)

was 100 mg/m2 twice weekly. Seventeen patients were treated at the MTD; 3/17

patients experienced a dose limiting toxicity (DLT), consisting of a combination of

neutropenia, neuropathy and diarrhea. BMS-275183 appeared to have a consider-

ably lower incidence of neuropathic side effects compared to the weekly treatment

regimen. Confirmed partial responses were observed in two patients with NSCLC,

one patient with prostate cancer and one patient with melanoma. In addition, a

long lasting PSA-response was observed in a prostate carcinoma patient with non-

measurable disease.
Conclusions: BMS-275183 is preferably given in a twice weekly regimen and has
considerable anti-tumor activity. A phase II trial in NSCLC using the twice weekly
schedule has been initiated.
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INTRODUCTION

BMS-275183 is an orally administered C-4 methyl carbonate analogue of paclitaxel
containing additional modifications to the side chain (1). BMS-275183 has a higher
oral bioavailability compared to paclitaxel. This is at least partially due to a lower
affinity for the P-glycoprotein pump which is abundantly present in the intestinal
brush border and limits the oral bioavailability of paclitaxel (1–3). The anti-tumor
activity of BMS-2715183 was similar to intravenous (i.v.) paclitaxel in preclinical
models (4). Paclitaxel is known to be a schedule-dependent drug that benefits from
prolonged tumor exposure times (5). Therefore, oral administration may be prefer-
able over i.v. administration, as it allows more prolonged or continued schedules.
In addition, oral administration is often more convenient and is preferred by the
majority of patients (6). BMS-275183 does not require the vehicle Cremophor EL,
which has been reported to be at least partially responsible for the hypersensitivity
reactions and the non-linear pharmacokinetic behavior of i.v. paclitaxel (7–9).

BMS-275183 has promising anti-tumor activity in patients. A recent phase
I trial exploring once weekly dosing of BMS-275183 demonstrated a 24% response
rate with a median duration of 8.7 months in a heavily pretreated group of pa-
tients with solid tumors. Most activity was observed in non-small cell lung cancer
(NSCLC) and prostate carcinoma (10). Interestingly, the toxicity profile of oral
BMS-275183 differs from that of i.v. paclitaxel. On a weekly treatment regimen,
the main dose limiting toxicity (DLT) of BMS-275183 was peripheral neuropathy,
whereas severe hematological side effects were infrequent (10). This is remarkable,
because hematological toxicity and not neuropathy was dose limiting for both pac-
litaxel and docetaxel (11, 12). For paclitaxel it is known that short infusion times
(1–3 hours (h)) allow higher doses to be administered but neuropathy is a common
side effect, whereas prolonged infusion times of 24 h or longer are associated with
less neuropathy, but yield a higher incidence of myelosuppression (13). Mielke et
al. demonstrated that patients with peripheral neuropathy had significantly higher
overall systemic exposure to paclitaxel than those without development of peripheral
neuropathy (14). As neutropenia was not an important DLT in the previous phase
I study with once weekly dosing of BMS-275183 and systemic exposure to BMS-
275183 proved to be predictive for toxicity (10), we hypothesized that spreading the
systemic exposure over a longer period of time would decrease the side effects of
BMS-275183 and in particular neuropathy. We therefore amended the phase I trial
in order to investigate a twice weekly administration of BMS-275183. The aims of
the amended dose-escalating phase I trial were to investigate the safety, tolerability,
pharmacokinetics (PK) and possible anti-tumor activity of BMS-275183 given in a
twice weekly dosing regimen, and to define the recommended phase II dose.
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PATIENTS AND METHODS

Patients

Adult patients with histologically or cytologically confirmed diagnosis of a solid
tumor not amenable to standard therapy were eligible for this study. They had to
have an ECOG performance status (PS) of ≤ 2, a life expectancy of at least 3 months
and adequate renal, liver and bone marrow function, defined as creatinine < 1.5 times
upper limits of normal (ULN), bilirubin < 1.5 times ULN, alanine-aminotransferase
< 2.5 times ULN, absolute neutrophil count (ANC) > 1.5 × 109/L and platelets
> 100 × 109/L. An adequate method of birth control had to be used, and women
of child-bearing potential had to have a negative serum or urine pregnancy test.
At least 4 weeks had to have elapsed from prior anti-cancer treatment (including
taxanes) and toxicities (except alopecia) had to be recovered to ≤ grade 1 (according
to National Cancer Institute Common Toxicity Criteria version 2.0, NCI-CTCv2.0
(15)). Excluded were patients with a serious uncontrolled medical disease; active
infection, significant pulmonary or cardiovascular disorder, QTc-interval > 450 msec,
sensory or motor neuropathy ≥ grade 2, active brain metastasis, inability to swallow
capsules, history of gastrointestinal disease, surgery or malabsorption that could
impair the uptake of BMS-275183, concomitant use of known inducers or inhibitors
of cytochrome P450 isoform CYP 3A4, and any psychiatric or other disorders such
as dementia that would impair compliance. Concomitant radiotherapy or systemic
anticancer therapy was not allowed. During the trial, the concomitant use of proton
pump inhibitors (PPI) was added as an exclusion criterion, as an association between
PPI-use and elevated exposure to BMS-275183 was found in ongoing clinical trials,
suggesting a potential drug-drug interaction. The study was approved by the medical
ethics committees of the three participating institutes, and all patients gave written
informed consent prior to study entry.

Study design

BMS-275183 (Bristol-Myers-Squibb, Princeton, NJ) was given orally on a continu-
ous twice weekly schedule on an out-patient basis. One cycle consisted of four weeks
of treatment, and the drug was given on days 1, 4, 8, 11, 15, 18, 22, and 25 of each
4-week treatment cycle. The starting dose was 60 mg/m2, an estimation of a reason-
ably safe dose below the maximum tolerated dose (MTD) of 200 mg/m2 identified
with the weekly treatment regimen. Three patients were treated per cohort. Dose
escalation took place according to predefined dose steps of 20 mg/m2 (i.e. 80 mg/m2,
100 mg/m2 etc.), until a DLT was encountered. The cohort was then expanded to
six patients, and dose escalation continued until a DLT was observed in two out of
two to six patients. The MTD was defined as the highest dose at which no more
than one out of six patients experienced a DLT. A minimum of 15 patients were
to be treated at the MTD, to further establish the safety profile of a recommended
phase II dose.

DLTs were predefined as any of the following drug-related side effects occur-
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ring during the first cycle: grade 4 neutropenia for ≥ 5 consecutive days, febrile
neutropenia (fever ≥ 38.5◦C), grade 4 thrombocytopenia or grade 3 with a bleeding
episode requiring platelet transfusion, any grade ≥ 3 non-hematological toxicity, re-
treatment delay of more than one week due to drug-related toxicity, dose reduction
or omission due to any drug-related toxicity before completion of the first cycle,
QTc-interval > 500 msec and any clinically significant arrhythmia within 24 h fol-
lowing drug administration. Hypersensitivity reactions were not defined as DLTs.
Dose reductions by one level were performed when a DLT or grade 2 neurotoxicity
occurred.

Drug administration
BMS-275183 was provided in 5 and 25 mg capsules solubilized in PEG 400/PEG
1450 with Gelucire 44/14 as the excipient system at a loading of 4% w/w. The
calculated dose was rounded to the nearest 5 mg. Patients ingested the capsules
with 150 mL of water within 10 minutes. Patients were fasting for at least 8 h
prior to drug administration and for 2 h post-dose. No prophylactic medication was
prescribed. Patients were planned to receive at least two cycles, unless toxicity or
progressive disease required drug discontinuation.

Patient evaluation
Pretreatment evaluation included a complete history and physical examination, uri-
nalysis including pregnancy test, a complete blood count, coagulation tests, serum
chemistries, determination of serum tumor markers, tumor assessment, chest X-ray
and ECG. Toxicity assessment and all blood tests except serum tumor markers, were
repeated weekly. Physical examination was repeated before each cycle. Toxicities
were graded according to NCI-CTCv2.0 (15). Patients were considered evaluable for
toxicity if they received at least one dose of the study drug.

Because BMS-275183 moderately prolonged the action potential duration in
isolated Purkinje fibers (unpublished data), ECG-monitoring was performed prior
to drug administration and 2, 6 and 24 h after the first drug administration to assess
potential prolongation of the QTc-interval (calculated using the Bazett’s formula
QTc=QT/

√
R − R′). If a QTc interval > 450 msec was observed, ECG monitoring

was again performed after the second dose.
Objective response to therapy was assessed every other cycle according to

World Health Organization criteria (16). To be evaluable for response patients had
to complete at least two cycles, unless they had to prematurely discontinue treatment
because of rapidly progressive disease.

Blood sampling and pharmacokinetic analysis
Pharmacokinetic (PK) monitoring was performed on Day 1 and 15 of the first cycle
(after the first and fifth dose). Blood samples of 5 mL were collected via an indwelling
catheter in potassium-EDTA vacutainers (Becton Dickinson, Franklin Lakes, NJ) up
to 72 h after drug administration (time points 0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 24 and
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72 h). After collection, the tube was placed on ice for 10–30 min, centrifuged for 5
min at 2000 × g at 0◦C to 4◦C, and plasma was separated and stored at −80◦ C
until analysis. Plasma concentrations of BMS-275183 were determined by a vali-
dated liquid chromatography/mass spectrometry method, as described previously
(10). PK profiles were evaluated by non-compartmental analysis using the software
package Kinetica version 4.2 (InnaPhase Corporation, Philadelphia, PA). The elim-
ination half-life (T1/2) was assessed from the elimination rate constant, estimated by
linear regression of the terminal phase of the semi-logarithmic concentration ver-
sus time curve. The area under the plasma concentration versus time curve (AUC)
was estimated by the linear-logarithmic trapezoidal method up to the last mea-
sured concentration-time point and extrapolated to infinity (AUCinf). The maximal
observed drug concentration (Cmax) and the time to maximal observed drug con-
centration (Tmax) were obtained directly from experimental data.

Statistical analysis
Descriptive statistics were used for baseline characteristics, safety assessment and
pharmacokinetic parameters (Cmax, Tmax, AUCinf , T1/2). The software package
SAS R© (version 8.2 for Unix) was used for statistical analysis. Analysis of variance
(ANOVA) was used to estimate intra-subject variability in AUCinf .

RESULTS

Patients and treatment
Between January 2004 and December 2005, 38 patients were enrolled and treated in
the trial at two participating centers in The Netherlands, and one center in the USA.
Patient characteristics are summarized in Table 1. In summary, most patients were
male (74%) with a median age of 61 years and 89% had an ECOG PS of 0–1. There
were relatively large subgroups of patients with NSCLC (13 patients) and prostate
carcinoma (6 patients).

The patients were treated at the following dose levels: 60 mg/m2 (n = 3), 80
mg/m2 (n = 10), 100 mg/m2 (n = 17), 120 mg/m2 (n = 7). Inadvertently, one
patient was treated for two doses with 140 mg/m2. This patient experienced non-
complicated grade 4 neutropenia 9 days after the first BMS-275183 administration
(duration 3 days), and no further treatment was given. In addition, one patient
receiving 80 mg/m2 died a few days after his first dose due to disease-related com-
plications, leaving 9 evaluable patients in this cohort. The median number of cycles
administered was 2, with a range of 1–22 cycles.

Adverse events induced by BMS-275183
Table 2 summarizes the drug related adverse events. Clinically relevant toxicity was
encountered from the 80 mg/m2 dose level. In the expanded cohort of six patients
treated at this dose level, one DLT consisting of grade 2 neuropathy was observed.
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Characteristic No. (%)

Total no. of patients 38
Male 28 (74%)
Female 10 (26%)

Age (years)
Median (range) 61 (40–73)

ECOG Performance status
0 7 (18%)
1 27 (71%)
2 4 (11%)

Prior chemotherapy regimens
0 2 (5%)
1 17 (45%)
2 13 (34%)
≥ 3 6 (16%)

Prior immunotherapy or hormonal therapy 13 (34%)
Prior radiotherapy 23 (61%)
Prior biological therapy 7 (18%)
Tumor type

Non-small cell lung cancer 13 (34%)
Prostate carcinoma 6 (16%)
Melanoma 4 (10.5%)
Colorectal carcinoma 4 (10.5%)
Other 11 (29%)

Table 1. Patient characteristics.

In addition, one patient omitted a dose in the first cycle due to ongoing diarrhea
which lasted only one day and never exceeded grade 2. After thorough discussion,
this episode was considered too mild to qualify for a DLT, but for safety reasons,
we further expanded this cohort to nine evaluable patients. In total, two DLTs were
observed in nine evaluable patients treated at the 80 mg/m2 dose level, consisting
of grade 3 fatigue and grade 2 neuropathy, respectively. Both events led to dose
omission and reduction in the first cycle. Subsequently, we explored the 100 mg/m2

dose level. Although the first three patients tolerated this dose level well, we decided
to expand the cohort to six patients because one patient experienced a potentially
drug-related grade 3 hematuria and increased urinary frequency during the first week
of cycle 2. The first cycle in these additional three patients was uneventful, and the
next dose level of 120 mg/m2 was explored. This dose level proved not to be feasible,
as two DLTs were seen in 7 patients, consisting of dose omission and reduction in
the first cycle due to grade 2 neuropathy and grade 2 gastrointestinal symptoms /
grade 2 fatigue, respectively. In addition, one patient treated by mistake with 140
mg/m2 developed grade 4 neutropenia after only 2 doses of BMS-275183.
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Grades 1–2 Grade 3 Grade 4

Any adverse event 25 7 4
Hematologic

Neutropenia 9 4
Anemia 2
Thrombocytopenia 9

Neurologic
Sensory neuropathy 18 1
Motor neuropathy 5 1

Muskuloskeletal
Myalgia 6

Gastrointestinal
Nausea 12
Vomiting 10
Diarrhea 16 4
Mouth dryness 5
Anorexia 9
Taste disturbance 9
Stomatitis/mucositis 3
Abdominal cramping 2
Flatulence 1

Cardiovascular
Prolonged QTc-interval 1

Genitourinary tract
Hematuria 1 1
Increased urinary frequency 1 1

Other
Fatigue 14 4
Alopecia 8
Skin rash 3
Epistaxis 11
Nail changes 3
Fever 2
Flushing 2
Dizziness 1
Headache 1
Pruritus 1

Table 2. Adverse events caused by BMS-275183 (any cycle). Events considered
possibly, probably or certainly related to BMS-275183 by the treating physician and
the investigator are presented. Several episodes in the same patient are counted as
one adverse event and only the worst grade is mentioned (n = 38).
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We thus defined the MTD as 100 mg/m2, and expanded this cohort to further
assess this dose as the potentially recommended phase II dose. In total, 17 patients
were treated at the dose of 100 mg/m2. This dose level was generally well tolerated,
although three patients experienced severe but reversible toxicity during the first
cycle, consisting of grade 3 neuropathy (n = 1), grade 4 neutropenia (n = 1), and
grade 4 neutropenia combined with grade 3 diarrhea (n = 1). Other side effects
were generally mild to moderate (Table 2). Gastrointestinal symptoms occurred
in 28/38 of patients some time during their treatment with BMS-275183, but were
usually mild to moderate and short lasting, and did not interfere with ingestion of
the capsules. ECG-monitoring revealed a grade 1 prolongation of the QTc-interval
in 1/38 patients, treated at 60 mg/m2. This normalized on repeated ECGs and
did not recur after the second dose, suggesting that BMS-275183 does not have
clinically relevant effects on cardiac rhythm. Taken together, DLTs associated with
twice weekly administration of BMS-275183 were neutropenia, neuropathy, fatigue
and diarrhea. Other grade 3 and 4 toxicities were not dose limiting and consisted of
increased urinary frequency and hematuria. The 100 mg/m2 dose level was identified
as the recommended dose level for future phase II trials.

Peripheral neuropathy

Overall, 47% (18/38) of patients developed a new or worsening neuropathy event
in this trial. These patients belonged to the following dose cohorts: 1 in the 60
mg/m2 cohort, 4 in the 80 mg/m2 cohort, 7 in the 100 mg/m2 cohort and 6 in the
120 mg/m2 cohort. In most patients (11/18; 61%), the neuropathy was mild and
did not exceed grade 1, whereas only 1/18 patients (5.6%) experienced severe grade
3 neuropathy (both sensory and motor). Nerve conduction studies were performed
in this patient with severe neuropathy, and showed both sensory and motor axonal
neuropathy.

Interestingly, neuropathy occurred less frequently in the twice weekly regimen
than in the weekly schedule: overall incidence of 47% (18/38 patients) versus 65%
(31/48 patients) (10). Moreover, in only 7/18 (39%) of patients treated with the
twice weekly schedule, the neuropathy exceeded grade 1, compared to 25/31 (81%)
of patients treated with a weekly treatment regimen. In addition, the neuropathy
induced by twice weekly administration of BMS-275183 developed more slowly than
in the weekly treatment regimen. The median time to onset of any grade new or
worsening neuropathy was 2.7 months (95% CI 1.4–∞; Fig. 1) in patients treated
with the twice weekly regimen, compared to 1.2 months (95% CI 0.3–10.8 months)
in patients treated with weekly administration. In 17 out of 18 patients, the neu-
ropathic symptoms recovered to baseline with a median time to resolution of 3.5
months (95% CI 2.9–5.3 months). This recovery was remarkably faster than ob-
served in the weekly study protocol, in which the median time to resolution was 8.6
months (95% CI 5.8–17.5 months).

We studied whether prior treatment with neurotoxic chemotherapy was a risk
factor for the development of peripheral neuropathy upon treatment with BMS-
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Figure 1. Time to onset of neuropathy (months). Analysis includes onset of any grade new or

worsening sensory, motor or painful neuropathy in all patients treated with BMS-275183 (cohort

pooled, n = 38). The curve estimates the time to onset if all patients would be treated until they

develop neuropathy disregarding the other reasons for going off study. ⋄ patients going off study

without having developed neuropathy (censored data).

275183. From the 18 patients who developed peripheral neuropathy during this trial,
10 (56%) received prior treatment with at least one cytotoxic compound known to
be associated with the development of peripheral neuropathy (defined as platinum
compounds, taxanes, vinca alkaloids), and 8 (44%) patients were pretreated with
a non-neurotoxic chemotherapeutic drug. In the group of 20 patients who did not
experience any neurotoxic side effects from BMS-275183, 14 (74%) were pretreated
with at least one neurotoxic drug, whereas 5 (26%) patients received prior treatment
with a non-neurotoxic drug. One patient in the latter group did not receive any prior
chemotherapeutic agents. Although the patient groups in this trial are small, these
data suggest that prior treatment with neurotoxic agents does not predispose for
the development of neuropathy upon treatment with BMS-275183, confirming our
previous findings (10). It is, however, noteworthy that patents with neuropathy
greater than grade 1 resulting from prior therapies were excluded from participation
in both trials, which may confound our results.

Pharmacokinetic analysis

Blood samples for PK analysis were available from 37 patients following the first dose
Day 1), and from 32 patients following the fifth dose (Day 15). Figure 2 depicts the
plasma PK profiles of BMS-275183 on Day 1 and Day 15 after twice weekly dosing
of 60, 80, 100 and 120 mg/m2 BMS-275183. Table 3 presents the PK parameters
of BMS-275183 on Day 1 and 15. For all dose levels (60 mg/m2–120 mg/m2) the
compound was rapidly absorbed with a median Tmax ranging from 0.5 to 1.0 hours,
suggesting that the rate of absorption was comparable among the four dose levels.
The mean T1/2 over all dose levels ranged from 25–35 h.
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Figure 2 A–B. Legend on next page.

For increasing dose levels of 60, 80, 100 and 120 mg/m2, the median Cmax

and AUCinf on Day 1 changed in the ratio of 1 : 0.75 : 0.78 : 0.67 and 1 : 1.03 :
0.93 : 1.16, respectively. As summarized in Table 3, the systemic exposure to BMS-
275183 was comparable between Day 1 and 15 across the 4 dose levels. The inter-
patient variability (%CV) of the AUCinf in the patients treated at the recommended
dose-level of 100 mg/m2 was 94% on Day 1 (n = 17) and 93% on day 15 (n =
15). At other dose levels, the inter-patient variability on Day 1 and 15 was lower
compared to the 100 mg/m2 dose cohort. One patient in the 100 mg/m2 exhibited
high exposure (AUCinf = 7639 ng.h/ml, Day 1), which may have contributed to the
higher interpatient variability in this dose cohort. This patient experienced a DLT
after the second dose, consisting of grade 3 peripheral neuropathy. Provided that
this outlier patient’s data were excluded, the interpatient variability in AUCinf for
100 mg/m2 (Day 1) was 57%.

In general, patients in whom a DLT occurred, had a higher exposure to BMS-
275183, (mean AUCinf 3731 ng.h/mL [n = 7]) than did patients who did not experi-
ence a DLT (mean AUCinf 1488 ng.h/mL [n = 30]). We could not identify a common
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Figure 2. Plasma concentration versus time profiles of BMS-275183 on Day 1 and Day 15 following

oral administration in a twice weekly regimen. A. 60 mg/m2 (n = 3), B. 80 mg/m2 (n = 10 for

Day 1 and n = 8 for Day 15), C. 100 mg/m2 (n = 17 for Day 1 and n = 15 for Day 15) and D.

120 mg/m2 (n = 7 for Day 1 and n = 6 for Day 15). The lines represent the mean concentration

and the error bars represent the standard deviation of the observed concentrations.

denominator predicting drug exposure and development of side effects. In particu-
lar, patients with tumor involvement of the liver did not have lower drug clearance.
Additionally, many potentially interacting concomitant medications were excluded
by protocol. However, the use of PPIs was only excluded from July 2005, as at that
time an association between PPI-use and elevated exposure to BMS-275183 was
found in ongoing clinical trials, suggesting a potential drug-drug interaction (17). In
this study, there were 11 patients using a PPI concomitantly with study medication.
Of the 7 patients experiencing a DLT, 2 patients (29%) were concomitantly using a
PPI. Of the 30 patients who did not experience a DLT, 9 (30%) were reported to use
a PPI during their treatment with BMS-275183, suggesting that concomitant use of
PPIs was not an important risk factor for developing severe toxicity in this trial.
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60 mg/m2 80 mg/m2 100 mg/m2 120 mg/m2

Day 1
No. of patients 3 10 17 7

Cmax (ng/mL)† 299 223 233 199
(143–524) (69–470) (78–1700) (80–429)

Tmax (h)‡ 0.50 1.0 1.0 1.0
(0.5–1.0) (0.5–2.0) (0.5–3.0) (1.0–3.0)

AUCinf† 1548 1591 1437 1803
(ng.h/mL) (954–2184) (1010–2649) (707–7640) (722–4541)

%CV of 38 37 94 68
AUCinf (%)

T1/2 (h)† 35 34 26 25

Day 15
No. of patients 3 8 15 6

Cmax (ng/mL)† 196 202 265 200
(166–248) (97–427) (62–952) (87–803)

Tmax (h)‡ 1.0 1.0 1.0 1.0
(0.5–1.5) (0.5–2.0) (0.5–4.0) (1.0–3.0)

AUCinf† 1887 1595 1588 1594
(ng.h/mL) (1381–2243) (965–3588) (708–8020) (813–4929)

%CV of 25 46 93 79
AUCinf (%)

T1/2 (h)† 41 37 30 35
(34–43) (22–60) (19–73) (28–45)

† Geometric mean (range)
‡ Median (range)

Table 3. Pharmacokinetic variables for BMS-275183.

Tumor response

We observed 4 confirmed partial responses in 30 evaluable patients with measurable
disease. The tumor types of responding patients included: NSCLC (2 of 10 response
evaluable patients), prostate carcinoma (1 of 3 response evaluable patients) and me-
lanoma (1 of 3 response evaluable patients). In addition, a long lasting PSA-response
(baseline PSA 670 ng/mL, decreasing to 6.1 ng/mL with a response duration of 8
months) was seen in 1 patient with prostate carcinoma out of 4 patients with non-
measurable disease. In total, 4 patients treated at 80, 100, 120 and 140 mg/m2,
went off study in the first cycle and were not evaluable for response. Computed
tomography (CT) scans of a responding NSCLC patient as well as a responding
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prostate carcinoma patient are shown in Figure 3. Confirmed partial responses were
observed after a mean of 2 cycles. The response duration was 6.5 and 15 months
for the two NSCLC patients, 3.5 month for the prostate carcinoma patient and 1.75
month for the melanoma patient (mean response duration of 6.7 months). Inter-
estingly, one additional prostate carcinoma patient had a partial response (> 50%
reduction of lymph node and pulmonary metastases) after only two doses of BMS-
275183 (100 mg/m2 dose level), but the response was not confirmed, because he
discontinued treatment due to development of grade 3 neurotoxicity. Upon recovery
and progression, he was retreated at a lower dose level of 60 mg/m2, resulting in
a minor response. All confirmed responses occurred in patients who were not pre-
viously treated with taxanes or other microtubule-interacting agents. Interestingly
however, the one prostate carcinoma patient with an unconfirmed response after
only two doses of BMS-275183 was resistant to docetaxel, as he had shown clear
progressive disease after 3 courses of docetaxel.

A

B

A

B

Figure 3. CT scans of two responding patients. A. CT scan of a 56-years-old male with NSCLC,

previously treated with cisplatin/gemcitabine. Confirmed partial response (after 6 cycles) of the pri-

mary tumor and intrapulmonary metastases is presented. B. Abdominal CT scan of a chemotherapy-

näıve 65-years-old male with prostate carcinoma. Confirmed partial response (after 3 cycles) of

para-aortal lymph node metastases is presented.
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DISCUSSION

In the present clinical study, we have shown that BMS-275183 appears to be bet-
ter tolerated in a twice weekly regimen than in a weekly schedule. In addition, we
confirm that this drug has considerable anti-tumor activity. DLTs consisted of neu-
tropenia, neuropathy and diarrhea, and other severe toxicities comprised fatigue and
hematuria / increased urinary frequency and occurred only after prolonged treat-
ment with BMS-275183. Remarkably, peripheral neuropathy occurred less frequently
and was less severe than in our previous study with a weekly dosing schedule. This
observation confirms our hypothesis that adapting the dosing regimen from once
weekly to twice weekly dosing and thereby spreading the systemic exposure over a
longer period of time would reduce the neurotoxic side effects of BMS-275183. In-
terestingly, we observed a similar incidence of myelosuppression after twice weekly
administration of BMS-275183 compared to the weekly dosing regimen. Although
we did not use prophylactic medication against anaphylaxis, we did not observe
any hypersensitivity reactions, confirming the results of our previous trial with this
compound (10).

In this study the systemic exposure to BMS-275183 on Day 15 was comparable
to the exposure on Day 1 for all dose levels, suggesting that twice weekly dosing does
not result in accumulation of BMS-275183. No clinically relevant accumulation is
expected based on the observed T1/2 and the twice weekly dosing interval. The
fact that no proportional increase in systemic exposure was seen in increasing dose
levels, might be due to saturation of absorption of BMS-275183 after oral dosing. We
identified 100 mg/m2 twice weekly as the MTD. With this dose, we achieved a similar
dose intensity as compared to the trial in which we studied weekly administration of
BMS-275183 (MTD of 200 mg/m2). The dose of 100 mg/m2 given in a twice weekly
regimen was generally well tolerated with 3/17 patients experiencing (reversible)
grade 3 or 4 toxicity in the first cycle. Patients with a relatively high exposure to
the drug were more prone to develop severe side effects. This relationship between
drug exposure and adverse events is not unprecedented and has also been reported
for other taxanes (18). Neither in our former study, nor in this trial could we
identify a common denominator predicting drug exposure and development of side
effects upon treatment with BMS-275183 (10). However, concomitant use of PPIs
was not excluded from the start of the study, and a clinical study to explore the
interaction between BMS-275183 and PPIs is ongoing.

In the 100 mg/m2 dose cohort, one patient experienced a very high exposure
(and a DLT), which may contribute to the high interpatient variability of 93% in
this dose cohort. In our previous trial, we observed an interpatient variability of
53%, which is consistent with the average interpatient variability throughout all
dose cohorts in this study. This variability is approximately two fold higher than for
i.v. paclitaxel (historical data; (19)). Variations in absorption of the drug combined
with individual differences in metabolism due to CYP3A4 polymorphism (20, 21)
may explain the observed high interpatient variability in systemic exposure to the
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drug. In the present study, concomitant use of CYP3A4 modifying drugs were
prohibited and no violations of the protocol were made in this respect. However,
no studies were undertaken to investigate the impact of CYP3A4 polymorphisms on
the metabolism of BMS-275183, and future trials may elaborate on this important
issue. The high interpatient variability may be of concern for the use of BMS-275183
in large scale phase II or III trials. Care should be taken to delay and reduce dosing
upon the first signs of development of severe toxicity, in order to give the drug safely
to those patients with an unexpected high exposure to the drug.

The response rate of 13% in the heavily pretreated patient group of this trial
confirms our previous finding that BMS-275183 is a potent new taxane analogue. As
expected, based on our previous trial and preclinical studies (1, 4), most responses
in this trial were observed in NSCLC and prostate carcinoma patients. In preclinical
studies, anti-tumor activity was observed in taxane resistant tumor models, includ-
ing those harboring tubulin mutations or overexpressing P-glycoprotein (4). Our
previous study indicated that BMS-275183 is active after prior taxane treatment,
but no conclusion could be drawn on its activity in taxane-resistant tumors. In this
study, all responses were in taxane-näıve patients, but interestingly, there were clear
hints of activity in a taxane-resistant patient with prostate carcinoma.

In summary, BMS-275183 is a potent taxane analogue that is generally well
tolerated at its MTD of 100 mg/m2 in a twice weekly dosing schedule. A twice
weekly regimen is preferred over a once weekly administration schedule, because of a
considerably lower incidence of neuropathic side effects. BMS-275183 has anti-tumor
activity in NSCLC and prostate carcinoma, and is currently being investigated in a
phase II trial in NSCLC patients.
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Chapter 9

SUMMARY

This thesis deals with several clinical and preclinical aspects of novel microtubule-
stabilizing agents in the treatment of solid tumors. Chapter 1 gives an introduction
on the current position of microtubule-stabilizing agents in the treatment of malig-
nant diseases and their possible routes of administration. In addition, an outline is
given of the molecular mechanisms leading to chemotherapy-induced cell death in
human cancer cells.

The first part of the thesis focuses on preclinical aspects of chemotherapeutic
drugs and microtubule-stabilizing agents in particular. Despite its achievements,
the effectiveness of chemotherapy is still hampered by the development of drug
resistance. Chapter 2 gives an overview of the various molecular pathways leading
to multidrug resistance, and a series of attempts to manipulate these pathways
are discussed. These efforts are, however, limited by the co-existence of multiple,
partially unidentified resistance mechanisms in human cancer. Recently, progress
has been made in the field of gene sequencing and microarray technologies and these
techniques could be helpful to identify genetic abnormalities in individual human
tumors that could be relevant for predicting response.

In Chapter 3 we investigated the contribution of the major apoptotic path-
ways to the cytotoxic effects discodermolide and epothilone B, two novel microtu-
bule-interacting agents with potent in vivo anti-tumor activity. Despite late activa-
tion of the apoptotic machinery, neither blockade of the mitochondria nor death re-
ceptor pathways did substantially reduce the cytotoxic effects of these drugs. Based
on these findings, we hypothesized that the observed activation of the apoptotic
machinery occurs only as a bystander effect and is not relevant for the cytotoxic
effects of discodermolide and epothilone B. In support of this view, preincubation
with the broad-spectrum caspase blocker zVAD-fmk, did not decrease the effects of
these compounds. Our findings imply that caspase-independent routes are involved
in the cytotoxic effects of discodermolide and epothilone B.

Caspase-independent cell death pathways induced by mircotubule-stabilizing
agents are further studied in Chapter 4. Here we present two lines of evidence
indicating a central role for the lysosomal protease cathepsin B in mediating cell
death by discodermolide, epothilone B and paclitaxel. First, inhibition of cathepsin
B, and not of caspases or other proteases, such as cathepsin D or calpains, results
in a strong protection against drug-induced cell death in several NSCLC cells. Sec-
ond, these microtubule-stabilizing agents trigger disruption of lysosomes and release
and activation of cathepsin B. Interestingly, inhibition of cathepsin B prevents the
appearance of multinucleated cells, an early characteristic of microtubule-stabilizing
agents-induced cell death, pointing to a central, proximal role for cathepsin B in this
novel cell death pathway.

Chapter 5 reviews the various types of programmed cell death and their death
pathways at molecular and organelle level. Not only caspases, but also calpains,
cathepsins, endonucleases and other proteases can execute programmed cell death,
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and they can be directed by several cellular organelles, including mitochondria, lyso-
somes and the endoplasmatic reticulum, which can act independently, or collaborate
with each other. Although several models of caspase-independent cell death have
been described, the various death routes may overlap and several characteristics
may be displayed at the same time. The growing knowledge of caspase-independent
cell death pathways is important for the oncology field, as they could potentially be
manipulated to develop new cancer therapies.

In the second part of this thesis, we focus on clinical studies on novel microtu-
bule-stabilizing agents. First, we describe the role of new therapeutic compounds
in the treatment of non-small lung cancer in Chapter 6. No curative treatment
is available for advanced stages of disease, which comprise the majority of cases
and, therefore, the development of new therapeutic strategies is needed. Novel
chemotherapeutic drugs such as the epothilones have demonstrated some activity in
advanced non-small cell lung cancer. In addition, an increasing number of therapies
targeted against critical biological abnormalities in NSCLC are being investigated in
clinical trials. This approach includes inhibition of growth factors, interference with
abnormal signal transduction, inhibition of angiogenesis and vaccination therapy.
Promising results have thus far been obtained with some of these therapies.

Chapter 7 describes a dose-escalating phase I study on BMS-275183, an orally
administered C-4 methyl carbonate analogue of paclitaxel. We studied the effects
of a continuous weekly dosing regimen in 48 patients. The main DLT consisted of
peripheral neuropathy whereas other grade 3 and 4 side effects comprised fatigue,
diarrhea and neutropenia, and were infrequent. We identified 200 mg/m2 as the
MTD. The definition of this dose was not unequivocal: (re-)exploration of several
intermediate dose levels was necessary to identify a safe dose. This was due to
the design of the dose escalation schedule with only one patient per dose level,
combined with a relatively high pharmacologic interpatient variability (53%) and
strict definitions of safety which prompted dose reduction upon occurrence of grade
2 peripheral neuropathy. The observed response rate of 24% in the heavily pretreated
patient group of this phase I trial indicates that BMS-275183 is a potent new taxane
analog.

In Chapter 8 a second phase I study with BMS-275183 is presented. In
this trial we investigated whether twice weekly administration would improve the
tolerability of BMS-275183 and reduce its neuropathic side effects. A total of 38
patients were enrolled in this trial. The MTD was 100 mg/m2 and DLTs consisted of
(a combination of) neutropenia, neuropathy and diarrhea. BMS-275183 had a lower
incidence of neuropathic side effects compared to the weekly treatment regimen. The
response rate of 13% in the heavily pretreated patient group of this trial confirms
our previous finding that BMS-275183 may become a valuable contribution to the
treatment of NSCLC and prostate carcinoma. This study further indicates that
BMS-275183 is preferably given in a twice weekly schedule.
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DISCUSSION AND PERSPECTIVES

Despite the achievements of both basic and clinical research in the past decades,
cancer still is a dominant cause of death in civilized countries. Research at the
present time focuses on molecular abnormalities that can lead to the development
of malignant diseases and their frequent failure to respond to anti-cancer therapy,
in order to develop new therapeutic strategies that improve the survival of cancer
patients. Programmed cell death is crucial in the regulation of homeostasis in almost
all organs and tissues and deregulation of this process can lead to the development of
cancer and may cause resistance to treatment. In recent years it has become evident
that the classic dichotomy of apoptosis versus necrosis is a simplification of the
highly sophisticated processes of programmed cell death which guard the organism
against unwanted and potentially harmful cells. Not only caspases, but also other
proteases play a role in the execution of programmed cell death.

Our work described in Chapter 3 and 4 of this thesis indicates that cell death
induced by the microtubule-stabilizing agents paclitaxel, epothilone B and discoder-
molide in NSCLC cells is not primarily exerted by caspases, but by the lysosomal
protease cathepsin B. This finding is not unprecedented and adds up to the growing
evidence of the contribution of lysosomal proteases to programmed cell death pro-
cesses. Cathepsin B has been described to be involved in bile salt-induced hepatocyte
apoptosis, regulation of immunosuppression and neuronal apoptosis (1). In addition,
cathepsin D mediates cell death induced by oxidative stress and staurosporine (2, 3)
and is involved in bleomycin-induced pulmonary fibrosis (4). Interestingly, lysosomal
proteases have been described to act both upstream, downstream and independently
of the classical apoptotic machinery (1). It seems that lysosomal proteases trigger
cell death not via a single specific pathway, but rather via multiple pathways that
may overlap with the traditional mediators of apoptosis. The molecular identity of
the mediators and the necessity of activation of caspase-dependent pathways remain
to be elucidated in many cases and may vary depending on the type of cell and the
applied death stimulus.

It is stating the obvious that successful treatment of cancer with chemotherapy
is largely dependent on its ability to trigger cell death in tumor cells. As discussed
in Chapter 2 , clinical studies investigating factors predictive of chemosensitivity
have failed to show an unequivocal relationship between expression of pro- or anti-
apoptotic genes in solid tumors and the development of drug resistance. Some
pitfalls associated with the methodology used in the clinical studies, such as low
sample size, detection method, use of frozen versus fixed tumor tissue and cut-
off points for positivity, may contribute to these conflicting results. Apart from
methodological issues, paradoxical data may also be due to inactivation, inhibition
or loss of the downstream apoptotic machinery in apoptosis-resistant solid tumor
cells. As aggressive cancers may not further depend on apoptotic proteins after
losing functional apoptotic pathways, the expression of these proteins may become
irrelevant for cell death.
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In this light, our finding that caspase-independent death pathways are respon-
sible for cell death induced by microtubule-stabilizing agents is very interesting.
Despite the enormous importance of the discovery of apoptosis as a cell death pro-
gram indispensable for embryogenesis and protection against unbridled cell growth,
the apoptosis-necrosis paradigm is too simple to encompass the wide spectrum of
possibilities we have to eliminate faulty and potentially harmful cells. The evolu-
tionary advantage of the existence of multiple death pathways is obvious: it protects
the organism against the development of malignant diseases as many burdens have
to be overcome before a cell becomes a tumor cell. This may explain the relative
rarity of cancer, in respect to the huge number of cell divisions and mutations during
a human life. The growing knowledge of caspase-independent cell death pathways is
important for the oncology field, as they could potentially be manipulated to develop
new cancer therapies.

The novel microtubule-stabilizing agent epothilone B likely represents a potent
new anti-cancer drug. It not only triggers alternative death pathways in tumor cells,
but it is also no substrate for the P-glycoprotein pump which is an important cause of
clinical drug-resistance against the conventional taxanes and other chemotherapeutic
drugs. The preclinical data suggest that epothilones may be superior to paclitaxel
and docetaxel. In phase I and II clinical trials, this drug appears to have considerable
anti-tumor activity with acceptable levels of toxicity (5, 6). The hints of anti-tumor
activity in patients with taxane-resistant tumors, warrant further investigation to
draw conclusions on the ability of epothilones to overcome the problem of cross-
resistance. In addition, it remains to be investigated in randomized clinical trials
whether epothilone B meets its expectations and is superior to paclitaxel or docetaxel
in for instance NSCLC, prostate or breast cancer patients.

The successful introduction of capecitabine as an alternative for intravenous
fluorouracil exemplifies that oral delivery of chemotherapeutic drugs is an attractive
approach to enlarge the possibilities and convenience of current dosing regimens.
The results of the first two clinical trials with the oral taxane analogue BMS-275183,
presented in Chapter 7 and 8 of this thesis, suggest that this compound may become
a valuable contribution to the therapeutic arsenal of NSCLC and prostate carcinoma.
However, the relatively high incidence of neuropathic toxicity found in our first trial
is of concern because of the potential irreversibility and impact for daily living of this
side effect. The exact mechanism of neuropathy induced by microtubule-stabilizing
agents is unknown, but because the survival and function of neurons require proteins
to be transported along axons from a neuron’s body to it’s distal synapses, treatment
with microtubule-stabilizing agents may interrupt this active transport leading to
the typical symptoms. For unknown reasons, paclitaxel triggers more neuropathic
side effects than docetaxel, and it appears that BMS-275183 is even more neurotoxic.
The incidence observed in our trial appeared to be higher than reported for other
taxanes, although results are difficult to compare because of low patient numbers in
our phase I study (6). In addition, the time to onset of neuropathy was remarkably
shorter in our trial than reported for other taxanes. Whereas for paclitaxel and
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docetaxel the development of neuropathy generally depends on the cumulative dose
and occurs on an average after 3 to 4 cycles (i.e. 9–12 weeks) (6), we observed a
more rapid development with a median time to onset of one month in our study
with weekly administration. Co-administration of neuroprotective agents could be
helpful to prevent these side effects, but to date randomized controlled clinical trials
with such agents show conflicting results and no effective drug has emerged yet.
For paclitaxel it is known that duration of the time of total paclitaxel above a
pharmacological threshold level is an independent risk factor for the development
of polyneuropathy. This may also hold true for BMS-275183, as adjustment of the
dosing regimen from once weekly to twice weekly decreased the incidence and severity
of neuropathic side effects considerably.

A major concern of the clinical application of BMS-275183 is its high phar-
macological interpatient variability. We observed variabilities of 53% at the rec-
ommended phase II dose of the weekly treatment schedule to 93% at the MTD of
the twice weekly dosing regimen. This is particularly relevant as patients with a
high exposure to BMS-275183 were more prone to develop severe side effects. De-
spite our efforts, we were not able to predict which patients were to experience a
high drug exposure. In our studies, all toxicities were at least partially reversible.
However, in other trials with weekly administration of BMS-275183, fatal side ef-
fects have been observed in several patients (mainly sepsis due to pancytopenia)
and this treatment regimen has been abandoned (unpublished data). Although the
incidence and severity of severe side effects was considerably lower in our study with
a twice weekly treatment regimen, the observed high interpatient variability war-
rants caution. Care should be taken to delay and reduce dosing upon the first signs
of development of severe toxicity, in order to give the drug safely to those patients
with an unexpected high exposure to the drug. Safety as well as efficacy results from
phase II trials exploiting the twice weekly dosing schedule are eagerly awaited and
they will determine the future of this interesting new drug.

In conclusion, the major aim in the treatment of cancer patients is to de-
velop more effective therapies and treatment regimens that target the tumor more
specifically and prevent or overcome the problem of drug resistance. Advances in
the understanding of the molecular and biological basis of malignant diseases sug-
gest optimism, but also underline the enormous complexity of human cancer and the
many barriers that still have to be taken. Continuous investigations and investments
will hopefully change the fate of many cancer patients in the coming decades.
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Kanker is een belangrijke doodsoorzaak in Westerse landen. Kwaadaardige aandoe-
ningen zijn verantwoordelijk voor 30% van de sterfte in Nederland, alleen nog over-
troffen door hart- en vaatziekten. Recent heeft kanker zelfs bij mannen de koppositie
overgenomen van hart- en vaatziekten, en naar alle waarschijnlijkheid zal dit in de
nabije toekomst ook bij vrouwen gaan gebeuren. Longkanker is bij mannen de meest
voorkomende oorzaak van sterfte door kwaadaardige aandoeningen, gevolgd door
prostaatkanker. Bij Nederlandse vrouwen staat borstkanker nog op de eerste plaats,
maar longkanker komt door veranderde rookgewoonten ook bij vrouwen steeds vaker
voor en zal waarschijnlijk, net als in de Verenigde Staten, de eerste plaats overnemen.

De hoge sterfte door kwaadaardige aandoeningen wordt veroorzaakt door de
onbegrensde groei van kankercellen en hun neiging in te groeien in normaal weefsel,
zich uit te zaaien en nieuwe gezwellen elders in het lichaam te vormen. In de hoop
genezing te bewerkstelligen, worden vaak verschillende vormen van behandeling te-
gelijkertijd ingezet. Celdodende medicijnen (chemotherapie) worden vaak gegeven
in combinatie met een operatie en/of bestraling om zowel de oorspronkelijke tumor
als de soms niet of nauwelijks waarneembare uitzaaiingen aan te pakken. Hoewel er
de afgelopen decennia zeker vooruitgang is geboekt in de behandeling van kanker,
zijn er nog veel problemen die overwonnen moeten worden. Helaas reageren veel
soorten kanker slecht op chemotherapie. Dit fenomeen wordt resistentie genoemd.
Bij sommige patiënten reageert de kanker vanaf het begin van de behandeling slecht
op de medicijnen, terwijl bij anderen de tumor terugkomt na een aanvankelijk goede
reactie. Combinaties van medicijnen worden vaak gegeven om de kanker op meer-
dere manieren tegelijkertijd aan te pakken en zo de ontwikkeling van resistentie te
voorkomen.

Ondanks haar beperkingen vormt chemotherapie de hoeksteen van veel kanker-
behandelingen. Er wordt veel onderzoek verricht om het arsenaal aan chemothera-
peutica uit te breiden en te verbeteren. Chemotherapeutica met geheel nieuwe wer-
kingsmechanismen worden ontwikkeld en bestaande medicijnen worden verbeterd.
Daarnaast zijn er tegenwoordig medicamenten die, in tegenstelling tot chemothe-
rapie, geen algemeen celdodende eigenschapen hebben, maar specifiek gericht zijn
tegen bepaalde eigenschappen van de kankercel (‘targeted therapy’). De huidige che-
motherapeutica worden vaak in een aantal uren per infuus gegeven. Van sommige
middelen is echter bekend, dat zij beter werken indien zij over een langere tijdsperi-
ode, bijvoorbeeld één of meerdere dagen, gegeven worden. Toediening in tabletvorm
(‘orale chemotherapie’) zou voor deze middelen ideaal zijn. Bovendien is een orale
toedieningsvorm prettiger voor de patiënt. Voor sommige veelgebruikte chemothe-
rapeutica zijn reeds orale toedieningsvormen beschikbaar, terwijl deze voor andere
in ontwikkeling zijn.

Dit proefschrift beschrijft verschillende onderzoeken bij patiënten (klinisch on-
derzoek) en in het laboratorium (preklinische studies) naar middelen met een over-
eenkomstig werkingsmechanisme, namelijk het stabiliseren van zogeheten microtu-
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buli. Microtubuli vormen een fijnmazig netwerk in de cel waarmee ze stevigheid en
vorm aan de cel geven. Daarnaast hebben zij een belangrijke rol bij de celdeling,
wanneer ze zogenaamde spoelen vormen die het erfelijk materiaal uit elkaar trekken
zodat één cel zich kan splitsen in twee cellen. Een chemotherapeuticum met een
stabiliserende werking op deze microtubuli verstoort het delicate evenwicht in de
cel waardoor stijve bundels van microtubuli gevormd worden. Een normale celdeling
kan hierdoor niet meer plaatsvinden, en een zich delende cel gaat te gronde.

Paclitaxel is het eerste middel uit deze groep dat ontdekt werd en is effectief
gebleken in de behandeling van onder andere borstkanker, longkanker en eierstok-
kanker. Helaas is resistentie een veel voorkomend probleem bij de behandeling met
paclitaxel. Vaak komt dit doordat het medicijn de cel uit wordt gepompt voordat
het zijn dodelijke taak kan uitvoeren. Hiervoor is een eiwit verantwoordelijk dat zich
in de celwand bevindt. Dit eiwit, P-glycoprotëıne, komt ook overvloedig voor in nor-
male weefsels van het lichaam en heeft als functie het weren van lichaamsvreemde
en mogelijk gevaarlijke stoffen. Kankercellen kunnen dit eiwit echter ook bezitten,
waardoor zij niet reageren op chemotherapeutica zoals paclitaxel.

In een poging het probleem van resistentie aan te pakken, worden nieuwe
microtubuli-stabiliserende medicijnen ontwikkeld die een gunstiger werkingsprofiel
hebben. Discodermolide en de epothilonen, van oorsprong natuurlijke producten,
zijn voorbeelden van deze middelen. Beide middelen zijn in hun scheikundige struc-
tuur niet verwant aan paclitaxel of andere taxanen maar hebben wel hetzelfde wer-
kingsmechanisme. Opvallend is dat zij niet herkend worden door P-glycoprotëıne,
waardoor mogelijk minder resistentie optreedt. De ontwikkeling van discodermolide
is noodgedwongen gestaakt in verband met bijwerkingen, maar epothilone B lijkt een
waardevolle aanvulling te worden op de bestaande chemotherapeutische middelen.

De aanwezigheid van P-glycoprotëıne is zeker niet de enige oorzaak van resis-
tentie en in laboratoria wordt veel onderzoek gedaan naar andere resistentiemecha-
nismen van kankercellen. Een belangrijke tak van onderzoek richt zich op de wijze
waarop chemotherapie leidt tot de dood van een (kanker)cel. In de zeventiger jaren
van de vorige eeuw werd ontdekt dat het proces van celdood strak gereguleerd is. Dit
proces heeft de benaming ‘geprogrammeerde celdood’ of apoptose gekregen. Apop-
tose wordt niet alleen door chemotherapie, maar door allerlei stimuli uitgelokt. Het
is een belangrijk zelfbeschermingsmechanisme, dat ‘abnormale’ cellen uitschakelt en
zo ziekten voorkomt. Als dit mechanisme onvoldoende actief is, kan kanker ontstaan.

Chemotherapie activeert het proces van apoptose en leidt, idealiter, tot de
dood van een kankercel. Het karakteriseren van de factoren die de apoptose rege-
len, is van groot belang omdat remming van celdoodmechanismen kan bijdragen
aan het ontstaan van resistentie tegen chemotherapie. Apoptose wordt in gang ge-
zet via een complex netwerk van signaalmechanismen, waarna speciale enzymen,
caspases , de dood van de cel uitvoeren. De afgelopen jaren is duidelijk geworden
dat niet alleen caspases, maar ook andere enzymen het proces van geprogrammeer-
de celdood kunnen uitvoeren. Celdood zonder tussenkomt van caspases valt buiten
de oorspronkelijke definitie van apoptose en wordt ook wel ‘caspase-onafhankelijke
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celdood’ genoemd. Betere kennis van apoptose en caspase-onafhankelijke celdood en
de wijze waarop deze kunnen ontsporen, leidt hopelijk tot de ontwikkeling van meer
gerichte en effectievere anti-kankergeneesmiddelen.

In dit proefschrift worden verschillende aspecten van microtubuli-stabiliserende
middelen bij kanker onderzocht, zowel bij patiënten als in het laboratorium. Een meer
gedetailleerde omschrijving van dit onderzoek wordt hieronder gegeven.

Het eerste deel van dit proefschrift betreft laboratoriumonderzoek naar che-
motherapeutica en microtubuli-stabiliserende middelen in het bijzonder. In hoofd-
stuk 1 wordt een algemene inleiding gegeven over bestaande en nieuwe microtubuli-
stabiliserende middelen en hun mogelijke wijzen van toediening. Daarnaast worden
de verschillende mechanismen waarop chemotherapeutische middelen tot celdood
leiden, toegelicht.

Hoofdstuk 2 geeft een overzicht van de verschillende mechanismen die bijdra-
gen aan het ontstaan van resistentie tegen anti-kankermiddelen. Pogingen om deze
resistentiemechanismen te bëınvloeden met behulp van medicijnen worden bespro-
ken. Helaas wordt de effectiviteit van dergelijke behandelingen vaak beperkt door de
gelijktijdige aanwezigheid van meerdere, ten dele nog onbekende, resistentiemecha-
nismen in kankercellen. Recent is er vooruitgang geboekt op het gebied van typering
en expressie van het erfelijk materiaal in een kankercel met behulp van onder an-
dere microarray-technieken. Mogelijk kan hierdoor in de toekomst de reactie van de
tumor op bepaalde behandelingen worden voorspeld.

Hoofdstuk 3 beschrijft hoe we in het laboratorium hebben onderzocht hoe
twee nieuwe microtubuli-stabiliserende middelen, discodermolide en epothilone B,
leiden tot celdood van het meest voorkomende type longkankercellen (niet-kleincellig
longkankercellen). Allereerst hebben we gekeken in hoeverre apoptose door deze mid-
delen geactiveerd wordt en of deze activering bijdraagt aan celdood. Hoewel apoptose
in een late fase van celdood geactiveerd werd, had remming van zowel de intrinsieke
als de extrinsieke apoptotische route geen effect op de celdodende eigenschappen van
deze medicijnen. Wij veronderstelden dat discodermolide en epothilone B weliswaar
als een neveneffect apoptotische enzymen activeren, maar dat deze activering niet
relevant is om de cel te doden. Met behulp van zVAD-fmk, een remmer van caspa-
ses, bevestigden we deze hypothese: zVAD-fmk verminderde de celdodende werking
van discodermolide of epothilone B niet. Onze bevindingen impliceren dat caspase-
onafhankelijke mechanismen verantwoordelijk zijn voor de celdodende werking van
discodermolide en epothilone B.

Caspase-onafhankelijke mechanismen van celdood door microtubuli-stabilise-
rende middelen worden verder bestudeerd in hoofdstuk 4. In dit hoofdstuk tonen
we op twee manieren aan dat het enzym cathepsin B een centrale rol speelt in het
uitvoeren van celdood door discodermolide, epothilone B en paclitaxel. Ten eerste
resulteert remming van cathepsin B, en niet van andere enzymen, in een sterke be-
scherming van niet-kleincellig longkankercellen tegen de celdodende eigenschappen
van deze medicijnen. Ten tweede leidt behandeling van cellen met discodermolide,
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epothilone B en paclitaxel tot het vrijkomen en activeren van cathepsin B. Interes-
sant is dat remming van cathepsin B de vorming voorkomt van veelkernige cellen,
die een vroeg teken zijn van celdood gëınduceerd door microtubuli-stabiliserende
middelen. Deze resultaten wijzen op een centrale en vroege rol van cathepsin B bij
deze vorm van caspase-onafhankelijke celdood.

Hoofdstuk 5 bespreekt de verschillende vormen van geprogrammeerde cel-
dood en beschrijft hun mechanismen op cel- en molecuulniveau. Niet alleen caspases,
maar ook andere enzymen kunnen betrokken zijn bij de uitvoering van geprogram-
meerde celdood. Zij worden aangestuurd door verschillende celonderdelen, die onaf-
hankelijk van elkaar of juist in samenwerking met elkaar kunnen opereren. Hoewel
er meerdere modellen van caspase-onafhankelijke celdood beschreven zijn, lijken ver-
schillende routes elkaar te overlappen en meerdere kenmerken van celdood kunnen
gelijktijdig waarneembaar zijn. De groeiende kennis over geprogrammeerde celdood
is belangrijk voor de oncologie, aangezien deze routes mogelijk een aangrijpingspunt
zijn voor nieuwe anti-kankermedicijnen.

In het tweede deel van dit proefschrift, richten we ons op onderzoeken van
nieuwe microtubuli-stabiliserende medicijnen bij patiënten. Allereerst beschrijven
we de rol van nieuwe medicijnen in de behandeling van niet-kleincellig longkanker in
hoofdstuk 6. Momenteel is geen behandeling voorhanden die deze ziekte kan gene-
zen wanneer ze in een gevorderd stadium is. Helaas wordt de ziekte slechts bij weinig
patiënten in een vroeg stadium van longkanker ontdekt, en nieuwe behandelings-
strategieën zijn hard nodig. Nieuwe chemotherapeutische middelen zoals epothilone
B zijn werkzaam gebleken bij patiënten met niet-kleincellig longkanker. Daarnaast
wordt veel onderzoek verricht naar zogenaamde ‘targeted therapies’, gericht tegen
specifieke eigenschappen van de longkankercel. Voorbeelden van deze benadering zijn
remming van groeifactoren, interferentie met signaaloverdracht binnen de cel, rem-
ming van vaatnieuwvorming en vaccinatie. Vooralsnog zijn veelbelovende resultaten
behaald met sommige van deze behandelingen.

Hoofdstuk 7 beschrijft een studie met BMS-275183, een oraal analoog van
paclitaxel dat in de vorm van capsules gegeven wordt. Wij onderzochten de effecten
van dit middel bij 48 patiënten, waarbij BMS-275183 één maal per week gegeven
werd. Op geleide van de bijwerkingen werd de dosis van dit cytostaticum bij op-
eenvolgende patiënten steeds verhoogd, totdat de optimale dosis bereikt werd. De
belangrijkste bijwerking was beschadiging van zenuwcellen in de armen en benen,
zich uitend in tintelingen, doof gevoel en soms krachtsverlies (neuropathie). Moe-
heid, diarree en daling van het aantal witte bloedlichaampjes waren andere, minder
frequente ernstige bijwerkingen. We stelden vast dat 200 mg/m2 de maximaal ver-
draagbare dosis was. Het definiëren van deze dosis was niet eenvoudig: het (opnieuw)
onderzoeken van verschillende tussenliggende dosisniveaus was vereist om tot een
veilige dosering te komen. Daarnaast was er een vrij grote variatie van 53% in bloot-
stelling aan BMS-275183 tussen de patiënten onderling, ondanks het feit dat zij met
dezelfde dosis behandeld werden. Bij 24% van de patiënten die aan dit onderzoek
deelnamen, reageerde de tumor goed op BMS-275183. Dit is opmerkelijk, aangezien
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de patiëntengroep in dit onderzoek al vele eerdere behandelingen had ondergaan, en
duidt erop dat BMS-275183 een krachtig nieuw middel is.

In hoofdstuk 8 worden de resultaten van een tweede studie met BMS-275183
gepresenteerd. In dit onderzoek onderzochten wij of een toedieningsschema van twee
maal per week beter verdragen zou worden en of de bijwerkingen op de zenuw-
cellen (neuropathie) hierdoor zouden verminderen. In totaal werden 38 patiënten
behandeld. De maximaal verdraagbare dosis was 100 mg/m2. Ernstige bijwerkingen
bestonden uit een daling van het aantal witte bloedcellen, diarree en neuropathie.
Neuropathische bijwerkingen kwamen minder vaak voor dan in de studie waarin het
geneesmiddel een maal per week gegeven werd. Bij 13% van de patiënten die in dit
onderzoek behandeld werden, nam de omvang van de tumor af. Deze resultaten be-
vestigen onze eerdere bevindingen dat BMS-275183 een waardevolle aanvulling kan
betekenen op de behandeling van bepaalde vormen van kanker. Dit onderzoek laat
verder zien dat BMS-275183 bij voorkeur twee maal per week gegeven wordt.

Samenvattend is het doel van onderzoek naar kanker het ontwikkelen van effec-
tievere behandelingen die de kanker meer specifiek aanpakken en het probleem van
resistentie voorkomen of ondervangen. Er is vooruitgang geboekt in het ontrafelen
van mechanismen die leiden tot celdood en de ontwikkeling van kanker, en nieuwe
veelbelovende geneesmiddelen worden ontwikkeld. Dit rechtvaardigt een zeker op-
timisme. Deze toegenomen kennis accentueert echter ook de enorme complexiteit
van kanker en veel hindernissen zullen nog genomen moeten worden. Een wereld-
wijde voortzetting van het onderzoek naar kanker en anti-kankerbehandelingen zal
hopelijk het lot van veel kankerpatiënten in de komende decennia verbeteren.
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Allereerst dank ik mijn promotor, prof.dr. G.Giaccone. Beste Beppe, jouw ken-
nis, gedrevenheid en betrokkenheid zijn een grote stimulans voor me geweest. Je
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tevens bedanken voor hun bijdrage aan hoofdstuk 7 respectievelijk 8.

Once introduced into the lab with the words: “She’s an MD, so have fun”, I
have learned a lot about basic science and lab techniques. I would like to express my
gratefulness towards dr. Carlos Ferreira, dr. Joseán Rodriguez and dr. Frank Kruyt
for their help and scientific input. Simone Span, jij leek de komst van een arts die wat
bij kwam beunen in het laboratorium, slechts gezellig te vinden. Hartelijk dank voor
je hulp en bijdrage aan hoofdstuk 4. Ik stel het erg op prijs dat je mijn paranimf wilt
zijn! Mijn mede lab-groepsgenoten waaronder dr. Maarten Janmaat, dr. Agnieszka
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van de medisch oncologen en fellows oncologie. In het bijzonder wil ik dr. Cees van
Groeningen en dr. Bart Kuenen noemen. Jullie nooit aflatende interesse in mijn stu-
dies, hoe lang deze ook duurden, en ondersteuning bij de uitvoering ervan heb ik
zeer gewaardeerd. Deze klinische studies hadden nooit uitgevoerd kunnen worden
zonder de grote inzet van de research-nurses Helen Gall, Rita Ruyter, Inge van der
Horst en Roel Blanken. Enorm bedankt voor jullie inspanningen, meeleven en ge-
zelligheid. De secretaresses van geneeskundige oncologie, in het bijzonder Monique
Plieger, ben ik zeer erkentelijk voor hun hulp en persoonlijke interesse. Ook de ver-
pleegkundigen van afdeling 3C, de MAMK’s en poli-assistentes wil ik danken voor
hun betrokkenheid en ondersteuning.

De datamanagers, Ans Kramer en Karin Groot, waren onmisbaar bij het ver-
werken van de enorme hoeveelheid gegevens die 79 patiënten konden genereren. Dank
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ren erg behulpzaam bij het indienen van de vele amendementen die de CA-165002
heeft gekend, waarvoor mijn dank. In addition, I am very grateful to Lianne van Lun-
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Mijn man en maatje Dirk weet als enige hoeveel bloed, zweet en tranen dit
boekje me gekost heeft. Dank voor je nooit aflatende steun, geduld en belangstelling
en natuurlijk je werk aan de lay-out! Petran en Jonna, jullie aanwezigheid helpt
me de dingen in het juiste perspectief te plaatsen en doet me beseffen wat nu écht
belangrijk is in het leven.

Tot slot wil ik graag de patiënten bedanken, die bereid waren om gedurende de
moeilijke strijd tegen hun ziekte deel te nemen aan dit wetenschappelijk onderzoek.
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