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DEDICATION

I do not feel obliged to believe that the same God who has
endowed us with sense, reason, and intellect has intended us
to forgo their use.

Galileo Galilei

This book is lovingly dedicated to Dr. Thomas G. Burke, whose commitment
to cancer research was exceeded only by his devotion to our marriage and our two
young sons, Dylan and Aidan.  In honor of his creative spirit and genuine enthu-
siasm for scientific inquiry, may this collection of articles serve both as a re-
source and as inspiration to researchers and clinicians alike.

Lori Latus



PREFACE

Clinical interest in the camptothecins continues to expand despite the fact that
this class of agents has been studied for almost 50 years and two early generation
members of the family have gained FDA approval. To date, the intensive re-
search efforts carried have clearly validated the utility of this class of
topoisomerase I inhibitor in the management of human cancer. The studies have
also provided considerable insight into the shortcomings of the approved
camptothecins and potential ways of improving upon the clinical performance of
the family as a whole.

In the first part of Camptothecins in Cancer Therapy an up-to-date summary
of what is known about the biochemistry, pharmacology, and chemistry of the
camptothecins is presented. This section includes a discussion of the mechanism
of topoisomerase I as well as a review of the means by which camptothecins
poison this enzyme. The use of animal models in defining the anticancer poten-
tial of camptothecins and a discussion of camptothecin resistance is included.
Chapters are also devoted to a review of new analog development, as well as drug
delivery issues that are aimed at optimizing the anticancer activities of the
camptothecins. In the third part of Camptothecins in Cancer Therapy, summaries
are provided on each of the members of the camptothecin families that have been
studied in the clinic. In addition, discussion of the potential use of camptothecins
in a variety of different cancers has been included.

Camptothecins in Cancer Therapy aims to provide a thorough and up-to-date
summary as well as define the central issues that will be the key focus areas in
camptothecin research during the next 10 years.

Val R. Adams, PharmD

Thomas G. Burke, PhD
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1. INTRODUCTION

DNA topoisomerases are important nuclear enzymes involved in many
aspects of DNA metabolism, such as DNA replication, RNA transcription,
chromosome condensation, and segregation (1–5). They perform their
topological transformation reactions on DNA via a concerted breakage/
religation mechanism (4,6–8). Because of their delicate act on DNA,
topoisomerases can be double-edged swords. It is now well established that
many xenobiotics, DNA lesions, and physiological stresses (e.g., oxidative
stress, acidic pH stress, thiol stress) can interfere with the breakage/religation
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reactions of topoisomerases, resulting in topoisomerase-mediated DNA
damage (9–14). Among the five human DNA topoisomerases (hTOP1,
hTOP2 , hTOP2 , hTOP3 , and hTOP3 ), the first three have been iden-
tified to be molecular targets of anticancer drugs (1,9,11,15–22).

DNA topoisomerase I was originally identified as the molecular target of
the plant alkaloid camptothecin (CPT) (8,15,23,24). CPT exhibits impres-
sive antitumor activities against a broad spectrum of tumors in animal models
(25–27). Two CPT derivatives, irinotecan and topotecan, have been suc-
cessfully developed in the clinic (28–31), and second-generation CPTs such
as silatecan and homocamptothecin appear quite promising in preclinical
development (32–39).

2. MECHANISM OF ACTION OF CAMPTOTHECIN

CPT specifically inhibits the relegation step of the TOP1 catalyzed cleav-
age/relegation reaction, resulting in the accumulation of a covalent reaction
intermediate, often referred to as the cleavable or cleavage complex (7,8,18).
Insight into the structure of the TOP1 cleavable complex has been obtained
from both biochemical and X-ray crystallographic studies (40–43). These
studies were performed using a self-poisoning DNA sequence (a TOP1
binding/cleavage hotspot sequence) derived from Tetrahymena recombi-
nant (rDNA) (43). This self-poisoning DNA sequence contains multiple
A tracts located both upstream and downstream from the cleavage site.
These A tracts are known to induce DNA bends (44,45). Biochemical stud-
ies have demonstrated that TOP1 protects a 20-bp DNA region in which the
cleavage position is centrally located (42). A core of six bases (core ele-
ment) located upstream of the cleavage site is of critical importance for
TOP1 binding. The importance of this core element in TOP1 binding is also
mirrored by the presence of a weak TOP1 cleavage consensus sequence
located from +1 to –4 (+ and – refer to downstream and upstream positions
from the site of cleavage, respectively). X-ray crystallographic studies of
the cleavable complex formed between this self-poisoning DNA sequence
and TOP1 have confirmed the essential interaction between TOP1 and the
nucleotides located from +1 to –5. Both biochemical and X-ray crystallo-
graphic studies have demonstrated some weak interactions downstream
from the site of DNA cleavage (40,43,46).

Models explaining the molecular mechanism of TOP1 poisoning by CPT
have been proposed. A base-flipping model was suggested based on the crys-
tallographic structure of the TOP1-DNA cleavable complex and the results
from the crosslinking studies using an alkylating CPT derivative (41,47). In
this model, CPT intercalates between the +1 and –1 bases, and the +1 base
on the scissile strand is flipped out of the DNA helical stack (41). Using
computer modeling, a CPT pseudointercalation model has also been pro-
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posed, in which CPT is inserted between the +1 and –1 bases (44). More
recently based on other computer modeling studies, a CPT intercalation
model in which CPT is completely intercalated between the +1 and –1 bases
has been proposed (49) (Fig. 1). In this model, CPT is intercalated between
the +1 and –1 bases, with the E-ring pointing into the minor groove and the
A-ring directed toward the major groove (49). These models highlight the
importance of CPT binding to the site of DNA cleavage to interfere with
the relegation step of the TOP1-catalyzed reaction. A recent study has solved
the crystal structure of the TOP1 (topo70)-topotecan-DNA ternary complex
at 2.1 Angstrom (50). In this structure, topotecan is completely intercalated
between +1 and –1 bases (50).

3. NONCAMPTOTHECIN TOPOISOMERASE 1
POSIONS

In addition to CPT, a growing list of compounds (e.g., indolocarbazoles,
nitidines, saintopin, intoplicine, fagaronine, bulgarein, morpholinyl doxo-
rubicin, aclacinomycin A, indeno[1,2-c]isoquinolines, nogalamycin, acti-
nomycin D, protoberberines, 2-phenylbenzimidazoles, dibenzo[c,h]

Fig. 1. Two proposed molecular mechanisms for topoisomerase (TOP1) poisoning by
different TOP1 poisons. The intercalation model proposed for camptothecins is
shown on the left; the DNA bending model proposed for nogalamycin is shown on
the right.
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cinnolines, terbenzimidazoles) has been identified to be TOP1 poisons (51–
61). Unlike CPT, the majority of these TOP1 poisons are DNA binders,
suggesting that DNA binding may underlie the mechanism of TOP1 poison-
ing by at least some of these TOP1 poisons (51,54,59,62,63). Studies on
nogalamycin have provided some important clues to the role of DNA bind-
ing in the mechanism of TOP1 poisoning (64). Nogalamycin is a strong
DNA binder that exhibits both intercalative and minor groove-directed
modes of interactions (65–69). The minor groove-directed interaction of
nogalamycin, as in the case of minor groove-binding Hoechst 33342, has
been shown to be critical for TOP1 poisoning (51). Studies of the interaction
between nogalamycin and the TOP1-DNA complex have suggested that
nogalamycin binds to a site that is three to six bases upstream of the site of
TOP1-mediated DNA cleavage (64). Neither the base-flipping model nor
the intercalation models (41,48,49), which requires that the drug bind
between +1 and –1 bases, can explain the poisoning action of nogalamycin.
Further studies have suggested that a nogalamycin-induced DNA bend
located upstream of the cleavage site is responsible for enhanced TOP1
cleavage (64) (see Fig. 1). This DNA-bending model for TOP1 poisoning
induced by nogalamycin is quite reminiscent of the DNA curvature model
proposed for TOP1 poisoning by the self-poisoning sequence derived
from Tetrahymena rDNA (43). In fact, the nogalamycin-induced TOP1
cleavage hotspot shares a 10-bp identity (–2 to +8) with the self-poisoning
sequence from Tetrahymena rDNA. In the case of the self-poisoning se-
quence, the presence of the DNA curvature has been suggested to be respon-
sible for enhanced TOP1 binding and hence TOP1-mediated DNA cleavage.
It seems plausible that nogalamycin may enhance TOP1 cleavage by a
similar mechanism (i.e., enhanced TOP1 binding resulting from nogalamycin-
induced DNA bend). Studies on nogalamycin have clearly implicated the
importance of DNA structural perturbation on TOP1 poisoning.

4. DNA LESIONS AS TOPOISOMERASE 1 POISONS

The importance of DNA structural perturbation in the mechanism of
TOP1 poisoning is also echoed by the observations that many DNA lesions
(e.g., ultraviolet (UV) adducts, araC-substituted DNA, uracil-containing
DNA, abasic sites, base mismatches, nicks and gaps, oxidized DNA,
benzo[a]pyrene diol epoxide-DNA adducts) can poison TOP1 (70–75).
Many of these DNA lesions are known to either induce DNA bends or
increase DNA flexibility (76–84). Studies of 8-oxoguanine–containing
DNA has also demonstrated that TOP1 poisoning is not caused by inhibition
of relegation but rather, is a result of enhanced binding/cleavage (75). Con-
sequently, nogalamycin and some of these DNA lesions may share the same
mechanism of TOP1 poisoning.
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5. CELLULAR PROCESSING OF TOP1 CLEAVABLE
COMPLEXES

The TOP1 cleavable complex, being a reversible protein-DNA covalent
complex, represents a rather unique type of cellular lesion. So far, most
studies have focused on its DNA damaging effect. Indeed, as with many
other DNA damaging agents, CPT induces mutation/recombination, G2
cell cycle arrest, apoptotic cell death, elevation of c-fos/c-jun mRNAs,
elevation of p53, phosphorylation of Chk1, and activation of nuclear fac-
tor B (85–97). Expression of most, if not all, of these DNA damaging
effects of CPT requires ongoing DNA synthesis (96–100). Inhibition of
DNA synthesis with replication inhibitors can completely abrogate CPT
cytotoxicity and other DNA-damaging effects (99,101). A replication col-
lision model has been proposed to explain the DNA-damaging effect of
TOP1 cleavable complexes induced by CPT (101). On collision between the
replication fork, the reversible TOP1 cleavable complex is transformed into
a potentially lethal double-strand DNA break (98–101). Aspects of this
replication model have been reproduced in a SV40 cell-free replication
system (102,103) and confirmed by additional studies in mammalian cells
(104). Further support for the model comes from studies in yeast in which
rad52 mutant yeast defective in double-strand break repair has been shown
to be hypersensitive to CPT (105–109).

In addition to the DNA replication machinery, the RNA transcription
machinery also appears to process TOP1 cleavable complexes (110). It has
been demonstrated in an in vitro study that transcription can process TOP1-
cleavable complexes into TOP1-linked DNA breaks on the template but not
on the nontemplate DNA strand (110). However, the role of transcription in
CPT cytotoxicity is still unclear.

6. COVALENT MODIFICATION OF TOP1 CLEAVABLE
COMPLEXES

In addition to the DNA damaging effects, TOP1 cleavable complexes
induced by CPT have been shown to trigger other cellular responses, which
appear to be unrelated to the DNA damage responses (111–114). Two of
these cellular responses, which occur immediately downstream from the
TOP1-cleavable complexes have been described: the formation of ubiquitin-
TOP1 conjugates and the formation of small ubiquitin-related modifier
(SUMO-1)-TOP1 conjugates (111–114). Although ubiquitin-TOP1 conju-
gates are destined for 26S proteasome-mediated degradation (TOP1 down-
regulation), the fate of SUMO-1-TOP1 conjugates is still unclear (115–126).
Although modification of TOP1 by ubiquitin and SUMO-1 occurs on TOP1-
cleavable complexes, these cellular responses appear distinct from DNA
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damage responses. First, unlike the DNA damage response induced by CPT,
the formation of ubiquitin-TOP1 and SUMO-1-TOP1 conjugates is unaf-
fected by DNA replication inhibitors (9,112,114). Second, ICRF-193, which
is a catalytic inhibitor of TOP2 and does not induce TOP2-cleavable com-
plexes (111), can also induce the formation of ubiquitin/SUMO-1-TOP2
conjugates (111,115). ICRF-193 is known to inhibit ATP hydrolysis and
thereby trapping TOP2 in a protein clamp conformation (127,128). Third,
heat shock and other cellular stresses that damage proteins have been shown
to induce ubiquitination and SUMOlation (111,126,129–137), suggesting
that ubiquitination and SUMOlation are protein stress responses. One
attractive hypothesis is that ubiquitin/SUMO-1 conjugation to TOP1 is a
direct result of the conformational change of TOP1 associated with the
formation of TOP1-cleavable complexes.

7. UBIQUITIN/26S PROTEASOME-DEPENDENT
DOWN-REGULATION OF TOP1

The role of ubiquitination of TOP1-cleavable complexes has been
explored to some extent. As expected, ubiquitination of TOP1-cleavable
complexes leads to 26S proteasome-mediated degradation of TOP1 (TOP1
down-regulation) (114). It has been suggested that TOP1 down-regulation
induced by CPT is an effective means to reduce the level of TOP1-cleavable
complexes in cells (114,138). Studies using a panel of breast and colorectal
cancer cell lines have demonstrated that CPT-induced down-regulation
exhibits a high degree of heterogeneity (139–141). There was a general
correlation between the extent of TOP1 downregulation and CPT resistance
among these cancer cells. The breast cancer cell line ZR-75-1, being most
sensitive to CPT, was completely defective in CPT-induced down-regula-
tion of TOP1, whereas the BT474 breast cancer cell line, being least sensi-
tive to CPT, exhibited effective CPT-induced down-regulation of TOP1
(140,141). The 26S proteasome inhibitor MG132 was shown to inhibit CPT-
induced downregulation of TOP1 in BT474 cells and concomitantly sensi-
tized BT474 cells to CPT-induced apoptosis. By contrast, MG132 had little
effect on CPT-induced apoptosis in ZR-75-1 cells (141). These results sug-
gest that CPT-induced down-regulation of TOP1 could be an important
parameter for determining CPT sensitivity/resistance in tumor cells. The
role of TOP1 down-regulation in CPT resistance is reasonable because
removal of TOP1 by degradation is expected to reduce the cellular level of
TOP1-cleavable complexes and hence resistance to CPT. However, it is also
possible that TOP1 degradation is part of the repair mechanism for repair-
ing TOP1 covalent complexes. Degradation of TOP1 may be necessary to
reveal the hidden strand break for repair to occur.
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Recent studies have demonstrated that transcription inhibitors such as
DRB and -amanitin inhibit CPT-induced TOP1 down-regulation, suggest-
ing that transcription may be involved in this process. Further studies have
suggested that transcription may be involved in the conversion of TOP1-
cleavable complexes into irreversible TOP1-linked DNA breaks (142). The
working model for the role of transcription in CPT-induced down-regula-
tion is shown in Fig. 2.

It has also been noted that CPT-induced TOP1 down-regulation is gen-
erally absent or reduced in tumor cells as compared with normal cells both in
tissue culture models (141) and in patients (143,144). Defect in CPT-induced

Fig. 2. A working model for camptothecin-induced down-regulation of topoisomerase
1.
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down-regulation in tumor cells could contribute to the sensitivity of tumor
cells to CPT. However, it is unclear why tumor cells are generally defective
in CPT-induced down-regulation of TOP1. There is an inverse correlation
between the extent of TOP1 down-regulation and the level of UCRP
(ubiquitin cross-reactive protein) (145–147). UCRP is the interferon-induc-
ible protein ISG15 (145–147) and conjugates to substrate targets in a way
similar but not identical to that of ubiquitin (145–147). It remains to be
determined if altered regulation of UCRP in tumor cells is responsible for
defective TOP1 down-regulation.

8. SUMO-1 MODIFICATION OF TOP1 CLEAVABLE
COMPLEXES

CPT induces rapid SUMO-1 conjugation to TOP1-cleavable complexes
(112,140). Both SUMO-1 and SUMO-2/3 have been demonstrated to con-
jugate to TOP1 in CPT-treated cells (108) (Yong M, Liu LF, unpublished
results). Human SUMO-1 (also called UBL1, PIC1, GMP1, SMT3C, and
sentrin in the literature) (96,98,148–152) is a ubiquitin-like protein. It shares
an approximate 18% identity with ubiquitin (124–126). Human SUMO-1
and its yeast homolog, Smt3p, also share a similar activation and conjuga-
tion pathway with ubiquitin, but employ distinct sets of E1 and E2 enzymes
(153–158). The E1 enzymes for activating human SUMO-1 and yeast Smt3p
are the heterodimeric proteins, SAE1/SAE2 and Aos1p/Uba2p, respectively
(158,159). UBC9 is the only E2 identified for SUMO-1/Smt3p, whereas a
dozen E2 enzymes have been identified for ubiquitin in yeast (115–123).
Recently, proteases that specifically activate SUMO-1/Smt3p precursors
and cleave SUMO-1/Smt3p from their protein conjugates have been iden-
tified in yeast and mammalian cells (122,124,162,163). Many proteins—
such as RanGAP1, PML, I B , RAD51, RAD52, p53, and centromere
proteins, which have diverse functions—have been shown to interact with
UBC9/SUMO-1 or be covalently modified by SUMO-1 (122,164–172).
Except for RanGAP1 and perhaps a limited number of proteins, SUMO-1
appears to target nuclear proteins exclusively (111,122,137,174). Although
the function of SUMO-1 is still elusive, there are a few interesting observa-
tions that may shed light on the function of SUMO-1. First, PODs (PML
oncogenic domains, also called nuclear bodies or ND10) (175–177) and the
nuclear envelope appear to be the major sites of localization of SUMO-1
conjugates in the nucleus (122,174). Second, SUMO-1 and ubiquitin appear
to share the same conjugation sites on some target proteins (e.g., I B ,
MDM2) (164,171). Third, SUMO has been shown to interact with the
proteasome machinery (179). This suggests that SUMO-conjugation to
TOP1-cleavable complexes may be for the purpose of recruiting 26S
proteasome machinery. As with TOP1, many substrates (e.g., I B , PML,
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P53), which are conjugated to SUMO-1, are also conjugated to ubiquitin
and are destroyed by 26S proteasome (164,165,167,171). The role of
sumoylation of TOP1-cleavable complexes is much less clear. However,
sumoylation of TOP1 has been suggested to affect nucleolar delocalization
in response to TOP1 inhibitors (180,181). SUMO-1 conjugation to intact
DNA topoisomerase I has also been shown to amplify cleavable complex
formation on camptothecin treatment (182).

The possibility that SUMOlation may be important for CPT cytotoxicity
has been explored in yeast expressing human TOP1. It has been shown that
partial inactivation of UBC9 leads to increased CPT sensitivity (112). In
addition, overexpression of Smt3p leads to an increase in CPT resistance
(112). These preliminary studies suggest that Smt3p/SUMO and UBC9 do
affect CPT cytotoxicity (112). However, whether the effect of Smt3p and
UBC9 on CPT cytotoxicity is through their SUMOlation reaction on TOP1-
cleavable complexes or through some other indirect events is unclear. Fur-
ther studies are necessary to establish the role of SUMO-1-TOP1 conjugation
in CPT sensitivity/resistance.
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1. BACKGROUND

Topoisomerase I (TOP-I) is an essential eukaryotic enzyme that acts to
remove supercoils generated during transcription and DNA replication (1).
Because of the size of the eukaryotic chromosome, removal of these super-
coils can only be accomplished locally by introducing breaks into the DNA
helix. Being a type 1 enzyme, TOP-I mediates DNA relaxation by creating
a transient, single-strand break in one strand of the DNA duplex. This tran-
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sient nicking allows the broken strand to rotate around its intact comple-
ment, effectively removing local supercoils. Strand nicking results from the
transesterification of an active-site tyrosine (Tyr723 in the human TOP-I)
at a DNA phosphodiester bond forming a 3'-phosphotyrosine covalent
enzyme–DNA complex. The covalent intermediate is reversed when the
released 5'-OH of the broken strand reattacks the phosphotyrosine interme-
diate in a second transesterification reaction (1). The rate of relegation is
normally much faster than is the rate of cleavage (2). This ensures that the
steady state concentration of the covalent 3'-phosphotyrosyl TOP-I–DNA
complex is extremely low. Several DNA lesions and drugs, however, have
been shown to stabilize the covalent 3'-phosphotyrosyl intermediate (3). For
example, camptothecin (CPT) is a natural product that was originally dis-
covered because of its antitumor activity (4) and was later demonstrated to
promote the accumulation of TOP-I-DNA adducts in vitro and in vivo (5,6).
It is generally believed that CPTs act to convert TOP-I into a DNA-damag-
ing agent by binding the covalent 3'-phosphotyrosyl intermediate and, spe-
cifically, blocking DNA relegation (7,8). Topo I is the sole intramolecular
target of CPT and the cytotoxic effects of CPT poisoning are S-phase-
specific (9). Both in vitro and in vivo data support the idea that during
DNA replication, the replication complex can collide with the “trapped”
TOP-I-DNA complex, resulting in a double-strand break and subsequent
apoptotic cell death (10). Presumably, these compounds have anticancer
activity because rapidly dividing cells (e.g., cancer cells) enter S-phase
more frequently than do normal cells.

2. THE TERNARY TOP-I–DNA–DRUG COMPLEX

It has been extremely difficult to study the mechanism of CPT activity
because the drug acts as an uncompetitive inhibitor and binds only to the
transient enzyme-substrate complex (7,11). There is no reported equilib-
rium binding constant for any TOP-I poison. To overcome this fundamental
problem, we have used DNA substrates containing a 5'-bridging phos-
phorothioate linkage to covalently trap the enzyme-substrate complex (12).
TOP-I-mediated cleavage of these substrates generates a 5'-sulfhydryl, in-
stead of a 5'-hydroxyl, which is inert in subsequent ligation reactions. These
substrates have allowed the crystallization of human TOP-I covalently
joined to duplex DNA in the absence (3.2 Å) and presence (2.1 Å) of
topotecan, a clinically approved CPT analog (Hycamtin®) (13).

A comparative analysis of these structures demonstrates that topotecan
intercalates at the site of DNA cleavage, forming base-stacking interactions
with both the –1 (upstream) and +1 (downstream) base pairs. The planar
five-membered ring system of topotecan mimics a DNA base pair in the
DNA duplex and occupies the same space as the +1 base pair in the structure
without drug bound (Figs. 1,2). The intercalation binding site is created by
conformational changes at the phosphodiester bond between the +1 and –
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Fig. 1. Model of topoisomerase I (TOP-I)–DNA complex without (A) and with
bound topotecan (B) is diagrammed with protein (green), DNA unbound (A:
yellow), DNA-topotecan bound (B: blue), and topotecan (orange, CPK repre-
sentation). A comparison of the topotecan ternary complex structure to the non-
topotecan structure reveals minor differences in the overall C- backbone trace
with an RMSD = 1.33 Å, excluding C-terminal linker residues Gln633-Gln697,
which were not visible in the electron density of the non–drug-bound protein.
The 2.1 Å drug-bound structure represents the most complete TOP-I structure
reported to date, providing visible electron density from Gln201 to the COOH-
terminal Phe765. The specific activity and sensitivity to camptothecin of topo70
is indistinguishable from that of the full-length native human TOP-I (34,35).
Previously reported crystal structures of human TOP-I include the inactive
Tyr723Phe versions of topo70 and topo58/6.3 (a reconstituted linkerless enzyme)
in noncovalent complex with DNA, and topo58/6.3 in covalent complex with
DNA (29,36). Each of these structures contained unresolvable portions of the
protein in the connector region (Pro635–Phe640). Moreover, the reconstituted
enzyme has altered kinetics and is not sensitive to camptothecin in a plasmid
relaxation assay (35). Hence, the structures reported here are the first structures
of a fully active human TOP-I in covalent complex with DNA in the absence and
presence of bound drug. (C) Comparison of the 22mer duplex oligonucleotides
of the drug-bound (blue) and nondrug-bound (yellow). Topotecan (orange, CPK)
binds to the enzyme-substrate complex by intercalating in the DNA. Intercala-
tion is accommodated by unwinding of the DNA and translation downstream of
the cleavage site. The binding pocket is stabilized primarily by contacts between
the enzyme and DNA substrate. A detailed analysis of the contacts between the
ternary complex of TOP-I and DNA reveals a total of 36 direct protein-DNA
contacts and 6 additional water-mediated protein-DNA contacts.
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Fig. 2. Topotecan binding pocket. (A) Molecular diagram showing the
nondrug-bound topoisomerase I–DNA complex. The +1 and –1 bases of the
duplex DNA are shown making four contacts to the surrounding protein to
stabilize the protein-DNA complex. (B) Topotecan (CPK) intercalates be-
tween the +1 and –1 bases of the duplex DNA (stick). Six protein contacts
stabilize the open form of the DNA. Topo70 residues, whose mutation leads
to drug resistance, are highlighted with gray boxes. 5'SH of the +1 G is indi-
cated and the covalent phosphotyrosine attachment to DNA is shown between
PTR723 and the –1 T of the cleaved strand. Mobile phosphodiester of the
intact DNA strand is labeled 0P.

1 base pairs of the uncleaved strand (0P). This conformational change in the
DNA requires only a minimal change within the protein (Fig. 1). The inter-
calation pocket, however, is stabilized by several protein-DNA interactions
(Fig. 2). The hydroxyl of Thr718 makes a hydrogen bond contact with the
nonbridging phosphodiester oxygen of guanosine at position +1 of the
cleaved strand (+1G). Arg364 makes a hydrogen bond contact with N3 of
adenosine at position –1 of the uncleaved strand (–1A). Lys532 makes a
hydrogen bond with the oxygen of thymidine at position –1 (–1T). Lys374
and the main chain nitrogens of 362 and 363 make hydrogen bond contacts



Chapter 2 / Topoisomerase–DNA–Drug X-Ray Structure 27

with the nonbridging phosphodiester of the uncleaved strand (0P). Consis-
tent with the observed drug-binding mode, mutations at position Arg364
(14) would be expected to destabilize the topotecan binding site and are
known to result in camptothecin resistance. Lys532 acts as the general acid
during strand cleavage (15), and mutations could not result in camptothecin
resistance because these mutations produce an inactive enzyme. Interest-
ingly, substitution of alanine for threonine at position 718 stabilizes the
enzyme-DNA complex even in the absence of camptothecin (16).

The intercalation binding mode explains how CPTs specifically block
DNA relegation, because the binding/intercalation results in a 3.4 Å shift of
the downstream duplex and displaces the reactive 5'-OH of the cleaved
strand 10 Å away from the phosphotyrosine (Fig. 2). For a relegation event
to occur, the topotecan molecule must be released from the nicked DNA and
diffuse out of the complex. The results also explain why CPTs bind the
enzyme-substrate complex, but do not bind the enzyme or substrate alone;
the topotecan-binding pocket is located within the DNA substrate, but this
binding site can only form after TOP-I-mediated cleavage. Approximately
380 Å2 of the total 626 Å2 solvent-accessible portion of topotecan, or 61%
of the drug surface, is covered by base stacking interactions with DNA. An
additional 27% of the solvent-accessible region of topotecan is covered by
protein side chains; the remaining 11% is solvent accessible. The single
direct-protein contact mediated by Asp533 that hydrogen bonds to the 20(S)
hydroxyl represents only 5% of the total solvent accessible surface of
topotecan.

The E-ring is known to be in equilibrium between the closed lactone form
and a hydrolyzed open carboxylate form (4) (Fig. 3A). It is therefore not
surprising that difference Fourier maps of the ternary TOP-I–DNA-
topotecan structure demonstrate the presence of both the open and closed E-
ring conformers of topotecan (Fig. 3B). An unrestrained full matrix
refinement of occupancy factors (17) (with all positional and thermal pa-
rameters fixed) for the closed lactone and open carboxylate versions of
topotecan converge to an occupancy of 63% (standard uncertainty 7%)
closed lactone and 37% (standard uncertainty 7%) open carboxylate con-
formers.

It is not possible to determine the relative affinities of open (carboxylate)
versus closed (lactone) forms of topotecan based on a crystal structure;
however, the model demonstrates that both conformers can bind within the
same intercalation pocket (Fig. 3C) and presumably inhibit relegation.
There may be differences in the binding affinities of the lactone and car-
boxylate forms; however, it is unlikely that this difference would be appar-
ent in the crystals because the crystallizations were performed at extremely
high topotecan concentrations (0.1 mM). This concentration is probably
well above the KD of both the lactone and the carboxylate, therefore both
would be expected to bind. In addition, it is not possible to determine if there
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is preferential binding of the carboxylate or lactone forms because it is not
possible to determine the true equilibrium ratio within the micro-environ-
ment of the active site.

3. DRUG INTERACTIONS

Stacking interactions with the +1 and –1 base pairs are one the pri-
mary forces stabilizing topotecan in the ternary complex. This feature
may explain the preference for a G:C base pair at the +1 position of sites
stabilized by camptothecins and may also explain why modifications that
disrupt the planar ring system eliminate drug binding. There are relatively
few hydrogen bonds stabilizing the drug (Fig. 4). Two water-mediated
hydrogen bonds assist in coordinating topotecan: the oxygen of the D-ring
pyridone makes a water mediated contact to Asn722, and the C-21 oxygen
of the E-ring is bridged by a water molecule to the phosphotyrosine (Tyr723).
In the carboxylate model, the 22-hydroxyl is 2.7 Å from the R-group of
Asn722, and the 21-carboxylate oxygen is 2.8 Å from Lys532, a known
catalytic residue (15). The 20(S)-hydroxyl can still coordinate Asp533, and
can make an additional hydrogen bond contact (3.1 Å) to the -nitrogen of
Arg364 (Fig. 4). Consistent with the proposed structural model, mutations
at residues Asp533, Arg364, and Asn722 would be expected to destabilize
the bound drug and enzymes with mutations at these positions are resistant
to camptothecin (14,18,19).

The observed Asp533:20-(OH) interaction is the only hydrogen bond
contact made in both the lactone and carboxylate models and emphasizes
the importance of the 20-(OH) for CPT activity. Many studies demonstrate

Fig. 3. (opposite page) Topotecan electron density. (A) Topotecan with revers-
ible hydrolysis of the base-labile E-ring from the closed lactone conformation
to the open carboxylate form is diagrammed. (B) Left panel: 3.0  |Fo|–|Fc|
electron density map calculated with the lactone form of topotecan (100% closed
E-ring) is diagrammed. Negative electron density (indicated by contours) is seen
in the vicinity of the lactone oxygen, and positive (indicated by contours) electron
density peaks are located nearby. (B) Right panel: 3.0  |Fo|–|Fc| electron density
calculated with the carboxylate form of topotecan (100% open E-ring) is dia-
grammed. Negative electron density (contoured) surrounds the terminal hydroxyl
and carboxylic acid moieties, whereas a positive (contoured) electron density
peak is in the location of what would be the lactone oxygen in the closed E-ring
conformation. (C) 3.0  |Fo|–|Fc| omit map of electron density for topotecan is
illustrated. The electron density map reveals that both the lactone (left panel) and
carboxylate (right panel) forms of the E-ring are present in the crystal structure.
The E-ring of topotecan is oriented toward the phosphotyrosine. The c-9-dim-
ethyl-amine group of topotecan projects into the major groove of the B-form DNA
duplex. The c-20-ethylene group of the E-ring faces into the minor groove.
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Fig. 4. Mode of topotecan binding. Topotecan interactions with protein side
chains for the lactone (panel A) and carboxylate (panel B) forms of the drug.
Hydrogen bonds (predicted by contact distance and geometry of the refined
atomic positions) are shown as solid lines. Contacts less than 3.0 Å between
polar atoms are shown as dashed lines. Labels for residues that, if mutated,
produce a camptothecin resistant enzyme are highlighted in gray boxes. The
oxygen atoms of water molecules are depicted as spheres. The left and right
panels are oriented as a stereo pair so that a pseudostereo overlap of the lactone
and carboxylate forms of topotecan can be achieved.

the importance of the 20-(OH) for CPT activity. For example, the 20(R)
stereoisomer of CPT is inactive (20,21). This is explained by the crystal
structures that predict that the 20(R) ethyl group would sterically clash with
the side chains of Asp533 and Lys532 (Fig. 5), and that the 20(R)-OH would
also not be able to hydrogen bond with Asp533. Hertzberg et al. reported
that if 20(S)-OH is substituted for hydrogen or acetate, no covalent complex
accumulated in vitro (22). The acetate modification would sterically clash
with Asp533 and both modifications would eliminate the observed hydro-
gen bond contact. Similar observations were made by Wang et al., who have
shown that conversion of the 20(S)-OH to 20(S/R)-H eliminates the accu-
mulation of TOP-I–DNA covalent complex in vitro (23). The difficulty in
interpreting these data is that the 20-H modification would also be expected
to prevent or minimize E-ring opening. These modifications would there-
fore be expected to simultaneously eliminate the 20-hydroxyl:Asp533, the
21-keto:Lys532, and the 22-hydroxyl:Asn722 hydrogen bond interactions
of the carboxylate form of topotecan. Fortunately, Wang et al. have also
synthesized analogs in which the 20-hydroxyl was replaced with chlorine or
bromine. The advantage of these substrates is that they would be expected
to eliminate the 20-hydroxyl:Asp533 interaction; however, these analogs
should still allow E-ring opening and therefore should still allow the 21-
keto:Lys532 and the 22-hydroxyl:Asn722 hydrogen bond interactions. In-
deed, the 20-Cl and 20-Br have intermediate effects on in vitro stabilization
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of the covalent complex (23), and provide circumstantial evidence that E-ring
opening is important for CPT binding and activity.

It is widely believed that the closed lactone E-ring is essential for inhi-
bition of TOP-I (24), and several analogs have been synthesized that stabi-
lize the lactone form. For example, homocamptothecin is a seven-member
E-ring analog that has in vitro and in vivo activity (25). This analog still
contains an appropriately positioned 20-(OH) group, and the slightly larger
ring can still fit within the intercalation binding pocket. This E-ring modi-
fication results in a slower rate of hydrolysis (formation of carboxylate);
however, the equilibrium is actually shifted in favor of formation of the
carboxylate over the lactone (26). In addition, conversion of the E-ring
lactone to a lactam prevents E-ring opening and simultaneously destroys in
vitro activity of the drug (22). In light of the structural model, these results
suggest that opening of the E-ring is actually necessary for activity. There
is experimental evidence for E-ring opening on formation of the ternary
protein–DNA–drug complex (27); in vitro activity (21) and in vivo activity
(28) of the carboxylate form have been previously reported.

The structures also provide an explanation for the observed structure-
activity relationships that improve in vivo efficacy. For example, previous
functional analyses have demonstrated that a large number of modifications
can be placed at positions 7, 9, and 10 of CPT (24), and in some cases these
modifications can increase in vivo activity. The structural model demon-
strates that these positions face into the major groove of the DNA and
modifications that improve solubility or stability would not sterically inter-
fere with drug binding (Fig. 5).

4. POISON EFFECTS ON DNA RELAXATION

TOP-I has been proposed to relax DNA via a mechanism of “controlled
rotation” in which the DNA duplex located downstream of the cleavage site
rotates around the phosphodiester bond (0P) between the +1 and –1 base
pairs of the uncleaved strand, effectively passing the unbroken strand
through the single-strand break with each complete rotation event (29). The
rotation event is thought to occur in a controlled manner because the sim-
plified models for the trajectory of the DNA during rotation predict that the
rotating DNA, located downstream of the cleavage site, will experience tran-
sient electrostatic interactions with positively charged regions of the TOP-I
enzyme that are in close proximity to the downstream DNA (29). The pro-
tein encircles the DNA, and the linker (residues Gln633 to Gln697) and nose
cone (residues Thr303 to Glu337) domains of TOP-I contain a variety of
positively charged residues that are likely to contact the DNA during rota-
tion. Within the framework of the controlled rotation model for DNA relax-
ation, intercalative camptothecin binding would not necessarily be expected
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to have any affect on the speed with which DNA is relaxed. In fact, one might
predict that, by inhibiting relegation, TOP-I poisons might be expected to
enhance the rate of supercoil release. On the contrary however, it has been
shown that TOP-I poisons such as camptothecin actually inhibit the rota-
tion/relaxation process in vitro (30).

It is also known that the inhibitory effects of camptothecin on DNA
relaxation can only be observed with relatively high micromolar inhibitor
concentrations, as compared with the much lower nanomolar concentra-
tions of CPT needed to observe stabilization of the covalent complex in a
typical detergent-mediated DNA breakage assay (31,32). This observation
is often interpreted as being a nonspecific inhibitory effect of large concen-
trations of inhibitor molecules binding nonspecifically to TOP-I. However,
our structural observations suggest an alternative explanation, wherein the
intercalative binding of inhibitor to the TOP-I–DNA covalent complex
places constraints on DNA rotation that would otherwise not be present.
That large concentrations of inhibitor are required to observe an inhibitory
effect on plasmid relaxation is actually anticipated because the plasmid
molecules (approximately 1–2 Kb supercoiled circles) used in the assay can
be fully relaxed by a single TOP-I molecule, and there are thousands of
possible TOP-I binding sites on a plasmid. As such, for an inhibitory effect
on relaxation to be observed, a substantial proportion of all TOP-I–DNA

Fig. 5. (opposite page) Model of topotecan binding pocket. (A) Molecular sur-
face diagram of both the protein (orange) and DNA (blue) of the topotecan
binding pocket. The protein–DNA complex has been separated to show a view
of the topotecan binding pocket (see inset). The convex surface of the topotecan
faces into a pocket within the protein–DNA complex. The bonds of the topotecan
molecule have been color-coded to represent the structure activity relationship
(SAR) of chemical derivatives of the camptothecin scaffold. Bonds that are
absolutely essential, such as the E-ring, and D-ring pyridole are colored black.
Bonds in which additive moieties decrease inhibitory activity are colored red.
Bonds in which additive moieties have a mixed effect on inhibitory activity
(sometimes increasing, sometimes decreasing) are colored yellow. Bonds in
which additive moieties can increase inhibitory activity are colored green.
Although position 5 of the camptothecin scaffold is positioned toward the
open pocket, substituents at this position do not increase inhibitory activity. It
is likely that this is due to the sp3 stereochemistry at this position. Rather than
planar extensions, as at sp2 positions 7 and 9, substituents at position 5 would
project up or down into the surrounding DNA and thus disrupt the base stacking
interactions that topotecan makes with both upstream and downstream DNA,
shown in (B). Molecular surface of DNA shown with protein removed.
Topotecan intercalates the cleaved DNA and is tightly sandwiched between the
upstream and downstream base pairs.
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binding events would have to be rendered ineffective before a significant
effect on relaxation could be observed. It logically follows that large con-
centrations of inhibitors will be required to observe an effect on plasmid
relaxation.

Thus it has been a mystery how camptothecins stabilize the nicked com-
plex but prevent DNA relaxation, because nicked DNA should be able to
rotate and allow DNA relaxation (30). To explain how intercalative binding
of a TOP-I could inhibit both relaxation and relegation, one could invoke the
idea that the rotating DNA may somehow clash with the bound poison.
Alternatively, the intercalative binding of TOP-I poison may place con-
straints on rotatable bonds within the phosphodiester backbone of the
uncleaved strand within the vicinity of drug binding. Indeed, a comparison
of the unbound and CPT-bound structures shows that topotecan displaces
the critical 0P phosphodiester bond and results in several interactions that
could inhibit rotation (Fig. 6). In the drug-bound structure, Phe361 is posi-
tioned closely underneath the +1 phosphodiester and would be expected to
sterically hinder rotation at 0P. Phe361Ser mutants are resistant to
camptothecin poisoning of DNA relaxation (14). In addition, drug binding
and displacement of the +1 phosphodiester bond causes the nonbridging
oxygens to form hydrogen bonds with the main chain nitrogens of residues
Gly363 and Arg364. A hydrogen bond contact to Lys374 is present in both
structures. The tight positioning of 0P against the peptide backbone of the
protein effectively restrains three ( , , ) of the five potentially rotatable
backbone bonds (33). This tight packing arrangement would be expected to
prevent the downstream DNA from rotating about 0P. This packing arrange-
ment would not eliminate all possible DNA rotation; for example, rotation
could still occur at the +2 (or +3, and so on) phosphodiester. However,
additional base-pair hydrogen bond interactions would have to be broken to
allow this rotation. Alternatively, rotation could still occur at +1 because
two rotatable bonds are not hindered. However, in both cases, the trajectory
of the rotating DNA would be significantly altered, and this would require
significant conformational flexibility that is not likely to be present in the
protein.

It is also important to note that the DNA must unwind or open through
conformational changes at 0P to create the topotecan binding site. This
suggests that the partially unwound DNA conformation observed in the
ternary complex may represent a conformational intermediate that normally
forms during the unpoisoned catalytic reaction. For example, the open con-
formation may be the first step of DNA relaxation; after DNA cleavage,
conformational changes at 0P would break the stacking interactions between
the +1 base pair and the –1 base pair and could facilitate unwinding. It is
important to note that this opening is clearly stabilized by several protein–
DNA interactions (Fig. 6).
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Fig. 6. Topotecan inhibits DNA relaxation. (A) Molecular diagram showing
the nondrug-bound topoisomerase I–DNA complex. The +1 and –1 bases of
the intact DNA strand are shown making a contact to Lys374 of the surrounding
protein. (B) Topotecan (CPK) intercalates between the +1 and –1 bases of the
duplex DNA (stick). Three protein contacts stabilize the open form of the intact
DNA strand. Topo70 residues, whose mutation leads to drug resistance, are
highlighted with gray boxes. Mobile phosphodiester of the intact DNA strand
is labeled 0P.
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5. CONCLUSIONS

In conclusion, the 2.1 Å structure of topotecan bound to the TOP-I–DNA
covalent complex solves a 40-year mystery of how the camptothecins bind
to their molecular target. The structures explain why the drugs only bind the
enzyme-substrate complex and specifically block both DNA relegation and
relaxation. The drug binds to the complex by intercalating between DNA
bases of both strands at the enzyme-induced nick and makes specific hydro-
gen bond contacts with both the DNA and the enzyme. The ternary structure
demonstrates that topotecan is tightly wedged against the protein and
phosphodiester backbone that could prevent DNA rotation. Close examina-
tion of the ternary complex also indicates that the bound drug exists in both
the closed lactone and open carboxylate forms. This result is important
because it has been generally agreed that the E-ring open carboxylate form
is inactive in vivo. This result demonstrates that the E-ring is in equilibrium
between lactone and carboxylate forms when bound to the TOP-I–DNA
complex and raises the possibility that both forms can poison the reaction.
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1. INTRODUCTION

As noted elsewhere in this book, the locus of action of camptothecin
(CPT) (1) (Fig. 1) as an antitumor agent involves the noncovalent binding
of this agent to the covalent binary complex formed between topoiso-
merase I (TOP-I) and DNA (Fig. 2) (1). Although the equilibrium between
free enzyme and the enzyme-DNA binary complex normally lies far toward
free enzyme and DNA, in the presence of CPT, the equilibrium is rapidly
displaced toward ternary complex (2). At this level, the action of CPT on
TOP-I function is entirely analogous to those of several agents that inhibit
the function of topoisomerase II, including 4-(9-acridinylamino)-N-
(methanesulfonyl)-m-anisidine (m-AMSA), etoposide, and teniposide (3).

The persistence of the ternary complex during DNA replication would be
expected to result in the introduction of DNA lesions, and these have been
postulated to form the biochemical basis for the killing of cells treated with
CPT (4,5).
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Fig. 1. Chemical structures of camptothecin (1) and two clinically used conge-
ners (2and 3). Compound 3 is a prodrug of 4.

As shown in Fig. 1, subsequent to the identification of the locus of action
of CPT (1), two camptothecin analogs have undergone clinical develop-
ment and are marketed as antitumor agents. Hycamtin (topotecan) (2) is a
more water-soluble analogue of CPT marketed by GlaxoSmithKline for the
treatment of ovarian cancer and small-cell lung cancer. Camptosar
(irinotecan) (3), a prodrug of SN-38 (4), is marketed by Pfizer; it is effective
in the treatment of colorectal cancer and non–small-cell lung cancer.

Although numerous chemical strategies can be envisioned for the modi-
fication of the CPTs to produce more effective antitumor agents, other
approaches can also be envisioned. These include other structural classes of
TOP-I inhibitors, some of which may function in a different fashion than the
CPTs. It has also become increasingly clear that TOP-I participates in cel-
lular processes other than simple alteration of the linking number of DNA;
targeting of these TOP-I–linked functions may also provide access to novel
agents.
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2. AGENTS THAT TARGET THE TOP-I–DNA
COVALENT BINARY COMPLEX

2.1. CPT Analogs
The structure-activity relationships for the CPTs have been studied

extensively (6,7). From the perspective of identifying new derivatives
having improved properties, it may be noted that the 7, 9, and 10 positions
(Figs. 3 and 4) are quite tolerant of substitution, and that 11- and 12-substi-
tuted derivatives have also been reported. It seems clear that a 20-hydroxyl
group having the S-configuration is also important, because 20-deoxy CPT
is inactive as a TOP-I inhibitor (6,8), although a recent study with 20-chloro,
bromo, and amino derivatives has indicated that other functions may sub-
stitute for the OH group at this position (8).

Analogs of CPT that have been studied in phase I–II clinical trials or
preclinically include the water-soluble derivative DX-8951f (5) and the
lipophilic derivative BNP1350 (6), 9-amino CPT (7), and CPT alkyl esters
exemplified by 8 (Fig. 3) (9). In addition to the usual pharmacokinetic issues
that can be addressed through the use of derivatives such as 5–8, the
camptothecins have an additional property that has been the focus of con-
siderable attention.

As shown in Fig. 4, CPT undergoes a pH-sensitive hydrolysis/lactoni-
zation of ring E (i.e., the reversible interconversion of hydroxy acid 9 and
the lactone form of CPT [1]). This property was first noted by Wall and was
used for the formulation of the otherwise insoluble CPT lactone (10). It
was later shown in a cell-free system that 9 does not inhibit TOP-I function
(Fig. 2) (6,11), suggesting that the formulation of CPT lactone as hydroxy
acid 9 could have contributed to the failure of CPT itself in early clinical
trials.

The consequences of the hydrolysis/lactonization process for CPT ana-
logs that have greater water solubility than CPT itself would seem logically
to be minimal, because the equilibrium should be rapid on a therapeutic time
scale; indeed the spontaneous conversion of a ring E-opened carboxamide
10 to 1 (Fig. 4) (12) underscores the considerable facility of the lactonization.
Nonetheless, it has been shown that individual CPT derivatives differ in
their lactone-hydroxy acid ratios after lipid bilayer partitioning and argued
that this may affect their properties sufficiently to alter their activities as
antitumor agents (13). The finding that the ring-opened form of CPT ana-
logs can bind to serum proteins with greater efficiencies than the respective
lactones adds to the complexity of the analysis (14,15).

Although alteration of ring E of CPT has generally resulted in a loss of
cytotoxic potential (12), there is one important recent exception—namely
homocamptothecin (11) (Fig. 5) and its derivatives (16). These compounds
induce DNA cleavage in the presence of TOP-I and stabilize the covalent
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Fig. 3. Structural analogs of camptothecin.

Fig. 4. Transformations of ring E in camptothecin.
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binary complex formed between the enzyme and DNA. The lactone (E-)
ring does not undergo solvolysis readily, and ring opening is not readily
reversed under physiological conditions. It is not clear to what extent the
absence of reversible ring opening may contribute to the antitumor activity
of the homocamptothecins, but derivatives have been prepared that exhibit
strong antiproliferative activity (17,18).

There is an important characteristic of TOP-I inhibition at the level of
binary complex stabilization that probably contributes to the ability of such
inhibitors to function as antineoplastic agents. Although the effects of simple
enzyme inhibitors can often be overcome in a cellular context by over-
expression of the targeted enzyme, overexpression of TOP-I actually ren-
ders cells hypersensitive to CPT (19–21), presumably by increasing the
number of associated DNA lesions. Because TOP-I is an essential enzyme
in humans, it is also not possible to avoid inhibition by CPT via dramatic
lowering of intracellular TOP-I levels. Accordingly, resistance to CPT is
often characterized by alteration of TOP-I structure (22,23).

2.2. Other Nitrogen Heterocycles
In addition to the camptothecins, several other classes of nitrogen hetero-

cycles have been found to promote the cleavage of DNA by TOP-I, with
concomitant stabilization of the formed enzyme-DNA covalent binary com-
plex. These have included the benzophenanthridine alkaloids nitidine (12)
and fagaronine (13) (24), protoberberine-type alkaloids such as coralyne
(14) and dihydrocoralyne (15), and a number of indolocarbazole deriva-
tives, exemplified by 16 and 17 (25) (Fig. 6).

It is interesting that a number of compounds within these structural series
had been identified as antineoplastic agents before their identification as
TOP-I inhibitors. These include the benzophenanthridine alkaloids (26),
more than 80 of which have been characterized from natural sources, in
addition to those prepared by chemical synthesis (26–28).

Fig. 5. Structure of homocamptothecin (11).
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One issue that is of concern for compounds of the type discussed here is
the extent to which the antineoplastic activity reported actually reflects
inhibition of TOP-I function. For example, in addition to stabilizing the
TOP-I–DNA covalent binary complex, nitidine (12) and fagaronine (13)
also bind directly to DNA (24). This is illustrated for fagaronine in Fig. 7,
which shows the concentration-dependent effects of 13 on covalent binary
complex formation. Although fagaronine promoted the formation of enzyme-
DNA covalent binary complex in a concentration-dependent fashion, at higher
concentrations (4.9–78 μM) the compound also altered the mobility of DNA
on an agarose gel via direct binding to DNA. Nitidine and fagaronine also
inhibited DNA and RNA polymerases (29) and reverse transcriptases (29–
31), although only at rather high concentrations. Nonetheless, it is encour-

Fig. 6. Nitrogen heterocycles that inhibit TOP-I in analogy with camptothecin.
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aging that only those benzophenanthridine alkaloids found to stabilize the
covalent binary complex formed from TOP-I and DNA in vitro had been
identified in earlier studies as agents having antitumor activity in experi-
mental animal models.

3. OTHER THERAPEUTIC STRATEGIES INVOLVING
TOP-I

Although the focus of activity in developing inhibitors of TOP-I function
has involved compounds that stabilize the enzyme-DNA covalent binary
complex, other strategies for enzyme inhibition can be readily envisioned.
For example, the overall mechanism of DNA relaxation by TOP-I involves
initial DNA binding, nicking of one strand of the DNA backbone by TOP-
I, and then strand passage (in a processive or distributive fashion [32]) to
effect DNA relaxation. Resealing of the nick then affords free TOP-I and
relaxed DNA (Fig. 2). Any of the individual processes leading to DNA
relaxation (i.e., DNA binding, nicking, strand passage) should be amenable
to inhibition. Additionally, it should be possible to target free TOP-I.

There are examples of compounds that exhibit some of the foregoing
properties. Corilagin and chebulagic acid both exhibited strong inhibition
of TOP-I-mediated DNA relaxation, although neither stabilized the enzyme-
DNA covalent binary complex. Chebulagic acid was also approximately 10-
to 50-fold more potent than CPT at inhibiting DNA relaxation. Addition-
ally, chebulagic acid was also >800-fold more potent than CPT in inhibiting
the nicking of DNA by TOP-I (33).

Fig. 7. Analysis of the effects of fagaronine (13) on TOP-I–DNA complex
formation. Lane 1, supercoiled pSP64 plasmid DNA; lane 2, supercoiled DNA
+ calf thymus TOP-I; lanes 3–20, supercoiled DNA + topoisomerase I + 2500,
1250, 625, 312, 156, 78, 39, 19.5, 9.8, 4.9, 2.4, 1.2, 0.6, 0.3, 0.15, 0.075, 0.037,
and 0.018 μM fagaronine, respectively. Reprinted with permission from Chem
Res Toxicol 1993;6:813–818. Copyright 1993 American Chemical Society.
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Another strategy has been reported recently by Matteucci et al. (34), who
appended CPT covalently to a DNA oligonucleotide. When hybridized to
a larger DNA target having a sequence complementary to the sequence in
the probe oligonucleotide, the formed duplex promoted TOP-I-mediated
cleavage of the DNA target in a sequence-selective fashion (Fig. 8).

4. DATA THAT MAY ENABLE THE DESIGN
OF IMPROVED TOP-I INHIBITORS

4.1. Chemical Modification of TOP-I by Electrophilic CPTs
In 1990, Hertzberg et al. demonstrated that bromoacetamido CPTs 18

and 19 (Fig. 9) effected covalent modification of TOP-I in the enzyme-DNA
binary complex in a time-dependent fashion after binding to the same site
normally occupied by CPT (35). Although the identity of the amino acid
residue that was alkylated has never been reported, this experiment was
important in establishing the nature of the matrix in proximity to position 10
of CPT within the formed ternary complex with the enzyme and its DNA
substrate. More generally, the experiment also established the feasibility of
using electrophilic CPT derivatives to map the orientation of CPT at the
interface of the formed protein-nucleic acid binary complex.

A conceptually analogous experiment was later described by Pommier et
al. (36) involving CPT derivative 20. This compound, which contains an
electrophilic chlorine at position 7 of the CPT system, was found to alkylate
N-3 of guanosine in the +1 position of the scissile strand of the DNA sub-
strate. On the basis of this finding and a number of observations that had
been made in biochemical experiments, Fan et al. (37) proposed a model for
the binding site of CPT within the enzyme-DNA binary complex (Fig. 10).
Both the alkylation of G+1 by CPT 20 and stabilization of the covalent
binary complex by CPT is most efficient at 5'-TG-3' cleavage sites, which
allow putative stacking of CPT to the G residue at the terminus of the
cleaved oligonucleotide to orient CPT within the ternary complex. Addi-
tional key amino acid residues putatively involved in the binding of CPT
include Asn 722 (Fig. 10). A more recent computational model has also been
proposed by Kerrigan and Pilch (38). This model also posits the intercala-

Fig. 8. Targeting and cleavage of a camptothecin-DNA conjugate by TOP-I.
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Fig. 9. Electrophilic analogues of camptothecin used to map the inhibitor bind-
ing pocket within the TOP-I–DNA covalent binary complex.

tion of the bound CPT and makes predictions about the preferred mode of
orientation of the bound CPT within the enzyme-DNA ternary complex.

4.2. X-Ray Crystallographic Analysis of Human DNA TOP-I
Recently, Hol and Champoux have reported the crystal structures of

reconstituted and truncated human TOP-I in both noncovalent and covalent
complexes with DNA oligonucleotide substrates (39). None of the com-
plexes contained bound CPT, but analysis of the structures nonetheless
permitted these workers to propose a CPT binding model for the covalent
binary complex. This model, shown in Fig. 10, was substantially different
than the model proposed by Fan et al. (37). As illustrated, key CPT binding
interactions were posited for Arg364 and Asp533, both of which were
envisioned to form H-bonding interactions with ring E.

4.3. Use of CPT Binding Models to Guide Hypothesis Testing
Although the CPT binding models outlined in Fig. 10 differ in most

respects, both involve the participation of the 20-OH group of CPT as a
H-bond donor to amino acid residues within the binding pocket of the
enzyme-DNA binary complex. This seemed entirely sensible given the
reports (6,8) that 20-deoxy CPT (21) lacks antitumor activity and cannot
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Fig. 10. Models of the binding of camptothecin to the covalent binary complex
based on biochemical (B) and X-ray crystallographic (A) studies. Reprinted
with permission from Biochemistry 1999;38:4374–4381. Copyright 1999
American Chemical Society.
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stabilize the covalent enzyme-DNA binary complex. Wang et al. (8) tested
the importance of the 20 OH group in a series of experiments involving CPT
(1), 20-deoxy CPT (21) and CPT derivatives bearing substituents other than
an OH group at position 20. These included 20-chloro CPT (22), 20-bromo
CPT (23) and 20-amino CPT (24), all of which were essentially racemic at
position 20 (Fig. 11). Compounds 1 and 21–24 were tested for their abilities
to stabilize the covalent binary complex between human TOP-I and the
DNA oligonucleotide duplex whose scissile strand had the sequence 5'-
GGCGCG GAGACTTGGAGAAATTTGGCGCGG; cleavage occurred at
the T13G14 sequence (8).

As summarized in Table 1, 20 deoxy CPT failed to stabilize the covalent
binary complex to a significant extent, but 20-chloro CPT (22), 20-bromo
CPT (23) and 20-amino CPT (24) exhibited reasonable binary complex
stabilization, especially considering that each was racemic at C-20 and the
20R isomer of CPT has been reported (11) to be inactive.

To assess the ability of 21–24 to mediate cytotoxicity as a consequence
of stabilization of the binary complex, Wang et al. (8) tested these analogs
in a yeast strain lacking the homologous TOP-I but harboring a plasmid that
contained human TOP-I under the control of an inducible promotor. As
shown in Table 2, CPT 21 was not cytotoxic at any tested concentration,
whereas 22–24 were all reasonably cytotoxic. Because halo CPT deriva-
tives 22 and 23 lack a H-bond donor at C-20, it seems clear that the models
represented in Fig. 10 likely require some revision. Perhaps the heteroatoms
attached to C-20 in compounds 1, 22, 23, and 24 actually function as H-bond
acceptors, assuming that all of these agents interact with the enzyme-DNA
binary complex in the same fashion.

Fig. 11. Camptothecin analogues modified at position 20.
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4.4. Modified TOP-I
Bjornsti and coworkers have made numerous point mutants of TOP-I,

some of which exhibit substantially modified properties (40). One example
is the substitution of amino acids at position 722 in the human enzyme,
which normally contains Asn. These mutant enzymes exhibited a range of
properties in mediating the reversible cleavage of DNA and in supporting
cell viability (40). For example, the introduction of serine, leucine, aspar-
agine, or alanine at this position afforded enzymes that were resistant to
CPT. That specific amino acid changes in TOP-I can affect CPT binding
suggests that key substitutions may be of great utility in defining the nature
of the binding of CPT and other inhibitors to the covalent enzyme-DNA
binary complex.

A further refinement of this approach is suggested by the work of Hecht,
Schultz, and others in introducing structurally modified amino acids into
specific sites in proteins (41–48). Clearly, the substitution of numerous
analogues of amino acids found to be essential for CPT binding can poten-
tially provide a detailed picture of the nature of inhibitor binding to the
covalent enzyme-DNA binary complex.

Table 1
Stabilization of a TOP-I–DNA Oligonucleotide Complex by CPT Analogs

% Ternary complex

CPT analog 50 μM CPT 20 μM CPT 5 μM CPT

1 82 78 71
21 5 3 2
22 26 29 7
23 33 24 7
24 34 21 12

Table 2
TOP-I-Dependent Cytotoxicity of CPT Analogs

CPT analog IC50 (μM)

1 0.2
21 —a

22  2.1
23  6.7
24 47

 a No cytotoxicity observed up to 100 mM concentration.
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5. BIOCHEMICAL PROCESSES PUTATIVELY LINKED
TO TOP-I

5.1. Nonhomologous Recombination
Nonhomologous, or illegitimate, recombination refers to processes by

which chromosomal rearrangements occur in DNA regions having little or
no sequence homology. Although this phenomenon is quite common and is
thought to be linked to cancer and genetic diseases (49), the underlying
molecular mechanisms are not clear. However, it certainly is clear that any
such rearrangement must involve the formation and ultimate joining of
DNA ends. Enzymes such as topoisomerases that catalyze DNA cleavage
and ligation reactions must, therefore, be regarded as candidates for medi-
ating such transformations. Topoisomerases I are particularly good candi-
dates because site-specific recombinases exhibit TOP-I activity (50,51),
and TOP-I can subserve certain recombinase functions (52). Further, in a
study of chromosomal excision of SV40, which is believed to involve ille-
gitimate recombination, Bullock et al. (53,54) found that the excision cross-
over points were in proximity to DNA sequences that are preferred cleavage
sites for eukaryotic TOP-I. Given the deep-seated chromosomal rearrange-
ments that are sometimes associated with carcinogenesis, the apparent
involvement of TOP-I in illegitimate recombination may provide a poten-
tial new target for antitumor therapy.

Henningfeld and Hecht (55) modeled three types of transformations that
may occur during illegitimate recombination using branched, nicked, and
gapped substrates. The transformations involved in the use of nicked and
gapped DNA oligonucleotide substrates are shown in Fig. 12. Also illus-
trated in this figure is TOP-I-mediated ligation of the nicked substrate. As
shown in Fig. 12, ligation could occur across one- or three-nucleotide gaps
produced by the enzyme and was influenced by the complementarity of the
nucleotide at the 5 -end of the acceptor oligonucleotide to the nucleotide
downstream from the cleavage site on the nonscissile strand.

The model duplexes were subsequently used to test the inhibitory prop-
erties of CPT analogues, most of which had been shown to stabilize the
covalent TOP-I–DNA binary complex formed from B-DNA duplexes
(8,56). Although many of the CPT analogues were inhibitory in all of the
assay systems, some showed a substantial variation in potency from one
system to another. This is illustrated in Table 3 for the five CPT derivatives
characterized in Table 1 (8). The transformations studied were those out-
lined in Fig. 12, namely the ligation of nicked and gapped substrates. As
shown in Table 3, the rank order of potencies of analogs 21–24 in inhib-
iting the ligation of the nicked DNA were not dissimilar to their potencies
in stabilizing the covalent binary complex formed from B-form DNA
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(Tables 1 and 3). However, ligation of inhibition of the gapped DNA sub-
stituted was effected only by CPT itself and by 20-deoxy CPT (21), the latter
of which failed to inhibit any of the other ligation reactions. Thus it seems
clear that differential inhibition of individual TOP-I-mediated transforma-
tions should be possible.

Fig. 12. (A) Models of illegitimate recombination using nicked and gapped
DNA oligonucleotide substrates. (B) TOP-I–mediated ligation of a nicked sub-
strate.
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5.2. SR Protein Phosphorylation
Recently, Tazi and coworkers have documented the ability of TOP-I to

mediate the phosphorylation of SR proteins (i.e. proteins containing argin-
ine-serine repeats). Prominent among these are splicing factors that contain
ribonucleoprotein consensus sequences. These proteins are phosphorylated
exclusively on serine and appear to be excellent candidates for regulation of
gene expression because they have the wherewithal to control (alternative)
splicing of key structural genes (57–60). It has been reported that CPT can
inhibit the phosphorylation of SR proteins by TOP-I, and it seems plausible
that protein phosphorylation may be an important component of the expres-
sion of antitumor activity by CPT.

An intriguing report by Labourier et al. (61) describes the stabilization of
the TOP-II–DNA binary complex and inhibition of TOP-I SR protein kinase
activity by an indolocarbazole. Although several indolocarbazoles have been
shown to stabilize the TOP-I–DNA binary complex (25,62,63), the finding
of a second inhibitory locus for a compound of this type is intriguing. The
contribution of inhibition of these two loci to the development of cytotoxic-
ity is clearly of great interest and may suggest a general strategy for develop-
ing TOPI inhibitors having enhanced efficacy as antitumor agents.

5.3. Contribution of TRF Genes to the Expression
of Cytotoxicity by TOP-I Inhibitors

In yeast there is a family of genes denoted TRF (DNA topoisomerase-
related function), the protein products of which seem to have a function
related to TOP-I function. For example, although TRF and TOP-I single
deletion mutants are viable, the double mutants are inviable. Further, it has

Table 3
Inhibition of the TOP-I-Mediated Ligation of Nicked

and Gapped DNA Oligonucleotides by CPTs

Extent of inhibition ligation (%)

CPT analoga  Nicked substrateb Gapped substrate

1 62 47
21 5 13
22 21 0
23 37 0
24 32 0

a50 μM concentration.
bInhibition of ligation after cleavage at site 2.
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been found that a TRF4 mutant is hypersensitive to CPT. Because the TRF
genes are known to be required for proper nuclear segregation, it seems
likely that this family of proteins augments TOP-I function at the level of
chromatin (i.e., the actual in vivo locus of TOP-I inhibitors such as the
camptothecins). There are TRF homologues in widely divergent species
(e.g., Drosophila, C. elegans, oat, humans) suggesting a high level of evo-
lutionary conservation.

Recently, Christman and coworkers have identified the product of TRF4
as a novel DNA polymerase (64), now denoted polymerase (65). Although
no inhibitor of this enzyme has been reported, it will be of great interest to
learn whether a specific inhibitor of polymerase is capable of potentiating
the cytotoxicity of DNA TOP-I inhibitors. Clearly, such a finding could
provide an important new strategy for enhancing the utility of TOP-I inhibi-
tors as antitumor agents.
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1. INTRODUCTION

Topoisomerase 1 (Top1) is a validated target for cancer chemotherapy
(1–3) because of its identification as the sole target of camptothecin (CPT)
(4). The sodium salt of CPT was found to be clinically active, but its use was
discontinued in the 1970s because of severe side effects and lack of under-
standing of the drug’s mechanism of action (5). The finding in 1985 that
CPT specifically poisons Top1 has generated great interest to find water-
soluble, more efficacious, and less toxic analogs of CPT.

Top1 inhibitors exemplify classical anticancer agents that have been
discovered by screening the antiproliferative activity of extracts from natu-
ral products. Although Top1 is clearly the primary cellular target of CPTs,
it is less well understood why CPTs selectively kill tumor cells. Indeed,
Top1 is essential and present in all cells, including tumor and normal cells,
which indicates that the selectivity of CPTs and Top1 inhibitors must arise
from molecular mechanisms/determinants of cellular response that are spe-
cifically altered in tumors.

This chapter is an update of our previous reviews (2,3,6). First, we give
an update on the clinical development of novel Top1 inhibitors and on the
DNA-damaging lesions that poison Top1. Next, we present a common
molecular model for the poisoning of Top1–DNA complexes, which we
will refer to as the 5'-end misalignment model. The third and final part of this
review focuses on the multiple molecular pathways implicated in the repair
of Top1–mediated DNA damage and in the cell death signaling. These
pathways can be referred to as “secondary targets” because their alterations
probably contribute to the tumor selectivity of Top1 poisons and because
they can potentially be targeted to enhance the cellular activity of Top1
poisons.

2. NOVEL TOP1 INHIBITORS

Discovery of Top1 inhibitors is facilitated by the availability of a variety
of biochemical and cellular assays. Indeed, Top1 can be expressed as a
biochemically active recombinant protein (7), and several crystal structures
of Top1 bound to a DNA substrate have been reported recently (8–12). Thus
our understanding of Top1’s molecular structure and mechanisms of action
provides insights into the physiological functions of Top1, and have facili-
tated the screening and rational design of non-CPT Top1 inhibitors.

Yeast and mouse cells deficient for Top1 can be used to assess the selec-
tivity of Top1 inhibitors. In these cellular systems, the hallmark of Top1
poisons is lack of drug activity (13,14). A panel of cell lines with point
mutations that confer resistance to CPTs can be used to test cross-resistance
between CPT and non-CPT poisons (3,15,16). Analysis of the drug sensi-
tivity for the corresponding recombinant Top1 enzymes can also be used to
assess the binding site of the new inhibitors in comparison with CPTs
(16,17).
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In this first section, we review briefly the most recently developed CPT
derivatives and the non-CPT Top1 poisons. More detailed reviews of the
non-CPT Top1 inhibitors can be found elsewhere (18–20). We will also (see
Section 4.4.) stress the point that Top1 can be poisoned by agents that
damage DNA. This type of Top1 poisoning probably occurs frequently
under physiological conditions, which gives a biological relevance to the
repair mechanisms for Top1 cleavage complexes.

2.1. CPTs
The US Food and Drug Administration has approved two water-soluble

CPT derivatives recently: Topotecan (Hycamtin®, Glaxo SmithKline) as a
second-line chemotherapy for ovarian cancers and for the treatment of small-
cell lung cancer, and CPT-11 (Irinotecan, Camptosar®, Yakult Honsha KK)
for colon cancers (21). The derivatized positions 7, 9, and 10 for these CPT
derivatives are indicated in Fig. 1. Several other CPT derivatives are in
clinical trials: 9-nitrocamptothecin (9-NC) (SuperGen) (22), exatecan
mesylate (DX-8951f) (23), Afeletecan® (Bayer AG), CKD-602 (Chong
Kun Dang Pharmaceutical Corp.), DRF-1042 (Dr. Reddys Research Foun-
dation), PEG-camptothecin (Prothecan®) (Enzon Inc.), MAG-camptothecin
(PNU-166148) (Pharmacia), ST1481 (Sigma-Tau Healthsci SpA), Homa-
copolymer-camptothecin (University of London), and Karenitecin®

(BioNumerik Pharmaceuticals) (21).
Recently, CPT analogs bearing a seven-member E-ring (Fig. 1) have

been generated chemically and found to retain potent Top1 inhibition both
in biochemical systems with purified Top1 and in cells (15,24–26). These
derivatives have been synthesized and studied by the Beaufour Ipsen group
and named homocamptothecins (Fig. 1). The presence of an additional
methylene group stabilizes the E-ring and limits the conversion to the car-
boxylate. Conversely, the inactive carboxylate of homocamptothecin can-
not be converted to the lactone after the E-ring has been opened (25). The
binding of these compounds in the Top1–DNA complex is probably very
similar to (but possibly better than) the binding of CPTs, based on the recent
finding that mutations that confer resistance to CPTs also confer cross-
resistance to homocamptothecin (15). However, because of its greater
potency, homocamptothecin remains more active in CPT-resistant cells
(15). The difluorohomocamptothecin derivative BN-80915 (diflomotecan)
(Fig. 1), which is more potent than SN-38, the active metabolite of CPT-11
(Fig. 1), and produces more stable cleavage complexes in cells (27), has
been selected for clinical trials.

The CPT derivatives presently in the clinic have two major limitations:
(1) at physiological pH, the labile -hydroxylactone function, which is
essential for CPT activity (28) is in equilibrium with its inactive (carboxy-
late) form that is bound to serum albumin (29) (Fig. 1); and (2) the CPT-
trapped cleavage complexes reverse within minutes after drug removal,
which imposes long or repeated infusions for cancer treatment.
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2.2. Non-CPT Top1 Poisons: Polyheterocyclic Aromatic
Inhibitors

The indolocarbazoles represent the most advanced class of non-CPT
derivatives in terms of chemotype, clinical development, and structure-
activity (19,20,30). Among the numerous Top1 inhibitor indolocarbazole
derivatives, NB-506 and J-107088 (Fig. 2) have recently been selected for
clinical trials. As with CPTs, indolocarbazoles prevent the religation of a
subset of Top1 cleavage complexes. The DNA sequence selectivity of these
cleavages is globally different from the pattern of cleavage sites induced
by CPTs (16,31,32). Furthermore, by contrast to CPTs, indolocar-bazole
Top1 poisons generally can bind to DNA by intercalation (33).

A second class of non-CPT polyheterocyclic aromatic inhibitors is the
indenoisoquinolines. The synthesis of the indenoisoquinoline NSC-314622
(Fig. 2) was first reported in 1978 (34). Consecutively, a series of
indenoisoquinolines were synthesized and found to possess significant
anticancer activity (35,36). However, little was known about their antican-
cer mechanism until recently, when a statistical analysis of cytotoxicity
results obtained with the National Cancer Institute in vitro Anticancer Drug
Discovery Screen of 60 cell lines revealed that NSC-314622 is a Top1
inhibitor (37). The patterns of DNA breaks produced in the presence of
camptothecins and NSC-314622 are different. Because of their novel struc-
ture, several dozens of indenoisoquinolines have been synthesized and tested
for Top1 inhibition and for antiproliferative activity in the National Cancer
Institute cell screen over the past 3 years (38–40). Generally, the indenoiso-
quinoline derivatives that inhibit Top1 are cytotoxic in the National Cancer
Institute cell lines (38–40). Antitumor activity is also observed for some of
these compounds in animal models (40). Indenoisoquinolines are in pre-
clinical development, and efforts are focused on testing the antitumor
activity of selected indenoisoquinolines (i.e., compound MJ-III-65 shown
in Fig. 2) in animal models and on obtaining cocrystal structure of
indenoiso quinolines in the Top1–DNA complex.

Other polyheterocyclic Top1 poisons include nitidine, coralyne, ber-
berine, and benzo[a]acridine derivatives (Fig. 2). These compounds share
a common heterocyclic ring system, and generally bind to DNA by interca-
lation. Although some of them exhibit antiproliferative activity, to the best
of our knowledge, they are not in clinical development; for further details
see ref. 20.

2.3. Non-CPT Top1 Poisons: Benzimidazoles
and Minor Groove Ligands

The bis-benzimidazole dyes Hoechst 33342 (Ho-33342) and parent com-
pound Hoechst 33258 (Ho-33258, NSC-32291, pibenzimol) (Fig. 3) repre-
sent a structurally unique class of Top1 poisons. Ho-33342 is commonly
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used for histochemical staining and flow cytometry analysis of DNA con-
tent. Ho-33342 and 33258 reversibly trap Top1 cleavage complexes with a
different sequence selectivity than CPT (41). They both bind to AT-rich
sequences, causing widening of the DNA minor groove (42). However, minor
groove binding is not sufficient for Top1 trapping because Distamycin,
Berenil, and netropsin do not poison Top1 (41). Ho-33258 is two orders of
magnitude less cytotoxic than Ho33342 because of its low membrane per-
meability. Ho-33342 also disrupts TATA box-binding protein/TATA box
element binding (43), suggesting that it targets other cellular pathways
besides Top1. A limitation of Ho-33342 as an anticancer drug is that it is not
effective against tumor cell lines overexpressing MDR1 (44).

In recent years, the Liu and Lavoie group has synthesized and investi-
gated a series of benzimidazoles (45), bibenzemidazoles (46), and terbenzi-
midazole derivatives (47,48). Recent studies focused on modifications of
the 5- or 2''-positions of terbenzimidazoles (Fig. 3). A number of 5-substi-
tuted terbenzimidazoles can poison Top1 in biochemical assays. 5-phenyl-
terbenzimidazole (Fig. 3) is the most effective in cell culture assays (47,48).
Studies with poly(dA)·poly(dT) duplex DNA suggest that 5-phenyl-
terbenzimidazole binds to DNA both by intercalation and in the minor
groove (47).

Ecteinascidin 743 (Et-743, NSC-648766) is a potent antitumor agent
from the Caribbean tunicate (“sea squirt”) Ecteinascidia turbinata. Et-743
is in phase II and III clinical trials, with remarkable activity in soft-tissue
sarcomas and solid tumors, including ovarian carcinoma (49,50). Et-743
binds tightly in the DNA minor groove, where it alkylates guanine-N2 in a
sequence-selective manner, preferentially binding guanines that are fol-
lowed by a guanine or cytosine (51). The bond between Et-743 and DNA is
reversible on DNA denaturation (51) and even spontaneously (52), which
sets Et-743 apart from the DNA alkylating agents presently used in cancer
chemotherapy. Top1 was identified as a cellular target of Et-743 during a
systematic search of nuclear proteins that bind to Et-743–DNA adducts
(53). Biochemical and cellular studies demonstrate that Et-743 can trap
Top1–DNA cleavage complexes in vitro and in cancer cells (53,54). The
distribution of the drug-induced Top1 sites is different for Et-743 and CPT
(53). A derivative of Et-743, phthalascidin (Pt-650), was also found to
poison Top1 cleavage complexes in vitro and in cells (54). However, Top1
is probably not the primary cellular target of Et-743 because the drug
remains active in yeast with a deletion in the Top1 gene (55) and in
mammalian cells deficient for Top1 (56). Furthermore, Top1 inhibition is
only detectable at micromolar concentrations that exceed pharmacologi-
cally active concentrations (57,58). Recent studies revealed that Et-743 acts
by a novel mechanism of action: poisoning of transcription-coupled nucle-
otide excision repair (59).
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Another recently identified DNA minor groove binding Top1 poisons
is NU/ICRF 505, a tyrosine conjugate of anthraquinone modified at the
C-terminus of the amino acid as an ethyl ester (60). Molecular modeling of
the drug interaction with the DNA sequence d(CGTACG) suggests that the
amino acid occupies the DNA minor groove (60). Cellular pharmacology of
NU/ICRF 505 shows G1 arrest in cells overexpressing Top1 and induction
of apoptosis (61). Clinical development of NU/ICRF 505 has recently been
abandoned because of variable metabolism results in both mouse and hu-
man plasma (19).

2.4. Non-CPT Top1 Poisons: DNA Damaging Agents
Chemotherapeutic agents that target and damage DNA can also trap

Top1; for a comprehensive review see ref. 62. Using oligonucleotides with
defined modifications, we found that incorporation of the nucleoside ana-
logs, 5-fluorouracile and gemcitabine (2'-difluorocytosine) immediately
downstream from a Top1 cleavage complex prevent the Top1–mediated
DNA religation (14,63). Chemotherapeutic alkylating agents have also been
shown to trap Top1, which contributes to the cytotoxicity of the MNNG
(64). Oxidative lesions such as 8-oxoguanine and 5-hydroxycytosine also
enhance Top1 cleavage complexes (65). The contribution of Top1 poison-
ing to the antiproliferative activity of these drugs is suggested by the resis-
tance of Top1-deficient cells to these drugs (14,64).

Besides chemotherapeutic agents, Top1 can be trapped by naturally
occurring endogenous and carcinogenic DNA lesions, ranging from UV-
induced thymine dimers (66,67), oxidative base lesions (65), base mis-
matches and abasic sites (68), DNA strand breaks (69), the carcinogenic
adducts, N6-ethenoadenine (70), and benzo[a]pyrene diol epoxide adducts
(71–73); see ref. 62 for a review. It is not known how frequently such Top1
cleavage complexes form. However, the fact that all cells expressing a type
IB topoisomerase express tyrosyl-DNA phosphodiesterase (Tdp1; see Sec-
tion 5.1.), suggest selective pressure for removing Top1 cleavage com-
plexes, and therefore for the natural occurrence of these complexes.

3. MOLECULAR MODEL FOR TOP1 INHIBITION:
MISALIGNMENT OFTHE 5'-HYDROXYL END

OF THE CLEAVED DNA

3.1. Binding of CPTs and Polycyclic/Heterocyclic Poisons
to the Top1–DNA Complex

CPT and its derivatives are noncompetitive inhibitors of Top1. They
inhibit the enzyme by binding in a ternary complex with Top1 and the
cleaved DNA (28,74). Consequently, they uncouple the enzyme DNA nick-
ing-closing reaction by preventing the DNA religation (“closing”) step.
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This unique mode of action represents a paradigm for the concept that it is
possible to interfere with two macromolecules (i.e., Top1 and DNA) by
stabilizing their interaction. This concept is important because one of the
present objectives in drug development is to interfere with macromolecule
interactions. Thus it is conceivable to look for agents that act by preventing
the dissociation of the two macromolecules rather than by inhibiting their
binding, which might be more difficult because of a required competitively
high drug binding constant.

Not all the Top1 cleavage complexes are equally trapped by CPTs, and
trapping is most effective at DNA sequences with a T at the 3'-end of the
scissile DNA strand (position –1 in Fig. 4, which corresponds to the DNA
end covalently linked to Top1) and a G at the 5'-end of the broken DNA
(position +1 in Fig. 4). This DNA sequence-dependence led to the hypoth-
esis that CPT forms a ternary complex with Top1 and the DNA by binding
at the enzyme-DNA interface at the DNA break site (75). This hypothesis
was further strengthened by the finding that a derivative of CPT with an
alkylating group at position 7 can form an adduct with the +1 guanine (at the
N3 position) in the presence of active Top1 (76).

It is accepted that CPT or its derivatives stabilize Top1 cleavage com-
plexes by forming a ternary complex including: Top1+DNA+drug. In the
proposed models (discussed by Stewart in Chapter 15), CPT intercalates/
stacks at the enzyme-DNA interface between the bases that flank the cleav-
age site in the cleaved DNA generated by Top1 (8,28,75–78) (Fig. 4B) and
prevents DNA religation by keeping the 5'-end of the broken DNA out of
alignment with the Top1-DNA phosphotyrosyl bond that needs to be at-
tacked by the 5'-hydroxyl of the broken DNA during religation (Fig. 4A).

Recently, experiments with intercalating ligands demonstrated position-
specific trapping of Top1 cleavage complexes by polycyclic hydrocarbons
(benzo[a]pyrene diol epoxide adducts) intercalated between the bases that
flank the Top1 cleavage site or that are immediately downstream from the
cleavage site (72,73). A unifying model is that the polycyclic aromatics
(CPTs, indolocarbazoles, indenoisoquinolines, coralyne, berberine, and
nitidine derivatives) bind to a common site in the Top1–DNA complex by
stacking (intercalating) either on the 5'-side or the 3'-side of the base pair
immediately downstream (position +1 in Fig. 4B) from the Top1 cleavage
site (78). The differences in DNA cleavage patterns (i.e., differential inten-
sity of cleavage at any given site) between compounds might be due to
specific interactions between particular drugs and the bases flanking the
Top1 cleavage site (78).

A potential exception to this model has been proposed for nogalamycin
(79), which traps Top1 cleavage complexes by intercalating upstream from
the Top1 cleavage complex. In this case, drug binding was proposed to
induce a local bent downstream from the Top1 cleavage, which interferes



Chapter 4 / Cell Killing by Top1 Poisons 71

with DNA religation. Thus nogalamycin bound to a Top1–DNA complex
may act similarly to minor groove ligands (see Section 3.2.).

3.2. Molecular Model for Top1 Poisoning by DNA Minor
Groove Ligands

Experiments with oligonucleotides containing a single benzo[a]pyrene
diol epoxide dG adducts at specific positions have shed some light on the
spatial relationship between minor groove ligand binding sites and Top1
cleavage (Fig. 4C). These experiments demonstrated that Top1 was trapped
when ligands are bound in the minor groove downstream from the Top1
cleavage site between positions +2 and +3 (71). By contrast, Top1 was
prevented from cleaving the DNA if the minor groove ligand covered the +1
or the –1 base pair (71). In such a case, Top1 cleavage was observed a few
bases upstream from minor groove ligand, which is consistent with trapping
of Top1 when the minor groove ligand is downstream from the potential
Top1 cleavage. Blockade of Top1 cleavage by minor groove ligands at the

Fig. 4. Proposed molecular interactions between TOP-I poisons and TOP-I–
DNA complexes leading to misalignment of the DNA 5'-terminus at the cleav-
age site. (A)Under normal conditions, cleavage complexes are readily reversible
by nucleophilic attack from the 5'-hydroxyl end generated by TOP-I–mediated
DNA cleavage (see Fig. 6B). (B) Binding of camptothecin and intercalators
(black rectangle) at the enzyme-DNA interface trap TOP-I cleavage complexes
by altering the +1 base position. (Note that intercalation between the +1 and +2
base pairs can also trap TOP-I cleavage complexes [72]). The resulting cleav-
age complexes can only reverse when the drug dissociates from the TOP-I–
DNA complex. (C) Minor groove ligands (black rectangle) widen the minor
groove, which displaces the 5'-DNA terminus. (D) Base modifications induced
by endogenous, carcinogenic, or chemotherapeutic lesions (oxidative lesions,
abasic sites, mismatches, and adducts) can also misalign the 5'-DNA terminus
and trap TOP-I cleavage complexes independently of chemotherapy.
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+1 position is also consistent with the crystal structure of Top1 showing close
contacts between the enzyme and the DNA minor groove at this position (8).
Thus we propose that minor groove binding drugs (such as benzimidazoles
and Et-743) poison Top1 by binding immediately downstream (3') from the
cleaved DNA strand without contacting the +1 base pair (Fig. 4C). Minor
groove binding downstream from the cleavage site would alter the struc-
ture of the DNA downstream from (on the 3'-side of) the cleavage site
resulting in a misalignment of the 5'-hydroxyl DNA terminus to be relegated
by Top1.

3.3. Top1 Poisoning by Nucleotide Modifications
Base modifications at specific sites demonstrated that Top1 trapping

occurs when the +1 base is altered; see ref. 62 for a review. This probably
results in structural modifications of the broken end downstream from the
Top1 cleavage site (Fig. 4D).

3.4. General Model for Top1 Poisoning:
“5'-Terminus Misalignment”

Together, the molecular observation presented previously leads to a rela-
tively simple and general mechanism for trapping Top1 cleavage com-
plexes: presence of a ligand that either intercalates or binds to the minor
groove, or presence of DNA modifications that result in a misalignment of
the 5'-hydroxyl DNA terminus, interfere with the religation of Top1 cleav-
age complexes. As indicated at the beginning of this section, the inhibitors
act in a noncompetitive manner by preventing the dissociation of Top1–
DNA complex.

By contrast, DNA modifications upstream from the Top1 cleavage com-
plex (positions –1, –2, and upstream) generally prevent DNA cleavage
(62,71–73), which is consistent with the structure of Top1–DNA complexes
showing that the enzyme major contacts are immediately upstream of the
site of cleavage (8,12).

4. CELLULAR LESIONS INDUCED
BY TOP1 CLEAVAGE COMPLEXES

4.1. DNA Damage Resulting From Top1 Cleavage Complexes
Top1 cleavage complexes are normally readily reversible. Early experi-

ments also demonstrated that short exposures (less than 60 minutes in cell
culture) to CPT are relatively noncytotoxic (80–82). These observations are
consistent with a time-dependent conversion of Top1 cleavage complexes
into DNA lesions by cellular metabolism. Figure 5 shows how reversible
Top1 cleavage complexes can be converted into DNA damage (irreversible
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Top1 covalent complexes). Collisions between transcription and replica-
tion complexes are shown in panels A and B, respectively. These lesions and
the cellular consequences of transcription and replication inhibition will be
discussed in Section 4.2.

Panels C–F (Fig. 5) show the genesis of irreversible Top1 cleavage com-
plexes (commonly referred to as “suicide complexes”) by preexisting DNA
lesions (strand breaks in panels C and D; base lesions in panel E); for review
see ref. 62. The probability for forming such lesions is enhanced by treat-
ment with Top1 poisons because the drugs enhance the frequency of Top1
cleavage complexes. Thus the higher the drug concentration, the greater the
probability that cleavage complexes might form in the vicinity of a preex-
isting DNA lesion. This might explain the synergism between CPTs and
ionizing radiations (83). Also, at high CPT concentrations, it is plausible
that two Top1 cleavage complexes might form on opposite strands, close
enough for melting of the duplex and generation of a double-strand break
(Fig. 5F).

4.2. Replication vs Transcription
The Top1–linked DNA breaks resulting from the collision between DNA

and RNA polymerases with the Top1 cleavage complex on the DNA tem-
plate strand are represented in Fig. 5A,B. In most cancer cells in tissue
culture (81,84,85) and in yeast (86), cytotoxicity appears primarily related
to replication-mediated DNA lesions. However, the protective effect of
aphidicolin is generally limited to the lowest (submicromolar) doses of CPT
(82). Replication-independent cytotoxicity can be observed at micromolar
CPT concentrations (87–89). This may be related to the observed funda-
mental differences at the gene expression level between the molecular mecha-
nisms of reversible G2 cell-cycle delay after mild DNA damage induced by
CPT and permanent G2 arrest after more extensive DNA damage (90).
Replication-independent cytotoxicity seems to be cell type–specific. The
XRCC1 mutant Chinese hamster ovary (CHO) EM9 cells (see Section 5.3.)
are hypersensitive to CPT even when DNA replication is blocked (91).

4.3. Replication Inhibition by Top1 Poisons
CPT treatment produces a rapid and persistent inhibition of DNA synthe-

sis (80,81,92). The rapid inhibition of DNA synthesis is primarily the result
of replication fork collisions (Fig. 5B), as demonstrated in replicating SV40
DNA (93,94) and recently in human cells (95). Interestingly, it appears that
the leading strand DNA synthesis proceeds up to the 5'-end of the Top1
cleaved DNA, and this process has been referred to as “replication run-off”
(95). Furthermore, this 5'-terminus is rapidly phosphorylated in vivo, pos-
sibly by polynucleotide kinase phosphatase (see Fig. 5B and 6). DNA syn-
thesis inhibition might also be related to inhibition of thymidine kinase (96).
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Fig. 5. Conversion of reversible TOP-I cleavage complexes into DNA damage.
DNA single-strand breaks are shown on the left (panels A,C,E) and DNA
double-strand breaks on the right (panels B,D,F). (A) Transcription complex
collision can generate a DNA single-strand break in which the 5'-hydroxyl end
is misaligned and is prevented from TOP-I–mediated relegation. The RNA is
shown as a dashed arrow. (B)Replication fork collision generates a DNA double-
strand break on the leading strand and a single-stranded segment on the lagging
strand. The leading strand is shown as a dashed arrow pointing left. Okasaki
fragments are shown as dashed arrows pointing right. The 5'-hydroxyl end has
been found to be phosphorylated in camptothecin-treated cells (95), possibly by
PNKP (see Fig. 6). (C) TOP-I cleavage complexes in DNA containing a preex-
isting single-strand break on the scissile strand in the proximity of the TOP-I site
can result in dissociation of the small DNA segment (small arrow pointing up)
and generation of a single-stranded segment on the non-scissile strand (the
double lines with A and A’ represent the corresponding ends of the broken
DNA). (D) A TOP-I cleavage complex opposite to a preexisting single-strand
break in the proximity of the TOP-I site can result in dissociation of the DNA
duplex downstream from the TOP-I cleavage (small arrow pointing up) and
generation of a DNA double-strand break (the double lines represent the ends
of the broken DNA). (E) Base lesions (for instance an abasic site at position +1
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The observed persistent inhibition of DNA synthesis (for up to 8 hours)
after CPT removal (92) is probably the result of activation of an S-phase
checkpoint (92). This S-phase checkpoint probably is due primarily to a
delayed firing of the late replicons. Checkpoint activation would prevent
cells from entering mitosis with damaged DNA and provide additional time
for DNA repair. Furthermore, replication fork arrest would prevent the
generation of new collisions. Inhibition of the S-phase checkpoint by the 7-
hydroxystaurosporine (UCN-01), a cell-cycle checkpoint abrogator, pro-
duces a marked synergistic cell killing (97). This observation is potentially
important for cancer chemotherapy because UCN-01 is presently in clinical
trials and because the synergism is more pronounced in cells with defective
p53 (97). Thus it is attractive to propose clinical trials associating CPT
derivatives and UCN-01.

4.4. Transcriptional Effects of Top1 Poisons
Early pharmacological studies showed that CPT is a potent inhibitor of

transcription for both nucleolar and nucleoplasmic RNA (80,98–100). This
effect is primarily the result of transcription elongation blocks from drug-
trapped Top1 cleavage complexes (Fig. 5A) (101–104). CPT treatment
produces an accumulation of abortive transcripts in the 5'-end of the genes
by premature termination of growing RNA chains (103,105). The response
to Top1 inhibition was also found to be context-dependent (106) and to
cause, in certain genes, the transcription complex to stall in the midst of
transcription units (107). In agreement with these observations, in vitro
assays demonstrated that transcription complexes could convert CPT-stabi-
lized Top1–cleavable complexes into irreversible strand breaks by the elon-
gation of the RNA polymerase on the template strand (see Fig. 5A) (88,108).

Studies of the effect of CPT on the transcription from the dihydrofolate
reductase (DHFR) gene in CHO cells showed that CPT stimulated RNA
synthesis from promoter-proximal sequences, whereas transcription from
promoter-distal sequences was reduced (105). CPT appeared to stimulate
initiation while inhibiting elongation of the RNA polymerase II transcribed
DHFR gene (105). A recent study demonstrated that transcription inhibition
by CPT is not uniform (107). For instance, CPT caused a strong holdback

(Fig 5 continued) or +2; see Fig. 4D) can generate an irreversible DNA single-
strand break. (F) At high camptothecin concentrations, two TOP-I cleavage
complexes may form near each other and after melting of the duplex (arrow
pointing up), generate in a DNA double-strand break. In general irreversible
TOP-I cleavage complexes are referred to as “suicide complexes.” (For further
details on lesions shown in panels C-E, see [62]).
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of the endogenous c-myc gene at the P2 promoter while having minimal
effect on an episomal c-myc gene or on the basal expression of the Hsp70
and Gadph genes (107). CPT provoked no alteration of transcription com-
plexes at most of the rRNA promoters and transcription by RNA poly-
merase III of 7SK RNAwas fully resistant to CPT. By contrast, CPT treatment
enhanced expression of c-fos mRNA (107). Thus the transcriptional effects
of CPT are gene- and cell type-dependent. Transcription inhibition has been
shown to recover rapidly after CPT treatment (100,105). Interestingly,
Cockayne syndrome cells, which are deficient in transcription recovery
after DNA damage and in transcription-coupled nucleotide excision repair,
show CPT hypersensitivity (109). This hypersensitivity suggests that RNA
transcription inhibition and recovery are potential cellular determinants of
drug response.

The pleiotropic effects of Top1 poisons on transcription probably are a
result of the fact that Top1 affects transcription in more than one way.
Besides producing physical blocks for RNA elongation by RNA polymerase,
Top1 cleavage complexes can activate a cellular transcriptional stress
response. CPT treatment produces an elevation of transcription factors
including p53 (110),AP1 (c-fos and c-Jun) (111,112) ,and NF- B (113,114).
Using microarray analysis, we recently found that many genes are rapidly
upregulated following (90) and during CPT treatment in p53-dependent and
-independent manners (115).

Inhibition of transcription by Top1 poisons could also be exerted by
inhibition of the enzyme’s catalytic activity rather than by a direct collision
of RNA polymerase with cleavage complexes. Inhibition of Top1–medi-
ated DNA relaxation could block RNA polymerase progression by produc-
ing an accumulation of positive supercoils upstream from the polymerase in
transcribing chromatin domains (107,116) and by compacting chromatin in
specific gene domains (107,117). The transcriptional effects of CPTs could
also be related to two other functions of Top1 that are independent of its
DNA nicking-closing activity. First, Top1 is known to regulate transcrip-
tion initiation by binding to TATA binding proteins and by repressing basal
transcription and enhancing transcription activation (118–120). However,
to our knowledge, there is no published information on the effect of CPT on
this activity. Second, Top1 may activate RNA splicing by acting as a spe-
cific kinase for RNA splicing factors from the SR family such as SF2/ASF
(121–123), and by binding to RNA splicing factors PSF/p54 (124). CPT has
been found to block this Top1 SR kinase activity in vitro (121).

5. REPAIR OF TOP1 COVALENT COMPLEXES
The various lesions resulting from the conversion of reversible Top1

cleavage complexes into DNA damage (Fig. 5) are sometimes referred to as
“suicide complexes” or “dead-end covalent complexes” to denote their irre-
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versibility. They exhibit the unique characteristic of having a covalently linked
Top1 molecule at the 3'-end of a DNA break. These lesions also frequently
include a double-strand break at the other end of the broken DNA (Fig. 5),
which prevents the relegation of the 5'-DNA terminus. In the case of the
transcription-mediated Top1 suicide complexes (Fig. 5A), the double-strand
break corresponds to a DNA–RNA hydride, and it is not known whether the
RNA extends to the end of the template DNA. In the case of the replication-
mediated suicide complexes on the leading strand for DNA synthesis (Fig.
5B), the double-strand break corresponds to a DNA duplex made of the
template and the newly synthesized leading DNA strands (see Section 4.4.).
In the case of Top1 suicide complexes resulting from cleavage complexes
in nicked DNA (Fig. 5C,D) or from neighboring cleavage complexes on
opposite strands of the DNA duplex (Fig. 5F), a staggered DNA double-
strand break is formed.

The repair/removal of the Top1-DNA adduct at the 3'-end of the suicide
complex is effected by a specific pathway centered around a recently dis-
covered enzyme, Tdp1 enzyme.

5.1. Implication of Tdp1 in 3'-End Processing of the Top1
Covalent Complexes

The isolation of the gene encoding Tdp1, a protein that hydrolyzes the
covalent bond between Top1 and DNA, was recently described (125). The
biochemical activity of this enzyme is to catalyze the cleavage of the chemi-
cal bond that joins the active site tyrosine of Top1 to the 3' end of DNA (126)
(Fig. 6). The result is a clean hydrolysis of the tyrosyl-DNA phosphodiester
linkage, thereby liberating a DNA terminated with a 3' phosphate (Fig. 6C).
Tdp1 belongs to the phospholipase D superfamily (127), which includes
enzymes implicated in phospholipid metabolisms that catalyze phosphoryl
transfer reactions. The HKD motif (128) has been implicated in Tdp1’s
catalytic mechanism (127). Tdp1 is ubiquitous and highly conserved in
eukaryotes. The 1.69 Å crystal structure of Tdp1 consists of a monomer
composed of two similar domains that are related by a pseudo-2-fold axis
of symmetry. The catalytic site of each domain contains conserved histi-
dine, lysine, and asparagine residues (129). Specificity of Tdp1 for process-
ing 3'- but not 5'-tyrosyl-DNA complexes, suggests that Tdp1 belongs to a
pathway specific for the repair of Top1-DNA adducts.

To this point no inhibitors of Tdp1 have been identified, and there are no
reports of Tdp1 mutations in mammalian cells. Screening through chemi-
cally mutagenized yeast revealed one single mutation-derived mutant strain
that possessed very low Tdp1 activity. This mutant strain failed to show
enhanced sensitivity to CPT. However, when disruption of the Tdp1 gene
was combined with disruption of the Rad9 gene in the same strain, CPT
sensitivity was increased by a factor of 12 (125). Exposure to other DNA
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Fig. 6. Proposed model for 3'-end repair of TOP-I cleavage complexes by Tdp1
and PNKP. (A) Schematic representation of the consecutive steps required for
3'-end processing. First, TOP-I must be proteolyzed (probably by the 26S
proteasome after ubiquitination). Tdp1 can then remove the remaining TOP-I
peptide fragment bound to the 3'-DNA terminus and generate a DNA end bear-
ing a 3'-phosphate. Finally polynucleotide kinase phosphatase (PNKP) can
hydrolyze the 3'-phosphate and generate a 3'-hydroxyl ribose end. (B) The
normal nicking (cleavage)/closing (religation) reactions catalyzed by TOP-I are
SN2 reactions that require alignment of the attacking nucleophiles: tyrosyl
hydroxyl group for cleavage and 5'-hydroxyl ribose for religation. (C) Tdp1
hydrolyzes specifically the tyrosyl-phosphodiester bond. PNKP can process
both DNA termini: it can dephosphorylate the 3'-DNA terminus and phospho-
rylate the 5'-DNA terminus. Such termini are substrates for DNA polymerases
and ligases.

damaging agents such as methyl methane sulfonate did not show an increased
hypersensitivity of these mutant cells lines, and inactivation of the Top1 gene
in the same cells increased their survival by a factor of 1000. Overexpression
of religation-defective mutants of Top1 in low Tdp1 expressing yeast
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strains had a similar effect to CPT. These data suggest high specificity of
Tdp1 activity for Top1 catalysis-derived Tyrosyl-DNA covalent complexes
(125). They also demonstrate that, at least in yeast, additional pathways
besides Tdp1 are implicated for the repair of Top1 covalent complexes. It
is tempting to speculate that Tdp1 is primarily required when the G2
checkpoint is deficient as in the case of the yeast RAD9 mutant, and that
these alternative pathways are Rad9-dependent (and possibly operate in G2-
arrested cells by recombination) (see Section 6.4.).

A model of the possible repair pathways of Top1-induced DNA damage
should take into account recent findings related to Tdp1 biochemical activ-
ity. Both the structure of the DNA segment bound to Top1 (125,130) and the
length of the Top1 polypeptide chain determine Tdp1 biochemical activity
in vitro (130). Optimum Tdp1 substrates include: (1) a DNA segment con-
sisting of at least a few nucleotides (130), consistent with the presence of
a potential DNA binding groove in the Tdp1 structure (129), (2) an exposed
phosphotyrosyl bond at the Top1-DNA junction (a tyrosyl group linked to
the 3'-end of a nick is a poor substrate [125]), suggesting that Tdp1 activity
would be optimum after the 5'-end of the broken DNA has been either
digested or displaced to render the 3'-phosphotyrosyl bond accessible to Tdp1,
and (3) a short Top1 polypeptide segment, because the effectiveness of Tdp1
decreases as the length of Top1 polypeptide chain is extended (130). It is
therefore likely that Top1 probably needs to be proteolyzed at least partially
for efficient Tdp1 activity (126,130) (Fig. 6). As discussed in Section 6.1.,
such a degradation in association with Top1 ubiquitination has been observed
after CPT treatment (131,132).

Because Tdp1 generates a 3'-phosphate end, this phosphate needs to be
removed because neither DNA polymerases nor ligases can process this end
unless it bears a 3'-hydroxyl. Although Tdp1 is the only known enzyme to
remove tyrosine from complexes in which the amino acid is linked to the 3'-
end of DNA fragments, the multifunctional apurinic endonucleases appear
well suited for the removal of the resulting 3' phosphate substrates. Other
enzymes believed to be involved in the repair of the 3' phosphate lesions, and
specifically those introduced in the process of repair of Top1–induced DNA
lesions in yeast are Tpp1 (133) and polynucleotide kinase phosphatase
(PNKP) (134). PNKP is a plausible candidate for such an activity in human
cells (see Section 5.3.).

5.2. Repair of Replication-Mediated DNA Double-Strand
Breaks

The repair mechanisms for these lesions implicates known elements of
the DNA double-strand break repair pathways including the Ku/DNA-PK
complex (92), ATM (135,136) (see Section 6.3.), and Rad52 (13,137) (a
well-established homologous recombination factor). Indirect evidence for
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PNKP activity is supported by the observation that the 5'-end of the repli-
cation-mediated DNA double-strand breaks are rapidly phosphorylated in
CPT-treated cells (95) (see Fig. 5B).

Figure 7 shows two possible pathways for replication fork repair and
restart after collision with Top1 cleavage complexes. The pathway shown on
the left (panel A) is initiated by the regression of the blocked replication fork.
This reaction is commonly referred to as replication fork regression
(138,139). This regression associated with annealing of the newly repli-
cated leading and lagging strands and formation of a DNA cruciform (four-
stranded junction), commonly referred to as a “chickenfoot” because of the
morphology of the resulting structure (139) (Fig. 7A). The molecular mecha-
nisms driving this reverse movement are not well characterized. They might
involve protein complexes that stabilize DNA strand exchange and anneal-
ing (duplex formation) such as Rad51, the eukaryotic equivalent of the
bacterial RecA protein that forms nucleoprotein filaments and promotes
exchange/annealing between homologous DNA sequences (138,140). Posi-
tive supercoiling ahead of the blocked replication fork, which would force
branch migration, has also been invoked (138). After the DNA downstream
from the Top1 cleavage complex has been reannealed, it is conceivable that
the Top1 cleavage complex could reverse without intervention of repair
enzymes because the 5'-hydroxyl end of the DNA can be aligned with the
Top1–DNA phosphotyrosyl bond. It is also possible that Tdp1 could remove
the Top1 and that the resulting gap is repaired by the BER (base excision
repair) pathway (see Section 5.3.). After the repair/removal of the Top1
cleavage complex, the fork would restart by unwinding the cruciform. This
unwinding is believed to be carried out by the RecQ helicases: BLM (Bloom)
and WRN (Werner), which are very effective in vitro for unwinding cruci-
forms structures. In the absence of these helicases, “chickenfoot” structures
would need to be resolved by recombination, which might explain the high
frequency of sister chromatid exchanges in Bloom syndrome cells; for re-
cent review, see ref. 141.

The second pathway shown on the right in Fig. 7B speculates that the first
step consists in the removal of the Top1 cleavage complex, possibly by
Tdp1 and gap repair (see section 5.3 and Fig. 8), which would result in the
ligation of the template strand for leading strand synthesis with a newly
synthesized Okasaki fragment. The second step would be a strand invasion/
exchange probably involving Rad51, which would result in the formation
of a Holliday junction. After resolution, the recombined DNA segment
could be used to restart the replication fork. Analysis of such pathways is
challenging and it is likely that additional mechanisms exist for the repair
of the broken replication forks in mammalian cells. Implication of the Rad51
recombination pathway in the repair of Top1-mediated DNA damage is sug-
gested by the hypersensitivity of Rad51-deficient cells to CPT (142–144).
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Fig. 7. Hypothetical pathways for repairing or resolving replication fork dam-
age produced by TOP-I cleavage complex collision. (A) Replication fork
regression (RFR) is a branch migration reaction associated with annealing of
the two newly replicated strand to each other forming a “chickenfoot” (138,139).
RFR allows the reversal (or repair) of the TOP-I cleavage complex. Replication
restart is assumed to require the activity of RecQ helicases (Bloom and Werner
syndrome helicases). (B) Example of homologous recombination leading to the
resolution and restart of the collapsed replication fork after collision with a
TOP-I cleavage complex.

5.3. Possible Role of the XRCC1/Poly(ADP-Ribose-
Polymerase/PNKP/  -Polymerase/Ligase III Complex

Several observations implicate the XRCC1/poly(ADP-ribose)poly-
merase (PARP)/ -polymerase/ligase III complex in the cellular response to
and repair of Top1 cleavage complexes. Regarding the implication of PARP,
the observations are as follows: (1) PARP activity is increased in CPT-
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Fig. 8. Hypothetical pathways involving the base excision repair (BER) pathway.
Topoisomerase-I cleavage complexes can be processed either by the Tdp1 pathway
followed by exonuclease processing of the DNA ends (left) or by a hypothetical
endonuclease (right). The resulting gap is processed by the PNKP (polynucleotide
kinase phosphatase), which produces 3'-hydroxyl and 5'-phosphate ends. PNKP is
shown at right in a multiprotein complex with XRCC1 (which serves as a scaffold-
ing protein), poly(ADP-ribose)polymerase (PARP), -polymerase (Pol ), and li-
gase III (Lig3). -polymerase extends the 3'-hydroxyl end and fill the gap. Ligase
III completes gap repair by ligating the DNA ends.

treated cells (145), (2) CPT hypersensitivity was reported in mutant cells
lines, derived from the Chinese hamster V79 cell line, deficient in PARP or
its activity (146,147) (Table 1), (3) we recently observed hypersensitivity to
CPT, expressed as reduced survival, and slow repair of Top1–induced DNA
lesions in PARP knock-out mouse fibroblasts (Barceló et al., unpublished),
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(4) increased PARP-1 levels have been observed in a CPT-resistant cell-line
(148)and, (5) pharmacological inhibitors of PARP such as 3-aminobenzamide
(149) or the novel inhibitor NU1025 (150) sensitize cells to CPTs.

The implication of XRCC1 stems from the following observations: (1)
the CHO XRCC1-mutant EM9 cells are hypersensitive to CPT (91,143) and
(2) some CPT-resistant cell lines show increased XRCC1 levels, and the
increased resistance to CPT acquired by XRCC1 transfection can be reversed
by treatment with 3-aminobenzamide (151).

Table 1
Genetic Alterations Sensitizing Cell to Topoisomerase 1 Poisons

Genes Functions  Reference

ATM Protein kinase from the P13K family 135,176–178
Implicated in DSB response

NBS1 Scaffolding protein forming a complex 202,203
with Mre11 and Rad50 *MRN complex)

DSB repair and recombination pathways
DNA-PKcs Protein kinase from the PI3K family 92

Implicated in DSB response
ATR Protein kinase from the PI3K family 222

Implicated in replication stress response
WRN Replication helicase from the RecQ family 237–239
BLM Replication helicase from the recQ family 240
XRCC2 One of the seven members ot the Rad51 family 142,143

Implicated in DNA strand exchange/homologous
recombination

Ead51C One of the seven members of the Rad51 family 144
Implicated in DNA strand exchange/homologous

recombination
XRCC1 BER 91,143,151
PARP BER 146,147
CSA/CSB TCR/BER 109
-H2AX Corehistone 248

Phosphorylated in response to DSB
p53/p21 Apoptosis 250,265
Bcl-2 Apoptosis 266

ATM, ataxia telangiectasia mutant; ATR, ataxia telangiectasia and Rad3 homolog; BER,
base excision repair; BLM, bloom syndrome; CSA/CSB, Cockayne syndrome complementation
groups A and B; DNA-PKcs, DNA-dependent protein kinase catalytic subunit; DSB, DNA
double-strand breaks; NER, nucleotide excision repair; PARP, poly(ADP-ribose) polymerase;
PI3K, phosphatidyl inositol 3 kinase; TCR, transcription-coupled repair.
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XRCC1, PARP, -polymerase, ligase III ,and PNKP form a multiprotein
complex with specific activity for BER (152,153) (Fig. 8). PARP is a rela-
tively abundant nuclear protein with a zinc finger motif used as a nick-
sensor that binds to double- and single-stranded DNA breaks. These breaks
could be the direct result of ionizing radiations or result from enzymatic
excision of a DNA lesion repaired by the BER pathway (reviewed in refs.
154 and 155). Binding of PARP-1 to nicked DNA catalyzes the transfer by
this protein of successive units of the ADP-ribose moiety of nicotinamide
adenine dinucleotide as a substrate, which results in transient covalent bind-
ing of large, negatively charged poly(ADP-ribose) polymers to macromo-
lecular acceptors, including PARP itself (154,155). This modification alters
the structure and function of the protein acceptors and marks the beginning
of the DNA repair process. Top1 is one of the poly(ADP-ribose) acceptors
and is inhibited by poly(ADP-ribosylation) (156–158). However, it has also
been reported that association of PARP and Top1 may activate Top1 (159).

XRCC1 has no enzymatic activity and probably functions as a scaffold-
ing factor by bringing together the enzymes required for BER, including
human PNKP (152). Figure 8 proposes a hypothetical scheme in which
PNKP acts after removal of the Top1–DNA complex to prepare the DNA
ends for -polymerase and ligase III action. PARP’s nick sensor function
could implicate this protein in a damage survey mechanism that involves the
recruitment of XRCC1 and associated proteins to the sites of CPT-induced
DNA damage. The absence of PARP-1 may hinder XRCC1 access, which
could explain that nuclear extracts from PARP- and XRCC1-deficient cells
exhibit slow repair activity by Tdp1, PNKP, and -polymerase, on sub-
strates mimicking CPT-induced DNA damage (Barceló and Pommier,
unpublished).

6. MOLECULAR PATHWAYS IMPLICATED IN THE
CELLULAR RESPONSES TO TOP1 CLEAVAGE

COMPLEXES: DETERMINANTS OF RESPONSE AND
RESISTANCE WITH POTENTIAL CLINICAL

RELEVANCE

Cellular responses to Top1 poisons determine cell survival and therefore
tumor response and host toxicity. Efficient repair (see Section 5.) is prob-
ably coupled with checkpoint activation to stop cell cycle. Cell-cycle
arrest would have two beneficial consequences: (1) it would give time to
the repair machinery for removing the lesions before the generation of
unviable or mutated cells after mitosis and (2) it would prevent further
replication- and transcription-dependent DNA damage. Cell-cycle check-
points activated by Top1 poisons include the S-phase and the G2 check-
points (97), but also activation of the p53/p21 pathways in response to
replication-mediated DNA damage (110). Cell-cycle checkpoints are prob-
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ably also connected to the apoptosis machinery, and it is likely that in the
presence of extensive DNA damage, the same DNA damage sensors and
checkpoints that stop cell-cycle progression and promote DNA repair acti-
vate apoptosis. Thus an exciting and challenging new area of research is the
elucidation of the relationships between sensor proteins, checkpoints, DNA
repair, and apoptosis. Integration of these pathways should enable us to
understand the cellular determinants of cellular response to Top1 poisons.
The next section focuses on some cellular pathways and responses known
to be elicited by Top1 poisons.

6.1. Ubiquitination, Sumoylation, and Proteolysis of Top1
CPT treatment reduces the intracellular content of Top1 in peripheral

blood mononuclear cells and in tissue culture cells (131,132,160). This
reduction has been reported to be DNA replication–independent because it
is not affected by aphidicolin (161). It is, however, abolished by inhibitors
of the 26S proteasome, and ubiquitin–Top1 conjugates have been detected
in cells treated with CPT, suggesting that CPT induces ubiquitin/26S-
proteasome–dependent degradation of Top1, a phenomenon referred to as
Top1 downregulation (132). Ubiquitination can be schematically divided in
three steps: (1) activation: ubiquitin becomes linked to the ubiquitin-acti-
vating enzyme (E1), (2) transfer: ubiquitin is transferred to a conjugating
enzyme (E2), and (3) ligation: a ubiquitin-ligating enzyme (E3) connects
ubiquitin to its target protein (162). The subcellular localization for Top1
ubiquitination and its subsequent degradation seems to be nuclear (160),
which is consistent with the nuclear localization of a fraction of the 26S
proteasome.

Top1 degradation may serve two roles: (1) confer cellular tolerance to
further CPT treatment and (2) take part in a repair pathway of Top1–medi-
ated DNA damage before Tdp1 action (see Section 5.1. and Fig. 6). Top1
degradation appears to be primarily a cellular response to transcription
block rather than replication-mediated DNA lesions (161) and to be specific
for hyperphosphorylated forms of Top1, which are associated with tran-
scription (163). These observations suggest that the collisions between RNA
polymerase complexes and Top1 cleavage complexes (see Fig. 5A) trigger
Top1 ubiquitination and subsequent degradation by the 26S proteasome.

Interestingly, Top1 degradation is cell-type-specific and attenuated in
transformed cells, suggesting that oncogenic transformation is associated
with the resistance of cells to CPT-induced Top1 degradation (164). Studies
performed with patient samples consistently demonstrate that normal pe-
ripheral blood cells downregulate Top1 (165), whereas Top1 protein levels
remain unchanged in leukemic cells (166). Top1 downregulation has been
found to be correlated with CPT resistance in various cell lines in culture,
and prevention of Top1 degradation by the 26S proteasome inhibitor MG132
sensitizes the cells to CPT-induced apoptotic cell death (164). Theses ob-
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servations could, at least in part, explain the synergy observed between CPT
and the phase II trial proteasome inhibitor PS-341 (167) (for review see ref.
168 ).

CPT or its clinically derivative, topotecan, induce also small ubiquitin-
like modifier (SUMO)-1 (also SUMO-2/3) conjugation to Top1 (161,169).
This process (named SUMOylation) takes place early in response to CPT
and appears to be very transient. Human SUMO-1, also named UBL1 (170),
PIC1 (171), GMP1 (172), SMTC3 (173), and sentrin (174) is a 15-kDa
protein with 18% sequence similarity to ubiquitin. SUMOylation mimics
the classical ubiquitination pathway. The first step is activation of SUMO;
the second is transfer of SUMO to the conjugation enzyme; and the last step,
ligation of SUMO to its target protein. SUMOylation employs a distinct set
of E1 and E2 enzymes. UBC9 is the only E2 enzyme identified for SUMO-
1, whereas a dozen of E2 enzymes have been identified for ubiquitin in
yeast. In addition, no E3-type ligases specific for the sumoylation pathway
have been identified (for review see ref. 175).

Top1 SUMOylation shares some characteristics with ubiquitination. Both
reactions are dependent on the formation of Top1 cleavage complexes and
are independent of DNA replication (132,161). However, they differ in the
following ways: (1) SUMOylation is independent of transcription (161), (2)
SUMOylation appears to be specific for dephosphorylated Top1, (3)
SUMOylation is effective in both normal and tumor cells (161), and (4)
SUMOylation has not been linked to protein degradation. The role of
SUMO-1 Top1 conjugation is still not clear. It may competitively inhibit
Top1 ubiquitination and degradation because the same lysine residues are
used for both ubiquination and SUMOylation. By tagging of Top1,
SUMOylation may modulate the Top1 cellular location, function, or activ-
ity (169). The importance of SUMO conjugation to Top1 in CPT cytotox-
icity is not known, and it is not clear whether the increased sensitivity of
yeast defective in UBC9 to CPT is directly related to Top1 or to downstream
cellular response pathways (161).

6.2. The ATM-Mre11/Rad50/NBS1 Double-Strand Break
Repair Pathways

Theataxia telangiectasia modified (ATM) gene product is a central com-
ponent of the S-phase checkpoint pathway (Fig. 9) as AT cells fail to arrest
DNA replication in the presence of DNA damage (“radioresistant DNA
synthesis” phenotype). The mechanism of ATM activation after DNA dam-
age is not yet understood. More specifically, it is not clear whether ATM can
be directly activated by the double-stranded ends of broken DNA or by some
sensor proteins that bind to the DNA ends. Various studies have established
that AT cells are hypersensitive to CPT (135,176) (Table 1). Similarly,
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deficiencies in the ATM ortholog in Chinese hamster cells enhance their
sensitivity to CPT (177,178).

ATM is a protein kinase from the phosphatidyl inositol 3 kinase (PI3
kinase) family whose substrates include several proteins implicated in DNA
repair and cell-cycle checkpoints: p53 (179–181), Chk2 (182), Nbs1 (183–
186), BRCA1 (187), and 53BP1 (188). Checkpoint proteins, including Nbs1,
Mre11, BRCA1, and 53BP1 colocalize in nuclear foci after ionizing irradia-
tion (189) and cooperate in the ionizing radiation-induced S-phase check-
point (190). AT cells are also deficient in activating NF- B after CPT
treatment (191), suggesting that multiple pathways downstream from ATM
are implicated in the cellular response to CPT.

Mutations of the NBS1 gene (mutated in Nijmegen breakage syndrome)
result in an AT-related phenotype with radioresistant DNA synthesis (192).
The NBS1 gene product functions as a heterotrimer with the Mre11 and
Rad50 gene products. This trimeric complex is commonly referred to as the

Fig. 9. Simplified representation of the cell cycle checkpoint pathways impli-
cated in DNA damage response to TOP-I poisoning. Each pathway is shown
with its DNA sensors (9.1.1 heterotrimer at left, MRN heterotrimer in the middle,
and Ku heterodimer at right), its primary kinase (ATM, ATR, and DNA-PKcs),
and two effectors (Chk1 and Chk2). Activation of Chk1 and Chk2 by direct
phosphorylation are believed to be selective for ATR and ATM, respectively.
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MRN complex (193) (Fig. 9), which forms foci at double-strand break sites
(192), probably in association with other proteins including mismatch
repair factors (MSH2, MSH6, MLH1), BRCA1, the Bloom (BLM) pro-
tein, the DNA replication factor C (RFC) and ATM (194,195). These large
protein complexes have been named BASC (BRCA1-associated genome
surveillance complexes) (195,196).

The MRN complex is also a nuclease and could play a direct role in
processing the DNA ends for repair/recombination reactions (197,198).
The link between the MRN complex and the S-phase checkpoint pathway
was recently strengthened by the finding that an AT-like disorder (including
radioresistant DNA synthesis) is caused by mutations in the Mre11 gene
(199). Because the DNA binding of the Mre11 complex does not require
ATM (185,200), it seems plausible that binding of the MRN complex to
DSBs activates and possibly recruits ATM. ATM then phosphorylates NBS1
(183–186) and activates the S-phase checkpoint (183,201). These observa-
tions suggest the existence of a regulatory loop between the MRN complex,
the ATM kinase, and the S-phase checkpoint.

Both AT (135,176) and NBS cells (202,203) are hypersensitive to CPT
(Table 1), indicating the importance of the MRN-ATM pathway for cellular
response to CPT. Furthermore, CPT treatment induces phosphorylation of
NBS1 and BRCA1 (204).

6.3. The Ku/DNA-PK Double-Strand Repair Pathway
CPT-induced replication-mediated double-strand breaks were recently

found to induce phosphorylation of the middle-size subunits of the human
single-strand DNA binding protein (RPA2) by DNA-dependent protein
kinase (DNA-PK) (92). Like ATM, the catalytic subunit of DNA-PK (DNA-
PKcs) belongs to the PI3 kinase family. DNA-PKcs functions with the
heterodimer of Ku proteins (Ku70/80), which bind to the ends of the double-
strand breaks and activate the kinase activity of DNA-PKcs. DNA-PKcs-
deficient (MO-59-J) cells are hypersensitive to CPT (see Table 1) and
defective in DNA synthesis inhibition following CPT treatment (92), sug-
gesting that DNA-PK might regulate the S-phase checkpoint and that RPA2
may be one of the effectors in this pathway. Although the exact roles of
RPA2 phosphorylation remain to be elucidated, RPA2 is essential for sta-
bilizing single-stranded DNA during replication and repair. An intriguing
observation is that the cell cycle checkpoint abrogator UCN-01 inhibits
RPA2 phosphorylation by acting in cells upstream from DNA-PK (92).
Based on the recent findings that UCN-01 inhibits both Chk1 (205,206) and
Chk2, it is possible that “cross-talks” exist between the Chk1/Chk2 and
DNA-PK pathways. Furthermore, “cross-talk” probably exist between the
ATM and DNA-PK pathways since ATM can be directly activated by DNA-
PK (208).
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6.4. The 9.1.1 and ATR Pathways: Implication in the S-Phase
Checkpoint Induced by Top1 Poisons

In fission yeast, a group of six checkpoint proteins, Hus1, Rad1, Rad3,
Rad9, Rad17, and Rad26, are required to block entry into mitosis when
DNA replication is inhibited or in the presence of damaged DNA (for review
see refs. 209 and 210 ). Human homologs of these checkpoint regulators
have been identified, indicating the conservation of the DNA integrity/
checkpoint pathways from yeast to humans.

These factors form multiprotein complexes. The Hus1 protein interacts
with Rad1 and Rad9 (211–213). In human cells, this “9.1.1” complex (214)
interacts with hRad17 (215) and PCNA (the proliferating cell nuclear anti-
gen) (216). hRad17 is homologous to RFC1 (the largest subunit of the
pentameric replication factor C) and Hus1, Rad1 and Rad9 are homologous
to PCNA (216), suggesting mechanistic similarities between the 9.1.1/
Rad17 pathway and components of the normal replicative DNA polymerase
complex (216). Rad17 would be the clamp loader (equivalent of RFC) and
the 9.1.1 complex the sliding clamp for DNA polymerase ( PCNA) (217).
It is therefore assumed that Rad17 and the 9.1.1 complex act as sensors for
DNA damage and that Rad17 loads the 9.1.1 complex onto damaged DNA
at arrested replication forks (210).

Recent observations suggest that the 9.1.1 complex is implicated in the
cellular response to CPT-induced DNA damage. In CPT-treated cells,
hHus1 and hRad1 become hyperphosphorylated, and hRad9 becomes
firmly anchored to nuclear components in association with hHus1 and the
hyperphos phorylated form of hRad1 (218). Hus1 is an essential gene
whose inactivation results in genomic instability and massive apoptosis in
mice (219). p21 inactivation is required for cell viability, and Hus1-/-p21-/-
cells display a unique sensitivity to hydroxyurea and UV, but only slightly
increased sensitivity to ionizing radiation (219).

ATR (Ataxia Telangiectasia and Rad 3-related) is also believed to func-
tion in this S-phase checkpoint pathway probably in connection with the
9.1.1 complex (for review see ref. 210). ATR is with ATM and DNA-PK,
a member of the PI3 kinase family. ATR binds to and is activated by dam-
aged DNA and phosphorylates similar substrates as ATM. ATR function in
close physical and functional association with ATRIP (the ATR Interacting
Protein, which is the homolog of the yeast checkpoint gene Rad26) (220).
Although the three PI3 kinase pathways (ATM, ATR, DNA-PK) exhibit
some degree of redundancy, it is presently believed that the ATM and DNA-
PK pathways are primarily activated by DNA double-strand breaks (in-
duced for instance by ionizing radiation) whereas the ATR pathway is
activated by replication-mediated DNA damage and damaged replication
forks (as in the case of UV, hydroxyurea, and Top1 poisons). The ATM and
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ATR pathways are also believed to have some differential specificity with
respect to their effector substrates: ATM preferentially activates Chk2,
whereas ATR preferentially activates Chk1 (210). Recent studies demon-
strate that in ATR-kinase dominant-negative cells (ATR-kinase dead; ATR/
kd) (221), phosphorylation of Chk1 in response to Top1 poisons is not
observed, and both S- and G2 checkpoints are abrogated (222). Further-
more, these ATR-deficient cells are hypersensitive to topotecan (222)
(Table 1), which implicates ATR in the cellular response and S-phase
checkpoint activation in cells treated with Top1 poisons.

The ATR and 9.1.1 pathways are probably connected because in fission
yeast, Rad1, Hus1, and Rad9 are essential for Chk1 activation (223–225),
and in human cells, the ATR-associated protein (ATRIP) is required for
phosphorylation of hRad17 in response to DNA damage (220).

6.5. The RecQ Pathway:
Bloom and Werner Syndrome Pathways

The RecQ pathway has recently been proposed to be important for: (1)
unwinding replicating DNA (226) possibly in association with Top3 (227),
(2) faithful chromosome segregation during anaphase (228), (3) for meiotic
recombinations in association with Top3 (229), (4) for resolving stalled
replication forks (230), and (5) for restarting replication forks after their
collapse (231,232) (Fig. 7).

The pathway is highly conserved. It is named after the E. Coli homolog,
RecQ. In budding yeast, a sole gene encodes the RecQ homolog, SGS1
(slow growth suppressor 1), whose mutant allele was identified as a suppres-
sor of the slow growth phenotype of Top3 mutants (229). The SGS1 mutants
show hyper-recombination and defects in chromosome segregation (233).
Sgs1 interacts with both Top2 and Top3 (233–235). In humans, BLM and
WRN (genes defective in Bloom and Werner syndrome, respectively) are
two homologs of SGS1. Although BLM, WRN and SGS1 are similar in
length, and sgs1 mutant can be partially rescued by BLM and WRN (236),
these three gene products share little homology outside their helicase
domain (234). Also, by contrast to BLM cells, WRN cells do not show
increased sister chromatin exchanges.

Both WRN (237–239), and BLM (240) knockout cells are hypersensitive
to CPT (Table 1). Further implication of WRN in Top1 poisoning was
recently published (241). WRN was found to form distinct nuclear foci in
response to CPT and other DNA damaging agents, including etoposide, 4-
nitroquinolin-N- oxide and bleomycin. Aphidicolin inhibited CPT-induced
WRN foci strongly but not bleomycin-induced foci, indicating that WRN
forms foci at replication-mediated DNA double-strand breaks. These WRN
foci were colocalized with RPA foci almost entirely and with Rad51 foci
partially, implicating cooperative functions of these proteins in response to
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DNA damage. WRN foci partially colocalized with sites of 5-bromo-2'-
deoxy-uridine incorporation, suggesting that WRN form nuclear foci in
response to aberrant DNA structures, including DNA double-strand breaks
and stalled replication forks and that WRN takes part in the homologous
recombination repair and in the processing of stalled replication forks (241)
(see Fig. 7).

As for the other pathways, it is likely that cross-talks exist between the
RecQ and the ATR/ATM pathways. BLM was recently shown to be phos-
phorylated by ATR and to be required for correct relocalization of MRN
complexes in the presence of stalled replication forks (242). WRN binds to
Ku70/80, which stimulates its exonuclease activity (243,244). Taken together,
these observations suggest that, when replication is impaired byCPT-induced
DNA damage, WRN prevents the illegitimate recombination and promotes
DNA-repair by non-homologous end joining (NHEJ) by the Ku/DNA-PK
pathway (240).

6.6. The Chromatin Remodeling Pathways
(CSA/CSB/ -H2AX)

Evidence for chromatin changes and histone modifications in DNA repair
is emerging. CPT induces chromatin structural reorganization, which involves
disassembly of a group of nucleosomes without loss of histone, resulting in
DNA relaxation (117,245).

Cockayne syndrome B (CSB) recombinant protein has been shown to act
as a chromatin remodeling factor (246). It is also known that Cockayne
syndrome cells are hypersensitive to CPT (Table 1) and accumulate abnor-
mally high levels of double strand breaks (DSBs) in nascent DNA (109).

Recent studies demonstrated that one of the histones, histone H2AX is
rapidly phosphorylated in response to DNA double-strand breaks (247).
Phosphorylated H2AX is referred to -H2AX. This phosphorylation could
alter chromatin structure to allow access and action for DNA repair factors.
-H2AX may also function in checkpoint function in association with other

proteins that colocalize in nuclear foci, such as the MRN complex, BRCA1,
and BLM (247). Studies from our group indicates that -H2AX is formed in
cells treated with CPT, and that H2AX mutation that prevents the formation
of -H2AX increase the cellular sensitivity to CPT (248). Because the kinases
that induce -H2AX formation are related to the PI3 kinases, -H2AX forma-
tion might link the ATM, ATR, and DNA-PK pathways in mammalian cells.

53BP1 also forms nuclear foci within 1 hour after CPT treatment (188).
53BP1 was identified as a p53-binding protein in yeast two-hybrid systems.
It contains a tandem of BRCT motifs in its C-terminus, and its function has
not yet been elucidated. 53BP1 is rapidly phosphorylated by ATM (although
may be not exclusively) after ionizing radiations and colocalizes with -H2AX
(188), suggesting that 53BP1 is implicated in DNA strand break repair and
possibly checkpoints.
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6.7. Other Pathways: p53 and Fanconi Anemia Pathways
Although p53 levels are induced following CPT treatment, p53 deficien-

cies in tumor cells in culture do not translate in hypersensitivity to CPT
(249). However, transfection of E6 papilloma virus ubiquitin ligase, which
degrades p53 increase the CPT sensitivity both in colon and breast human
carcinoma cells (250). p53 elevation is replication-dependent (110), which
is consistent with a DNA damage response. By contrast to ionizing radia-
tion, p53 elevation is preserved in AT cells treated with CPT or the top2
inhibitor, etoposide (251), indicating that p53 elevation in response to CPT
is independent of ATM. Because of the diversity of the p53 responses,
which can either induce apoptosis or cell cycle arrest or enhance DNA
repair, the outcome of p53 deficiencies is probably dependent upon the
cellular context.

The sensitivity of Fanconi anemia cells to CPT is controversial. Saito and
coworkers found that Fanconi anemia cells are hypersensitive to CPT,
whereas their Top1 gene is normal (252). By contrast, two independent
studies found no difference in sensitivity to CPT (253,254). This apparent
discrepancy might be result of the fact that Fanconi anemia cells have eight
complementation groups and that the cell lines used in the previously cited
studies belonged to different complementation groups (255).

7. APOPTOTIC RESPONSE TO TOP1 POISONING:
BALANCE BETWEEN CELL DEATH AND SURVIVAL

As with other DNA damaging agents, Top1 poisons are efficient inducers
of apoptosis. This effect is both cell type– and dose-dependent, suggesting
that the same types of lesions can activate different pathways. In this sec-
tion, we will focus on the potential connections between Top1–mediated
DNA damage and the apoptotic pathway. A working hypothesis is that the
same sensors that are implicated in cell-cycle checkpoint response initiate
the apoptotic cascade. Rad9, a member of the 9.1.1 complex (see Section
6.4.), has recently been shown to bind to and block the activity of the
antiapoptotic proteins Bcl-2 and Bcl-xL (256,257). Several observations
suggest that the nonreceptor tyrosine kinase c-abl could be one of the
upstream signals that control the differential activity of Rad9 (checkpoint
or apoptosis): (1) c-abl is activated in response to DNA damage (258), and
the Ku/DNA-PK complex (208,259) and the ATM gene product (260,261)
have been implicated in its activation and (2) c-abl phosphorylates Rad9 and
increases its ability to interact with Bcl-xL (262). In addition, the finding
that c-abl also phosphorylates the Rad51 protein and modulates its activity
has supported a role for c-abl in coordinating DNA repair with the induction
of apoptosis (263,264). Whether apoptosis induced by Top1 poisons is also,
at least in part, dependent for c-abl activation and implicates some of the cell
cycle checkpoint proteins remains to be determined.
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1. INTRODUCTION

Eukaryotic DNA topoisomerase 1 (Top1) is a highly conserved enzyme
that catalyzes changes in the linkage of DNA strands (reviewed in refs.1–
3). Such changes in DNA topology are important during cellular processes
involving DNA, including DNA replication, recombination, transcrip-
tion, and chromosome condensation (1–3). The monomeric Top1 enzyme,
encoded by the Top1 gene, binds to duplex DNA and catalyzes the transient
cleavage and relegation of a single DNA strand. This is achieved by the
nucleophilic attack of the active site tyrosine on a DNA phosphodiester
bond to generate a phosphotyrosyl linkage between the enzyme and the 3'-
end of the nicked DNA. The formation of this enzyme-linked nick allows
for the rotation of the noncovalently held DNA end around phosphodiester
bonds in the nonscissile strand to effect changes in DNA linking number. In



110 van Waardenburg and Bjornsti

a second transesterification reaction, the 5'OH DNA end attacks the
phosphotyrosyl bond to restore the phosphodiester backbone bond and lib-
erate the enzyme. The formation of a covalent Top1p-DNA complex is the
hallmark of topoisomerase-catalyzed reactions and acts to conserve the
energy of the cleaved DNA bond such that the concerted nicking and relega-
tion of DNA stands does not require an exogenous energy source, such as
adenosine triphosphate (ATP). The type IB enzymes, such as eukaryotic
Top1, are distinct from type IA and type II enzymes in the formation of a 3'-
phosphotyrosyl bond. Recent structural insights suggest mechanistic simi-
larities between type IB enzymes and tyrosine recombinases, such as Cre
and Int, which also form a covalent linkage with a 3'-phosphoryl DNA end
(4,5).

2. TOP1 POISONS

Several cancer chemotherapeutics interfere with the catalytic cycle of
DNA Top1 and reversibly stabilize the covalent Top1-DNA intermediate
(reviewed in refs. 6–8). Camptothecin (CPT) is a plant alkaloid identified
in a screen for natural products with antitumor activity initiated by the
National Cancer Institute in the 1960s (9). Subsequent studies determined
that the cytotoxic activity of this novel agent derived from its ability to
reversibly inhibit the resolution of the covalent Top1–DNA complex. Al-
though the levels of ternary CPT–Top1–DNA complexes are relatively
constant throughout the cell cycle, at pharmacologically achievable drug
concentrations, CPT-induced toxicity is highly S-phase–dependent (10).
Numerous studies indicate irreversible DNA lesions are formed after the
collision of advancing replication forks with these drug-enzyme–DNA com-
plexes leading to cell cycle arrest and ultimately cell death (6,7,10).

The camptothecin analogs, topotecan and the pro-drug CPT-11 (irino-
tecan), have significant activity against adult and pediatric solid tumors
(reviewed in [9,11,12]). Additional analogs, DX 8951f, DRF-1042, and
several liposomal formulations, are in Phase I/II trials. In addition, there has
been considerable interest in the development of structurally distinct Top1
poisons as chemotherapeutic agents. For example, indolocarbazole deriva-
tives, such as NB-506 (13), are being evaluated in clinical trials, whereas
other compounds, such as triazachrysenes (14), are the subjects of preclini-
cal investigation. Although Top1 has emerged as an important cellular tar-
get for drug development, significant questions remain concerning the
cytotoxic mechanism of novel Top1 poisons and whether the enzyme con-
stitutes the cellular target of these agents. As detailed in the following sec-
tion, the use of model systems and isogenic cell lines have provided
compelling data supporting Top1 as the relevant cellular target of the CPTs
(7,8,15,16). Recent studies also indicate the cytotoxic activity of the
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indolocarbazole derivative, rebeccamycin R-3, is a direct consequence of
Top1 poisoning and requires Top1 transesterification catalytic activity (17).
This is in contrast to another indolocarbazole, NB-506, which appears to
have cytotoxic activities in addition to Top1 poisoning (18). Whether this
is a consequence of specific alterations in indolocarbazole substituents or
interactions with Top1–DNA complexes has yet to be resolved. Neverthe-
less, these studies highlight the utility of model systems in clarifying the
mechanism of drug action.

3. YEAST AS A MODEL SYSTEM

In Drosophila and mouse models, the TOP1 gene is essential during early
embryonic development (19,20). Consequently, it has not been possible to
develop isogenic, untransformed cell lines that are homozygous TOP1+/+ or
TOP1-/- to investigate the cytotoxic mechanism of drugs that target Top1. In
contrast, the TOP1 gene is nonessential in the budding yeast Saccharomy-
ces cerevisiae (21).Yeast cells deleted for TOP1 (top1 ) are viable be-
cause of the presence of other cellular functions that compensate for the
loss of Top1 activity (22). For example, DNA topoisomerase II can maintain
the viability of top1 yeast cells (21). However, because this type II enzyme
is not sensitive to CPT, the use of isogenic TOP1 and top1? strains have been
used to demonstrate the selective cytotoxicity of this Top1 poison (23–25).

The yeast system has been extensively used to investigate complex bio-
logical processes that have proven intractable in higher eukaryotes (for
reviews see refs. 15,26–32). The well-developed genetics and extensive
literature regarding specific gene functions provide a rich resource for inves-
tigations of drug action at the cellular level. For example, mitotically stable
plasmids are available that can be stably maintained in low (ARS/CEN
vectors) or high copy number (2 μm-based vectors) (33,34). These shuttle
vectors contain selectable markers to ensure their continued maintenance in
yeast cells and sequences necessary for amplification in bacteria. This is
complemented by a series of well-characterized constitutive or inducible
promoters for gene expression. The yeast TOP1 promoter (termed Sc) is a
relatively weak promoter expressed constitutively throughout the cell cycle,
whereas pGPD is a strong constitutive promoter. In contrast, the pGAL1
promoter is repressed in media containing dextrose, but induced to express
at high levels in the presence of galactose.

Another advantage of yeast derives from the relatively high frequency of
homologous recombination, in comparison with other eukaryotic cell sys-
tems (35). This coupled with extensively annotated, public genome sequence
database (such as the Saccharomyces Genome Database [SGD] and the YPD
[36,37]), allows for polymerase chain reaction–based, one-step gene dis-
ruptions or DNA insertions to any site within the genome.
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The derivation of heterothallic haploid strains of opposite mating type
also simplifies the construction of isogenic haploid strains with which to
investigate the phenotypic consequences of genetic alterations and identify
cellular processes that modulate drug sensitivity. After sporulation of dip-
loid cells, the meiotic haploid products can be dissected, recovered, and
screened for the appropriate combination of genetic markers (38). Thus it is
possible to screen mutagenized yeast cells for a specific phenotype (such as
CPT resistance), backcross the individual mutant strains to define single-
gene defects, and isolate the corresponding wild-type allele by complemen-
tation of the mutant phenotype after transformation with a plasmid-based
genomic DNA library (15,39–41). The scarcity and limited size of introns
within the yeast genome allows for the direct isolation of complementary
gene sequences from DNA libraries where the entire genome is equally
represented, rather than relying on cDNA libraries that are skewed toward
expressed gene sequences.

top1 yeast cells are resistant to CPT. However, the introduction of
plasmid-encoded yeast TOP1 or human TOP1 cDNA sequences was suffi-
cient to restore cell sensitivity to CPT (23–25). Moreover, drug-induced
cytotoxicity required the expression of a catalytically active enzyme, because
mutation of the active site tyrosine to phenylalanine abrogated enzyme cataly-
sis and CPT sensitivity (42). These data established Top1 as the cellular
target of CPT and its analogs and further indicate that cell killing results
from the conversion of a nonessential enzyme into cellular poison via the
stabilization of the covalent Top1–DNA intermediate.

A potential drawback of this system is the relative impermeability of
yeast cells to a wide range of drugs, in part because of the expression of
transporter families such as the ATP binding cassette (ABC) transporters
and major facilitator superfamily of transporters (43,44). Yeast cell perme-
ability to select agents can be enhanced by deletion of the ERG6 gene, which
alters lipid membrane composition, and, consequently, drug uptake/efflux
or by deletion of the Pdr1p and Pdr3p transcriptional regulators of the pleio-
tropic drug resistance pathway that includes ABC transporters (41,45,46).
An alternative approach is to overexpress Top1, at levels tolerated by repair
proficient yeast strains, to increase the intracellular concentration of the
drug target (42,47). A third option is to use repair defective strains, with the
implicit assumption that the specific repair pathway deleted plays a critical
role in protecting cells from drug-induced DNA lesions (25). In the event
that the cytotoxic mechanism of a given agent is unknown, a survey of
isogenic strains defective in specific repair pathways may provide impor-
tant mechanistic insights into drug action. One example is the enhanced
sensitivity of rad52 strains to CPT (23,25). Although Top1 is the cellular
target of CPT, homologous recombination is clearly required for the repair
of DNA lesion(s) induced by Top1 poisoning. Similar results have recently
been obtained with the indolocarbazole, rebeccamycin R-3 (17).
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As detailed in the following section, the yeast system can also be
exploited to investigate the effects of specific amino acid substitutions
on Top1 catalysis and drug sensitivity and to define the cellular processes
that function in the formation, recognition, and repair of DNA damage
induced by Top1 poisons.

4. top1 MUTANTS

The crystal structures of a catalytically active 70-kDa fragment of human
DNA Top1 in noncovalent and covalent complexes with DNA have been
reported (48–50). Similar to other topoisomerases, the type IB enzyme forms
a protein clamp that completely circumscribes the duplex DNA substrate.
Opposing “lip” domains interact with each other and the DNA to effect
clamp closure. The tight packing of DNA within these structures suggests
dramatic domainal movements are necessary to effect DNA binding and
possibly to allow strand rotation after DNA cleavage. Indeed, this question
has recently been addressed in studies in which different lip domain residues
were substituted by cysteines to induce the formation of a disulfide crosslink
to lock the Top1 protein clamp (51,52), with distinct effects on DNA rota-
tion. Because the crosslinks were formed at different positions within the
Top1-clamp, it appears that rather subtle changes in protein architecture can
have profoundly distinct effects on enzyme catalysis. However, expression
of the catalytically inactive Top1Y723F-clamp sufficed to induce cell death
in yeast strains engineered to express elevated levels of oxidized glutathione
(52). This suggests a novel mechanism of Top1 poisoning reminiscent of
ICRF-187 poisoning of DNA topoisomerase II (53,54).

The core domains that constitute the clamp and comprise the active site
of the enzyme are highly conserved at the amino acid level between yeast
and human Top1 (1–3). The N-terminal domains, for which no structural
information is available, are quite divergent in sequence, yet exhibit a simi-
lar content of basic residues. In both cases, the N-terminal domain is dis-
pensable for catalytic activity (55,56), although recent studies suggest
N-terminal residues modulate DNA binding and may suppress enzyme-
mediated DNA strand transfers (57,58). The linker regions that connect the
protein clamp with the active site tyrosine domain also exhibit significant
differences in length and sequence, yet are predicted to form two extended
alpha helices.

Amino acid substitutions known to affect Top1 sensitivity to CPT are
mostly clustered along one face of the enzyme that makes contact with the
DNA (48,49). The structure of the enzyme-DNA intermediate complexed
with the CPT analog topotecan was recently reported (59). The structure
confirms an intercalative mode of drug binding with additional contacts
formed with specific enzyme residues or mediated through water molecules.
Within the active site of the enzyme, remarkably few residues make direct
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contacts with the DNA. However, these structures highlight the dramatic
alterations in linker domain flexibility that accompanies drug binding
(60). This is consistent with recent studies of a human Top1 mutant in
which alterations in linker domain flexibility reduced enzyme sensitivity
to CPT (61).

As top1 yeast strains are viable and CPT resistant, the effects of specific
amino acid substitutions on enzyme catalysis, cell viability, and drug sen-
sitivity can be assessed in the absence of endogenous wild-type Top1. Al-
though Top1 mutations have been identified in yeast and in mammalian cell
lines selected for CPT resistance (for example, see refs. 18,42,47,61–71),
Top1 mutations have not emerged as a mechanism of CPT resistance in
clinical samples. Nevertheless, the analysis of Top1 mutant activities has
provided important information regarding enzyme mechanism and how
interfering with Top1 catalysis can induce cytotoxic lesions.

In our studies, some of which are summarized in Table 1, specific resi-
dues in yeast or human Top1 were mutated in pGAL1-promoted vectors, and
the vectors were transformed into repair proficient top1 strains (17,42,47,
66,67,69,72). Individual transformants were grown in dextrose-containing
media (to suppress pGAL1 expression) and then induced to express the
mutant top1 allele with galactose. Using this approach, we have defined
several mutations around the active site tyrosine in yeast and human Top1
that abolish the catalytic activity of the enzyme (yeast Top1Y727F, human
Top1Y723F) or that render the enzyme CPT resistant without demonstrable
changes in enzyme specific activity (yeast and human Top1vac, yeast
Top1N726S, human Top1N722S proteins). The Asn722 to Ser substitution
was previously selected in a drug-treated human cell line (71). Additional
mutations produce alterations in enzyme activity and CPT sensitivity, such
as the yeast Top1N726D and TopN726L mutant enzymes. More surprising
was the identification of single amino acid substitutions that alter the stabil-
ity of the covalent enzyme-DNA intermediate and are able to induce cell
lethality in the absence of CPT (66,69,72). These include yeast Top1T722A,
yeast Top1N726H, and yeast Top1N726D. Analogous substitutions of the
conserved Thr718 and Asn722 residues in human Top1 produce similar
alterations in enzyme catalysis (17,67).

One remarkable aspect of this work is the finding that single residue
changes can have such dramatic and diverse effects on Top1 enzymology,
DNA binding, and drug sensitivity. For example, substituents of the con-
served Asn residue immediately N-terminal to the active site Tyr produce
distinct mechanism of Top1 poisoning that result from specific alterations
in the DNA cleavage-relegation equilibrium. Relative to wild-type Top1,
the Top1N726H mutant enzyme exhibits an enhanced rate of DNA cleavage
in assays using suicide DNA substrates, with little change in specific activ-
ity (69). In contrast, the introduction of an Asp residue at this position (in
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Top1N726D) reduces the affinity of the enzyme for DNA. On formation of
the covalent complex, the defect in DNA binding becomes localized to the
noncovalently held 5' end of the cleaved DNA (69), which adversely affects
DNA relegation. Both of these alterations in enzyme catalysis are distinct
from the action of CPT, which specifically inhibits DNA relegation with no
detectable effects on DNA binding. A similar mechanism of Top1 poison-
ing is also evident in the Top1T722A mutant enzyme, where substitution of
Ala for the conserved Th722 residue appears to mimic CPT by reducing the
rate of DNA relegation, without affecting DNA binding or cleavage in vitro
(66,72) (Colley WC, van der Merwe M, Vance JR, Burgin A, Bjornsti MA,
unpublished results).

Because each of these “self-poisoning” Top1 mutant enzymes appears to
directly or indirectly increase the stability of the covalent complex, the
prediction would be that they also induce similar DNA lesions as CPT
during S-phase and have similar effects on cell cycle progression, check-

Table 1
DNA Topoisomerase 1 Mutants

Camptothecin Cell
TOP1 allele Active site residues sensitivity viability Reference

TOP1 Thr Ser Lys Ile  Asn Tyr727yeast 24,39,
Leu 723human 42,72a

top1T-A Ala S Lethal 66,67,72
top1vac ArgAla CPTR — 42,47,72a
top1N-H His S Lethal 17,69
top1N-S Ser CPTR — 17,69,72a
top1Y-F Phe CPTR — 42,69,72a
top1N726D Asp CPTR Lethal 17,69
top1N726L Leu CPTR — 42,72a

Wild-type and mutant top1 alleles are listed on the left. The wild-type Top1 sequence is
shown at the top, with the single or double amino acid changes listed below the wild-type
residue. The active site of yeast Top1 is Tyr727 and human Top1 is Tyr 723. in the case of
mutations engineered into yeast and human Top1, the specific residue numbers are deleted in
the allele designation. Alterations in Top1N726Dp andTop1N726L mutant enzyme activity
and cell viability are described for yeast top1 mutants only. Enzyme sensitivity to camptothecin
(CPT) was assesses in DNA cleavage assays with purified proteins. S indicates comparable
levels of CPT-stabilizes enzyme-DNA complexes to that obtained with the respective wild-
type enzyme, whereas CPTR indicates diminished mutant top1-DNA complex formation.
Mutant enzyme-induced cell lethality in the absence of CPT was assayed in top1 cells
transformed with an ARS/CEN vector expressing the indicates yeast or human top1 allele from
the pGAL promoter in galactose-containing media. Viability was scored by the number of cells
forming colonies. —, no effect on cell number.
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point activation, and cell death. Indeed, overexpression of either yeast
Top1T722A or the analogous human mutant, Top1T718Ap, in top1 yeast
cells induces a terminal phenotype indistinguishable from CPT-treated cells
expressing wild-type Top1 (67,72). Low levels of Top1T722A expression
also induces hyperrecombination among the tandemly repeated rDNA se-
quences, as do sublethal concentrations of CPT (72). Ectopic expression of
yeast Top1T722A in COS cells also induces apoptosis, consistent with the
cytotoxic mechanism of CPT (73). Thus the in vivo and biochemical char-
acterizations of Top1T722A activity indicate this mutant enzyme acts as a
CPT mimetic.

The Top1N726H and Top1N726D mutant enzymes also induce similar
terminal phenotypes in yeast (69); however, isogenic mutant yeast strains
that exhibit enhanced sensitivity to CPT and Top1T722A do not necessarily
exhibit similar responses to Top1N726H (Colley WC, van der Merwe M,
Bjornsti M-A, unpublished results). These data suggest that distinct alter-
ations in Top1 catalysis may induce different patterns of DNA lesions and,
consequently, cellular responses. Additional support for this model comes
from more recent experiments with the double Top1T722A,N726H mutant
enzyme. Here, the combination of the two mutations in a single enzyme
potentiates the cytotoxic activity of the mutant protein to yield greater than
additive cell kill (Colley WC, van der Merwe M, Bjornsti M-A, unpublished
results). These data further suggest that both mechanisms of Top1 poisoning
can occur in the context of a single molecule, which raises the intriguing
possibility that structurally diverse Top1 poisons can be used in combina-
tion therapy to achieve enhanced antitumor activity.

These mutants also provide valuable reagents with which to investigate
structural aspects of drug-enzyme interactions, particularly with regard to
non-CPT Top1p poisons. For example, although the mutant enzymes sum-
marized in Table 1 exhibit varying levels of sensitivity and resistance to
CPT, they all exhibit enhanced covalent complex stability in the presence
of the rebeccamycin indolocarbazole, R-3, in DNA cleavage assays (17). In
particular, the yeast Top1N726S mutant enzyme, which is resistant to CPT
in DNA cleavage assays and in yeast cells, is hypersensitive to rebeccamycin
R-3, both in vitro and in vivo. These data suggest that structural features of
the Top1 active site necessary for effective CPT binding are distinct from
those required for the productive interaction of rebeccamycin R-3. Whether
this translates into enhanced antitumor activity when both agents are used
in combination therapy has yet to be determined.

5. CELLULAR RESPONSES TO TOP1 POISONS

Numerous studies have established that Top1 poisoning by CPTs is re-
quired for the cytotoxic action of this class of chemotherapeutics. However,
other factors can modulate cellular responses to Top1 poisons by affecting
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the levels of CPT-induced DNA damage, the recognition or repair of Top1-
DNA lesions, or cell cycle progression in the presence of such DNA damage
(6–8,10,41). For example, homologous recombination appears to be required
for the effective repair of Top1–DNA lesions, as yeast strains defective for
the recombinational repair of DNA breaks, because of the deletion of the
RAD52 gene, are hypersensitive to CPT (23–25). DNA damage checkpoints
also modulate cell survival after Top1 poisoning, because yeast cells deleted
for the RAD9 DNA damage checkpoint exhibit enhanced cell killing in
response to CPT (in the presence of wild-type Top1) or expression of the
self-poisoning Top1T722A mutant enzyme (46,67,72). Yet, in contrast to
rather extensive investigations of drug effects on Top1 catalysis, considerably
less is known about the specific cellular processes involved in the formation
and repair of drug-induced Top1–DNA lesions.

Because the phenotypic consequences of CPT action are faithfully reit-
erated in yeast, we have developed several genetic screens to identify gene
products, other than Top1, that influence cell sensitivity to CPT (15). Ini-
tially, top1 cells expressing wild-type TOP1 from a plasmid-borne GAL1
promoter were mutagenized and screened for CPT resistance on galactose-
containing media (39). To eliminate vector-based top1 mutants and trivial
mutations affecting GAL1 promoter function, the resistant colonies were
cured of the original vector and rescreened for CPT resistance with a plas-
mid that constitutively expresses TOP1. This approach identified several
dominant mutations that mapped to the PDR1 gene, which encodes a
transcription factor that regulates the expression of a large family of ABC
transporters in the pleiotropic drug resistance network (45). These mem-
brane- spanning proteins can transport a wide variety of small molecules
through plasma membranes, and their increased expression has been linked
with cellular drug resistance (43,44). Subsequent genetic analyses of the
PDR1 dominant mutants revealed that the greater than 1000-fold resistance
to CPT resulted primarily from the increased expression of the Snq2 trans-
porter (45). Even at physiological levels, this transporter conferred some
protection against CPT-induced lethality. However, because ABC trans-
porters are rather promiscuous in terms of substrate specificity, overex-
pression of the closely related Pdr5 transporter also induced a CPT-resistant
phenotype (45).

At the time of these studies, ABC transporters had not been shown to play
a significant role in human cell resistance to CPTs. Consequently, we pos-
ited that similar, as yet unidentified ABC transporters would affect CPT
analog efflux from human cells (45). This prediction was borne out by
the identification of a new ABC transporter, BCRP, in ovarian cell lines
selected for resistance to topotecan or mitoxantrone and in multidrug-resis-
tant MCF-7/AdrVp cells (74,75). BCRP is a half transporter, similar to the
Drosophila white and brown transporters and the yeast Snq2 and Pdr5 trans-
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porters, that effectively effluxes the CPT analogs, TPT, and CPT-11
(16,75,76).

Although mechanisms of drug uptake and efflux are important, these
initial yeast screens failed to reveal downstream events occurring after sta-
bilization of the covalent complex. Moreover, upregulation of drug efflux
pathways would obfuscate the analysis of any alterations in these processes.
To circumvent issues of drug transport, a genetic screen was designed to
identify conditional mutants that exhibit enhanced sensitivity to the self-
poisoning Top1T722A mutant enzyme at the nonpermissive temperature of
35°C (8,40). Constitutive low levels of this mutant enzyme mimicked sub-
lethal doses of CPT. In repair-proficient, checkpoint-competent yeast
strains, sufficient DNA damage was induced to elicit a hyperrecombination
phenotype with little effect on overall cell survival (8,40). In contrast, yeast
cells defective for homologous recombination (rad52 strains) or the RAD9
DNA damage checkpoint (rad9 strains) were unable to tolerate even low
levels of the Top1T722A enzyme.

Using this approach, yeast mutants were isolated that exhibited tempera-
ture sensitive lethality in the presence of Top1T722A. Further characteriza-
tion of these tah mutants (for top1T722A hypersensitive) identified nine
TAH genes that normally function to protect cells from Top1–induced DNA
damage (8,40). The tah mutants were viable at 26°C, yet exhibited a greater
than 3-log drop in cell viability at 35°C in the presence of Top1T722Ap.
Isogenic tah mutant strains also demonstrated similar patterns of tempera-
ture sensitivity to CPT, when expressing wild-type Top1, and to DNA rep-
lication inhibition by hydroxyurea, in the absence of Top1. The tah mutants
exhibited varying levels of sensitivity to other DNA damaging agents such
as methylmethane sulfonate (MMS) and ultraviolet light. Nevertheless, the
pattern of tah mutant hypersensitivity to Top1T722A, CPT and hydrox-
yurea at 35°C and the terminal phenotypes observed under these conditions
were consistent with S-phase induced lethality.

Complementation of the tah mutant phenotypes with a single-copy vec-
tor-based yeast genomic DNA library identified the wild-type TAH alleles.
Despite a common cytotoxic response to CPT or the self-poisoning
Top1T722A mutant enzyme, the TAH genes represent an extremely diverse
group of cellular processes (8,40). These include DNA replication (TAH11,
CDC45, DPB11), ubiquitin-mediated proteolysis (DOA4), Smt3 (SUMO)-
conjugation (UBC9), transcription (TAF47), cortical actin organization
(SLA1, SLA2), and a gene of unknown function (TAH18). Although the
mechanism by which each of these gene products protects cells from Top1–
induced DNA damage is the subject of ongoing experimentation, the results
of several studies have begun to reveal the involvement of common path-
ways.
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Cdc45 is required for initiation of chromosomal DNA replication and
functions to recruit DNA polymerase (77,78). Dpb11 also has an essential
function in DNA replication (79). It physically interacts with DNA poly-
merase and is required for the S-phase checkpoint. The cdc45-10 and
dpb11-10 mutant alleles identified in the tah screen retain sufficient func-
tion to remain viable at 35°C in the absence of DNA damage, yet, both single
mutants exhibit a slight delay in early S-phase that corresponds with a
transient accumulation of Okazaki-sized DNA fragments (40). In contrast,
the double cdc45-10, dpb11-10 mutant is inviable at 35°C, even in the
absence of a DNA damaging agent (40). This synthetic lethal phenotype
indicates the proteins share a common essential function. The persistent
accumulation of Okazaki-sized DNA fragments in the double mutant and
the rapid drop in cell viability that accompanies cell-cycle transit through
S-phase suggests a defect in processive DNA synthesis. In the presence of
Top1T722A, the accumulation of Okazaki fragments behind the replication
fork may preclude the effective repair of DNA lesions produced by the
collision of the advancing replication fork with the Top1T722A-DNA com-
plexes. A similar cytotoxic mechanism would apply to CPT–Top1–DNA
complexes. In both cases, the stability of the replication fork and the integ-
rity of the newly replicated strands may be required for the effective repair
of the Top1p-DNA lesions (see ref. 80 for discussion of repair and DNA
synthesis).

More recent studies with two additional tah mutant strains, doa4-10, and
sla1-10, indicate a synthetic lethal interaction of these mutants at the
nonpermissive temperature in the absence of Top1 poisoning (81). The
nonessential DOA4 gene encodes a C-terminal ubiquitin hydrolase that
associates with the 26S proteasome and recycles ubiquitin from proteins
targeted for proteolytic degradation (82,83). Although Doa4 is not required
for cell viability, the resultant decrease in free ubiquitin pools induces a
wide range of conditional phenotypes. SLA1 is also not essential for cell
viability, yet plays an important role in the reorganization of cortical actin
patches during the cell cycle (84). Results obtained with single and double
doa4-10/sla1-10 mutants reveal a genetic interaction between the organiza-
tion of the actin cytoskeleton, ubiquitin-mediated proteolysis, and cellular
responses to Top1 poisons. In particular, the actin cytoskeletal defects in
doa4-10 or sla1-10 cells arrested in late S-phase, in response to Top1–DNA
lesions, render the cells extremely fragile and prone to cell lysis (81). This
is also evident in the double doa4-10, sla1-10 mutants at high temperature
in the absence of DNA damage. In the case of doa4-10, a specific defect in
RAD9 DNA damage checkpoint responses also appear to contribute to the
enhanced sensitivity of these cells to Top1-T722A.

The characterization of extragenic mutations that complement doa4-10
mutant cell sensitivity to Top1T722A-induced DNA damage will define the
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specific cellular functions that are altered by the loss of Doa4 function and
that normally protect cells from Top1 poisons. Similar genetic analyses of
extragenic suppressors of other tah mutant are also under way. A comple-
mentary approach is to identify gene products that complement specific tah
mutant phenotypes when overexpressed from a high-copy vector. The char-
acterization of these high-copy suppressors, in conjunction with the related
analysis of extragenic mutations that also restore tah mutant cell resistance
to Top1 poisons, will continue to define the pathways required for the rec-
ognition and repair of the DNA lesions induced by CPT. The function of
related human TAH genes in modulating untransformed and transformed
cell sensitivity to CPT analogs is also being addressed using siRNA tech-
nology. These combined approaches will determine the extent to which
mechanisms of CPT-induced cytotoxicity are conserved from yeast to hu-
man.

Additional efforts are under way to investigate the novel mechanism of
human Top1Y723F–clamp-induced lethality (52). The lack of an S-phase
terminal phenotype suggests the formation of replication-independent cyto-
toxic lesions, which may also be exploited in the development of non-
camptothecin Top1 poisons.
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1. INTRODUCTION

Type I and II DNA topoisomerases are the targets for numerous clinically
efficacious antitumor agents. Over the last decade, considerable effort has
been expended in developing camptothecin (CPT) derivatives that selec-
tively target DNA topoisomerase I (TOP-I) (1). The prodrug irinotecan
(CPT-11) is approved for treatment of colon carcinoma and has demon-
strated significant activity against numerous other cancers in adults and
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children. Topotecan is approved for treatment of platinum- or taxane-resis-
tant ovarian carcinoma and has demonstrated broad-spectrum activity (2).
Other analogs are in clinical development, such as D5198f and the
homocamptothecins and liposomal formulations of CPT derivatives, and
offer the potential for prolonged plasma exposures.

Agents targeting TOP-I in clinical trials have proceeded through the
preclinical stages of identifying cytotoxic potency and confirmation of in
vivo antitumor activity. Acceptable toxicity in rodents and other species, as
mandated by regulatory agencies, had been studied before clinical evalua-
tion. CPTs have demonstrated remarkable activity against animal models
(3). However, less dramatic clinical activity has been reported, resulting in
the discontinuation of at least one agent, 9-aminocamptothecin (9-AC).

In this review, we examine this preclinical-clinical interface with respect
to understanding the value and limitations of preclinical models. Hopefully,
lessons learned regarding development of camptothecins can be applied to
the future development of drugs that induce cytotoxicity through their inter-
actions with TOP-I. This article will focus on preclinical models used to
assess antitumor activity and toxicity for TOP-I–targeted drugs and how
information derived from valid models may be used to direct the design of
clinical trials.

2. EARLY STUDIES

CPT was studied extensively in the Cancer Chemotherapy National Ser-
vice Center of the National Cancer Institute during the 1960s. It was formu-
lated in carboxymethylcellulose and administered by intraperitoneal (ip)
injection using the Walker 256 rat carcinosarcoma model as the test system.
Relative to other drugs evaluated, camptothecin had relatively poor activity
(4). However, the sodium salt of CPT demonstrated significant activity in
increasing survival time in several lymphocytic leukemias (5). Based on a
lack of cross-resistance to dichloromethotrexate, BCNU, cytosine arabino-
side, 6-mercaptopurine, and other agents, it was proposed that CPT had a
novel mechanism of action. In contrast to the significant activity observed
in these preclinical models, CPT, evaluated as the sodium salt, was found
to be ineffective in patients with advanced disseminated melanoma or gas-
trointestinal malignancies (6,7). Severe toxicities included myelo-suppres-
sion, vomiting, diarrhea, and hemorrhagic cystitis and resulted in the
discontinuation of the clinical trial of sodium CPT. Other studies in China,
however, demonstrated activity of 10-hydroxycamptothecin in treatment of
head-and neck-and bladder cancers (reviewed in ref. 8).

Studies by the Liu laboratory defined TOP-I as the target for CPT and the
observation that the CPTs caused trapping of TOP-I on DNA and induced
single-strand breaks (9,10) served as an impetus to reexplore this class of
agent. Although CPT is frequently referred to as an “inhibitor” of TOP-I, it
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actually functions to convert this cellular enzyme into a cellular toxin (11).
CPTs inhibit the religation step, effectively trapping covalently linked TOP-
I on DNA after a single-strand nick has been made by the enzyme. In cells
replicating DNA, this could result in a collision between an advancing
replication fork and the covalently linked enzyme-DNA complex, leading
to replication fork stalling or a double-strand DNA break. The mechanism
leading to cell death remains to be characterized, although it is believed that
double-strand DNA breaks can initiate a cascade leading to apoptosis. Thus
increased levels of TOP-I would favor increased formation of DNA–TOP-
I–drug complexes, which would increase the probability of a collision with
the advancing replication fork and the generation of DNA damage. In the
absence of DNA replication, the reversibly stabilized DNA–TOP-I covalent
complexes are not toxic, unless suprapharmacological drug concentrations
are used. Based on the mechanism of action, one would anticipate predomi-
nantly or exclusively S-phase cells would be sensitive to the CPTs (12).
Because many human cancers are characterized by having relatively low
growth fractions, protracted infusions or repeated exposures to drug over a
long period should optimize cell killing.

3. RODENT TUMOR MODELS

Syngenic transplanted rodent tumors have been used as the primary in
vivo screen for the activity of the CPT analogs. For leukemic models, such
as L1210 or P388, tumor cells are inoculated to the peritoneal cavity, and
drugs are administered ip. End points for these experiments are the drug-
induced increase in lifespan (ILS). Thus with increasing drug dose there is
an increase in lifespan until ILS is reduced because of drug induced toxicity.
These models are valuable in determining differences in efficacy between
analogs. Although such tests have been described as “in vivo test tubes,” an
objective of such screens is to avoid elimination of active compounds (i.e.,
false negatives).

In developing a CPT derivative at SmithKlineBeecham, several in vivo
criteria were established for selecting analogs for further development.
These included (1) being as active as CPT in a panel of preclinical models
and (2) minimizing the requirements for camptothecin as a starting mate-
rial—therefore, the analog was required to demonstrate potency in vivo
(i.e., a maximally tolerated dose, MTD) at similar or lower levels than
CPT (8). The analog 9-dimethylaminomethyl, 10-hydroxycampto-thecin
(topotecan) demonstrated superior ILS in mice bearing L1210 leukemia
compared with that achieved by camptothecin at their respective MTD (173
± 16 versus 118 ± 6% ILS).

For reasons given previously, protracted therapy with TOP-I inhibitors
theoretically should prove most efficacious. Thus, assuming reasonable
oral bioavailability, oral administration may prove to be most practical in
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therapy of human cancer. Secondary evaluation of topotecan compared the
efficacy of oral and intravenous (iv) administered drug in syngeneic mice
bearing (1) advanced systemic (iv inoculated) L1210, (2) advanced sys-
temic (iv inoculated) Lewis lung carcinoma,(3) subcutaneously implanted
Lewis lung carcinoma, (4) systemic (iv) B16 melanoma, and (5) ip implanted
M5076 reticulum cell sarcoma (13). Drug was administered every 3 hours
four times per day at 4- or 7-day intervals. Orally administered topotecan
was comparable in efficacy to parenteral treatment in four of five tumor
models tested. The M5076 sarcoma implanted ip responded to topotecan
administered ip or subcutaneously, but not when given orally.

Irinotecan (CPT-11; 7-ethyl-10-(4-[1-piperidino]-1-piperidino)-carbo-
nyloxy-(20S)camptothecin) is a prodrug activated in rodents by plasma
carboxylesterases and has been extensively studied in syngenic tumors (14–
16). Irinotecan demonstrated significant activity by both parenteral and oral
routes against disseminated models, including the intravenous inoculation
of the highly metastatic B16-F10 melanoma and the spontaneous metastases
from subcutaneous implants of murine colon 26. The most comprehensive
study reported (16) evaluated irinotecan in 10 murine tumors and 1 human
xenograft. All 11 tumors responded to irinotecan, with 8 of them being
responsive at the Decision Network-2 level (in which treated/control vol-
umes were <10%), the criteria used by the National Cancer Institute to
justify further development. This work also showed no cross-resistance in
vivo in P388/vincristine leukemic cells resistant to vincristine and in human
breast carcinoma cells selected for resistance to docetaxel (Taxotere). Thus
rodent models indicate that camptothecins have significant antitumor effi-
cacy. However, rodents appear to be highly resistant to the toxic effects of
CPTs. For example, pharmacokinetic data showed that plasma concentra-
tions and exposures of SN-38 (7-ethyl,10-hydroxy-(20S)camptothecin), the
active metabolite of irinotecan, were significantly higher in mice than can
be achieved in patients. Although this problem is not unique to CPTs, it is
particularly problematic to irinotecan, because metabolism in mice is very
different from that in humans.

4. HUMAN XENOGRAFT MODELS

Since the early 1980s, human tumor xenografts grown in immune-
incompetent mice have to a large extent replaced transplantable syngenic
animal models. There remains debate over the predictive value of these
tumor models, because there was poor correlation between drug activity
against specific tumor types in mice and comparable tumor histologies in
clinical trials (17). In contrast, our experience using models of pediatric
solid tumors have been highly predictive in identifying agents active against
specific tumor types (18,19). The minimum requirement for validation of
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these models is that they should parallel the chemosensitivity-chemoresis-
tance profile of the clinical disease. Thus one would anticipate colon car-
cinomas would be less sensitive to chemotherapeutic agents than, for
example, pediatric rhabdomyosarcoma.

The most frequent approach taken is to heterograft surgical specimens of
tumor into mice that are congenitally immune deficient (athymic nude mice
or severe combined immunodeficiency mice) or mice that have been immune-
deprived to prevent graft rejection. Alternatively, cells initially propagated in
vitro from human tumors may be injected into these mice subcutaneously,
or iv, if disseminated disease is required. In certain circumstances (for
example, evaluation of brain tumors), it may be important to assess the
preclinical activity of a new drug under conditions that closely mimic the
clinical situation, in which case the development of orthotopic models can
be attempted by injecting cells into the analogous site within the host.
However, conditions for tumor growth in the mouse may differ from patients
and differences in drug disposition and metabolism in the mouse may signifi-
cantly influence tumor responses. Thus orthotopic models still have intrin-
sic limitations characteristic of other preclinical in vivo models. Several
lines representing a tumor type are generally required to accurately recapitu-
late the clinical situation and to conduct “preclinical phase II evaluation.” We
have used six tumor lines per tumor “model” (e.g., rhabdomyosarcoma, neu-
roblastoma). However, the exact number that accurately predicts clinical
response rates has not been determined and may require at least 10 tumors
per histiotype. In developing topotecan for the treatment of neuroblastoma,
we found that a daily systemic exposure to 100 ng/hour/mL topotecan lac-
tone gave objective regressions in four of six neuroblastoma xenograft
models. Interestingly, targeting the same exposure using the same schedule
of drug administration in children with stage IV neuroblastoma yielded a
response rate of approximately 60%.

The initial study by Giovanella and colleagues (3) demonstrating the
curative activity of 9-AC in chemorefractory colon cancer xenografts served
to focus considerable attention on this class of anticancer agent (3). Subcu-
taneous administration of drug  was highly active, whereas subsequent stud-
ies with iv administration were relatively disappointing. Significant
antitumor activity of camptothecin analogs has been confirmed using an
extensive panel of human tumor xenografts possessing a broad pattern of
biological properties and chemosensitivities (20–34) (Table 1). In contrast,
standard agents used for clinical treatment of the appropriate tumor type,
showed considerably less activity. 9-AC induced complete remissions in
mice bearing xenografts of colon adenocarcinoma and malignant mela-
noma BRO xenografts. 9-Nitrocamptothecin (rubitecan), is converted to 9-
AC and is currently under clinical investigation. 9-Nitrocamptothecin
demonstrated superior therapeutic efficacy compared with 9-AC and CPT
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in a large number of human xenograft models (21). Topotecan also demon-
strated good antitumor activity when administered iv, ip, and orally against
xenografts derived from various childhood solid tumors; of note topotecan
induced a high percentage of complete regressions in rhabdomyosarcomas,
neuroblastomas, and some brain tumors. Clinical studies support the predic-
tive value of these models. Clinically, topotecan has elicited high response
rates in rhabdomyosarcoma (35), neuroblastoma (approximately 60%), and
medulloblastoma (approximately 35%). In contrast, reduced activity was
found against colon carcinoma xenografts (22).

Irinotecan was a highly efficacious analog in preclinical studies and
currently is the “gold standard” against which new analogs are compared.
When administered by iv, ip, or oral routes, irinotecan showed substantial
activity against a broad spectrum of human tumor xenografts, including
human cancer xenograft lines unresponsive to many cytotoxic agents. High
cure rates were obtained against MX-1 mammary tumor, rhabdomyosarco-
mas, neuroblastomas, colon cancers, and brain tumors. Activity was also
retained against tumors selected for resistance to topotecan, vincristine,
melphalan, busulphan, procarbazine, and cyclophosphamide. As mentioned
previously, mice readily activate irinotecan to SN-38, and plasma systemic
exposure to SN-38 in mice greatly exceeds that achieved in patients. Thus
exposures to SN-38 associated with tumor regressions in mice may be far
in excess of exposures achievable in patients (discussed in Section 5.).

Two water-soluble analogs of CPT, GI147211 and GI149893 (10,11-
methylenedioxy, 7-substituted compounds), have been assessed in preclini-
cal models of colon and mammary carcinoma. Antitumor effects were dose-
and schedule-dependent, with a greater reduction in tumor volume achieved
by protracted dosing. Concurrent experiments demonstrated that these
agents were more effective than topotecan in suppressing tumor growth,
although optimal schedules for topotecan were not compared in these stud-
ies (27). As a liposomal formulation, GI147211 (designated NX211) has
demonstrated good antitumor activity against more than 20 lines of tumor
xenografts and yielded with minimal toxic effects.

Alternatively, it has been proposed that hydrophobic CPTs may have
greater E-ring stability, and hence may exert longer plasma exposures of the
lactone form. 7-[(2-trimethylsilyl)ethyl)]-20 (S)-camptothecin (Karenit-
ecin) is under clinical development, as are other water-insoluble derivatives
such as DB-67. Homocamptothecins with an expanded E-ring are also in
clinical trials. Again, increased lactone stability was the rationale behind the
synthesis of these E-ring-modified agents.

For many of the experiments reported in Table 1, systemic exposures in
the mouse to lactone forms of the given CPT derivative far exceed exposures
that can be achieved in patients at tolerated dose levels. The data presented
demonstrate the relative sensitivity of a given tumor to a series of analogs
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administered to their MTD levels in the mouse. Such data may overestimate
the potential for activity in patients. Without knowing the relative toxicity–
systemic exposure relationship in humans, such data may have limited pre-
dictive value for selecting analogs for further development. Although
determination of the therapeutic efficacy in murine models serve as a poten-
tial criterion to select among analogs (assuming that mouse toxicity accu-
rately reflects dose limiting toxicity in patients), it may have relatively little
value in predicting clinical antitumor activity. For example, irinotecan admin-
istered daily for 10 days (MTD approximately 40 mg/kg/day) causes objec-
tive regressions in approximately 50% of colon carcinoma models (24).
However, we now know that a dose of 1.25 mg/kg to mice generates plasma
SN-38 exposures that are tolerated in patients when irinotecan is adminis-
tered on the same schedule. Thus evaluating the effect of camptothecin at
the MTD in mice significantly overpredicts clinical activity.

5. SCHEDULE-DEPENDENT ANTITUMOR ACTIVITY

Animal models have been useful for examining alternative schedules of
drug administration. Obtaining information about the schedule dependency
in relation to both the antitumor activity and host toxicity of an agent is one
of the goals of preclinical studies. TOP-I inhibitors are S-phase-specific
cytotoxins. It is assumed therefore that after a cytotoxic threshold is
achieved, exposure time, rather than further dose escalation, is the important
parameter for determining the tumor response. Consequently, protracted
drug administration could increase antitumor activity. Recent clinical data
support schedule-dependent activity (36), and additional clinical data, even
in phase I trials, show greater antitumor activity is associated with pro-
tracted schedules of administration (19,37).

The importance of scheduling was first reported by Kawato (20). Addi-
tional testing confirmed this observation (21–23). These studies showed
that, for similar total dosages, protracted schedules were more effective than
were more intense treatments of shorter duration. Several groups have
reported schedule-dependent activity of camptothecin analogs, although
this finding does not appear to have been used in design of the initial clinical
trials (38). Schedule-dependency is illustrated in Fig. 1, where the responses
of individual rhabdomyosarcoma Rh30 xenografts have been measured in
mice receiving drug vehicle (control) or topotecan treatment. Both treat-
ment groups received the same total dose of drug, the only difference being
that topotecan was either given over 5 days or 10 days. Clearly, topotecan
administered over 10 days was significantly more active than the same dose
given over 5 days. Also, in xenograft models drugs such as topotecan and
irinotecan appear to be “self-limiting.” Above some dose level, further
increases in dose per administration do not result in further antitumor activ-
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ity (21). Similar results have been obtained with 9-AC and other CPT
analoganalogs in various tumor models. Interestingly, administration of
irinotecan using the (day × 5) 2 schedule every 21 days has demonstrated
significant antitumor activity in a phase I clinical trial in children with
tumors resistant to conventional therapy (19,39).

6. MODELS OF RESISTANCE TO TOP-I INHIBITORS

Two CPT analogs, topotecan and irinotecan, are approved for treatment
of refractory ovarian carcinoma and 5-fluorouracil refractory colon carci-
noma, respectively. Thus new agents should demonstrate clear superiority
over these established drugs to justify full development. Irinotecan is highly
active against certain tumors that are intrinsically resistant to topotecan and
against some xenografts selected in situ for acquired resistance to topotecan
(24). Several cell lines selected for resistance to camptothecin have been
reported. In one line (CEM/C2), resistance is mediated by a mutation
(Asn722Ser) in TOP-I (39). In yeast, several mutations in TOP-I yield CPT
resistance (40). However, it is less certain in clinical tumors whether intrin-
sic or acquired resistance is the result of TOP-I mutations. Thus establishing
xenograft models from cell lines in which resistance is caused by mutant
enzyme may not necessarily recapitulate clinical resistance. At this time,
mechanisms conferring CPT resistance in clinical cancers remain
uncharacterized; however, the role of the breast cancer resistance–associ-
ated protein is associated in vitro with resistance to several camptothecin
analogs (41–44). Resistance to CPTs is undoubtedly complex, potentially
analog-specific, and involves mechanisms proximal to DNA damage (i.e.,
accumulation/efflux), at the target level (mutation or activity of TOP-I) or
distal to damage (repair processes). In several xenograft models, selection
in situ for resistance to topotecan did not result in cross-resistance to
irinotecan (24). However, relatively few models of acquired resistance to
CPT analogs have been reported. Relatively rapid development of an
irinotecan-resistant neuroblastoma xenograft (NB-1691/CPT) has been
reported (45). Resistant tumors were derived after only four rounds of treat-
ment/transplantation a stable irinotecan-resistant line was derived. This
tumor is partially resistant to topotecan. Although the mechanism of resis-
tance remains to be characterized, this tumor may represent a useful model
for identifying novel TOP-I-targeted agents with characteristics signifi-
cantly different from either irinotecan or topotecan.

7. TOXICITY

7.1. Hematopoietic Toxicity
The often dramatic preclinical activity of CPT analogs in xenograft

models contrasts with the clinical activity observed in many phase II stud-
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ies. As would be predicted from their S-phase activity, TOP-I inhibitors
cause dose-limiting toxicity to rapidly renewing tissues such as hematopoi-
etic tissues in humans and animals. Dose-limiting toxicity occurs at far
lower systemic exposures in humans than in mice. Humans can tolerate only
11% as much topotecan per day as mice. This differential may be greater for
irinotecan. Based on pharmacokinetic estimates of SN-38 systemic expo-
sure at the MTD in patients receiving irinotecan every 7 days, it was esti-
mated that the systemic exposure represented only 6% of the MTD in mice
(46). For myelosuppressive CPT analogs, failure to achieve drug exposures
in patients that are curative in the murine models might be due to greater
sensitivity of human myeloid progenitors. Using in vitro colony-forming
assays, Erickson-Miller et al. (47) showed that hematopoietic progenitors of
the myeloid lineage from humans, mice, and dogs exhibit differential sen-
sitivity to the CPTs. The toxicity of CPT analogs to human and animal
myeloid progenitors was quantified from the inhibition of marrow colony-
forming unit–granulocyte macrophage (CFU-GM) colony. CPT lactone,
topotecan, and 9-AC inhibited colony formation in a concentration-depen-
dent manner. These results suggest that, because of greater sensitivity of
the myelopoietic tissue, humans cannot tolerate exposures to CPTs that
are curative in murine models. Relative to human myeloid progenitors,
murine myeloid progenitors are relatively insensitive to all the compounds
examined. The differences between mice and humans are large. For example,
the concentration of topotecan causing a 50% reduction in CFUs was 46-fold
lower for human cells when compared with murine progenitors. This dif-
ferential was even greater (107-fold) for 9-AC (47). The susceptibility of
human CFU-GM to drug toxicity is more closely approximated by canine
than by murine CFU-GM. This finding explains, in part, why even subcu-
rative doses of CPTs may be severely myelotoxic in patients. The use of in
vitro systems for predicting human tissue toxicity may have wider applica-
tion to drug development (48,49).

7.2. Gastrointestinal Toxicity
Irinotecan, administered on most of the schedules evaluated clinically,

has been associated with an unanticipated and significant diarrhea. This is
characterized by the early onset of symptoms and is probably a consequence
of the acetylcholinergic activity of the bipiperidino side chain (50). This
toxicity is well controlled by atropine. However, delayed diarrhea is now
recognized as a dose-limiting toxicity of this compound (51). This toxicity
was not anticipated from studies in rodents, in which diarrhea was not
observed. Diarrhea may be caused by abnormalities of intestinal absorption
or secretion, increased peristalsis, or drug-induced epithelial damage. The
considerable interpatient variability in the severity of the diarrhea has made
it difficult to explain the mechanism of irinotecan-associated diarrhea. This
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toxicity, however, is not unique to irinotecan. Delayed-onset diarrhea is the
dose-limiting toxicity of topotecan administered orally to patients for 21
days. The etiology of this side effect of the CPTs is not yet clear, although
several animal models have been established that attempt to simulate
irinotecan-induced diarrhea.

7.2.1. MOUSE MODELS

Ikuno et al. (52) observed characteristic changes in the intestinal mucosa
of irinotecan-treated mice, including villous atrophy characterized by
marked shortening of the villi, epithelial vacuolation of the ileum (associ-
ated with increased apoptosis), and goblet cell hyperplasia in the cecum.
These structural and functional effects were postulated as the main causes
of irinotecan-induced diarrhea and resulted in malabsorption and hyperse-
cretion of mucin. Malabsorption in irinotecan-treated mice was thought to
be caused by villous atrophy after crypt damage and apoptosis of absorptive
cells in the small intestine. The goblet cell hyperplasia associated with
excessive production of mucin in the cecum could be another contributing
factor to the cause of diarrhea with irinotecan. A model of intestinal toxicity
has been developed in the mouse; this has been used to identify potential
modulators of irinotecan-induced diarrhea. Daily administration of very
high dose levels (100 mg/kg) of irinotecan to mice resulted in loss of villi,
epithelial vacuolation, decreased numbers of S-phase cells in the crypts,
increased apoptotic cells, and reduced numbers of lymphocytes in the lamina
propria. Oral administration of a synthetic bacterial lipopeptide, JBT 3002,
encapsulated in phospholipid liposomes prevented irinotecan-induced dam-
age to the intestinal epithelium and lamina propria (53). Similarly, dietary
supplementation with fish oil reduced gastrointestinal damage induced by
irinotecan (54).

7.2.2. RAT MODELS

Frequently, diarrhea is caused by the active secretion of electrolytes,
especially chloride ions, suggesting this toxicity is independent of the action
of irinotecan or the active metabolite, SN-38, on DNA–TOP-I. Relatively
high concentrations of irinotecan caused eicosanoid-mediated chloride secre-
tion in isolated rat colon (55). Irinotecan-induced diarrhea was characterized
in rats by assessing the relationship between intestinal toxicity and the
activity of enzymes involved in the major metabolic pathways of this drug
(56). In rodents, irinotecan is converted to its active metabolite SN-38 by
carboxylesterase; one possible mechanism for the diarrhea might include
the structural and functional injuries to the intestinal tract resulting from the
direct cytotoxic activity of the SN-38. Detoxification of SN-38 occurs by
liver glucoronidation and conjugated SN-38 is secreted into the bile and in
the feces. Conjugated metabolites may be further converted or processed to
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an active SN-38 by -glucuronidase of the microflora resident in the large
intestine. In this rat model, histological damage was most severe in the
cecum, with a markedly decrease in the size and number of crypts and
evidence of superficial mucosal erosion. The segmental differences in the
degree of damage showed good correlation with the -glucuronidase activ-
ity in the contents of the lumen, suggesting that this enzyme plays a key role
in intestinal toxicity induced by irinotecan. Intestinal tissue carboxylesterase
activity, which also converts irinotecan to its active form, showed poor
correlation to the degree of tissue damage. Administration of antibiotics to
sterilize the intestine exerted a protective effect against the diarrhea by
completely inhibiting the -glucuronidase activity of the intestinal flora
and, accordingly, the formation of active SN-38. Rustum and colleagues
(57) have also developed a rat model of irinotecan-induced gastrointestinal
toxicity. In their study, very high dose levels of irinotecan (150–200 mg/kg
daily × 3 iv) resulted in 86–100% lethality in treated animals and 93–100%
incidence of severe diarrhea, which was associated with serious damage to
the duodenal villi and colonic crypts. Interleukin-15 (100–400 μg/kg (3, 8,
and 11 doses ip) completely protected against irinotecan-induced delayed
diarrhea and lethality. The validity of these rodent models must, however,
wait for confirmatory results in other models and, ultimately, clinical trials.

7.2.3. HAMSTER MODELS

The hamster has also been proposed as a model for irinotecan-induced
intestinal toxicity (58). Female Syrian hamsters were dosed ip with
irinotecan (50 mg/kg/day) for 10 days and observed through day 20. By day
5, all treated animals had developed diarrhea and deaths occurred starting
on day 7. Histological examination revealed a time-dependent loss of struc-
tural integrity in the jejunal and ileal mucosa; the typical columnar morphol-
ogy of the epithelial cells was lost and the villi appeared corrugated. The
epithelium was thinned and vacuolated in the colon within the first 5 days
of treatment. Detection of proliferating cell nuclear antigen showed an
increase in the number of labeled epithelial cells and labeling intensity in
treated animals. The labeled cells were located further toward the tips of villi
compared with control animals. Increased levels of proliferating cell nuclear
antigen and loss of differentiation in cell morphology suggested that
irinotecan induces a cell-cycle block in S-G2, with subsequent loss of physi-
ologic function in hamster intestinal epithelium. Kobayashi et al. (59) have
also studied the effect of pH on uptake of irinotecan, SN-38 lactone, and SN-
38 carboxylate in isolated intestinal cells from Syrian hamsters. From these
studies, it is proposed that uptake of lactone is by passive diffusion, whereas
there may be an energy-dependent accumulation (transport) for carboxy-
late. Accumulation of irinotecan carboxylate showed saturation kinetics
with apparent Km approximately 50 μM in jejunal and ileal cells.
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8. INTERSPECIES DIFFERENCES THAT COMPLICATE
TRANSLATION OF PRECLINICAL RESULTS

8.1. Interspecies Differences in Drug Metabolism
and Disposition

CPTs have demonstrated greater activity against model tumors in rodents
than against tumors in patients. In part, this appears to be a consequence of the
greater tolerance of the toxic effects of these agents in mice than in humans.
Analysis of data from mice and rats showed that predicting clinical maxi-
mally tolerated doses for eight TOP-I inhibitors from rodent data would
result in starting clinical trials very close to, or at dose levels exceeding, the
human MTD (60). In contrast, initial starting doses based on canine data
would be safe. The plasma systemic exposures, expressed as an area under
the concentration-time curve, for irinotecan and its active metabolite SN-38
in mice (16,61) and patients (62–64) are presented in Table 2. To facilitate
comparison between schedules, systemic exposure has been expressed for
each course of therapy, usually in a 21-day time frame at the highest non-
toxic dose for mice and the MTD for humans. Not all investigators report
both the lactone and total drug, hence it is difficult to directly compare the
systemic exposure of irinotecan and SN-38 between studies. However, when
given once weekly in humans, the systemic exposure to irinotecan and,
particularly SN-38, is significantly greater in mice than in humans.

This raises the concern that studies with syngenic tumors or human
xenograft models in mice may overpredict the potential clinical utility
of this and other classes of anticancer drugs. For CPTs, the reasons for
the interspecies differences are not well understood. Rather than use the
mouse model to predict systemic drug exposures associated with toxicity,
we have determined the systemic exposure associated with antitumor effect
against the human tumor xenograft models. For a series of neuroblastoma
xenografts, the daily systemic exposure to topotecan that caused objective
regressions was determined when the drug was administered 5 days per
week for 2 consecutive weeks (33). Partial responses were achieved in each
of six independently derived neuroblastoma lines at a daily topotecan lac-
tone systemic exposure of 100 ng/mL/hour, whereas complete responses
were achieved in four tumor lines. The results of these studies define the
effective antitumor systemic exposure to the camptothecin analog. Current
data from our studies in children indicate that exposure of 100 ng/mL/hour
(achieved after a dose of 0.61 mg/kg in mice) results from a daily dose of
approximately 3 mg/m2 in children. For irinotecan, dose levels of approxi-
mately 1.25 mg/kg in mice yield SN-38 plasma systemic exposures achieved
at doses of 20–30 mg/m2 administered to children (19). This difference is a
consequence of very efficient activation of irinotecan by plasma carboxy-
lesterase in mice. In contrast, activation of irinotecan in humans is poor.
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Recently, a strain of mouse, designated Es1e, deficient in plasma esterases,
has been identified. Kinetic studies indicated that the activation of irinotecan
to SN-38 by Es1e mouse plasma in vitro is 600-fold less efficient, although
extracts from organs indicated no difference in drug metabolism as com-
pared with controls (65). It is proposed that the Es1e mouse may represent
a more representative model of irinotecan drug activation (66,67).

8.2. Protein Binding
Systemic exposure to CPT analogs represents total drug concentration,

which consists of both drug bound to plasma protein and unbound drug. For
drugs extensively bound to plasma proteins, such as SN-38, unbound drug
concentrations correlate best with the indices of pharmacologic effect.
Where there is significant interspecies variability in the plasma protein
binding, comparison between unbound drug concentrations and toxicity in
humans and animals may be more appropriate than the total drug concen-
tration. Interspecies differences in drug protein binding are seen with the
CPT analogs. CPT exists as a pentacyclic structure with a lactone moiety in
the terminal E-ring. When used against purified TOP-I, the presence of a
lactone ring is a structural requirement for activity. Factors influencing the
lactone-carboxylate equilibrium may therefore be important determinants
of drug activity. In addition to pH, presence of protein, particularly albumin,
has been shown to be important to the stability of the lactone moiety (68,69).
Human serum albumin has a marked preference for the carboxylate form of
CPT, greater than serum albumin from five other species. Thus binding of
the carboxylate to albumin drives the equilibrium away from the active
lactone form of the drug. Structural modifications to CPT, as seen with
irinotecan, SN-38, and topotecan, diminish the interspecies differences in
stabilization of the lactone. This is in contrast with 9-AC, in which the
marked interspecies difference in stabilization of the carboxylate form was
similar to that observed with CPT. Four hours after intragastric administra-
tion of camptothecin or 9-nitrocamptothecin, lactone forms compose 57–
81% and 47–95% of the total drug, in mouse plasma, respectively. In
contrast, the lactone composed only a minor component of total drug levels
in plasma from humans treated orally with either drug (70). This interspecies
variability in protein stabilization of the carboxylate form is important for
translation of data derived in rodents to clinical trials. These results also
illustrate the importance of determining the systemic exposure to lactone
forms of CPT analogs that induce objective regressions in xenograft mod-
els. This information may be valuable in understanding and designing phase
II clinical trials (71,72). Attempts to encapsulate and stabilize lactone forms
of CPTs may also increase the therapeutic utility of drugs such as CPT or
topotecan (73,74).
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9. FUTURE DIRECTIONS

Animal models, and human tumor xenografts in particular, have pre-
dicted dramatic clinical therapeutic activity of CPT drugs. Agents, such as
topotecan and irinotecan, are clearly active in several adult and childhood
cancers, as well as myelodysplastic syndromes. For analogs such as 9-AC,
clinical results have been quite disappointing. Retrospective analysis of
preclinical data for TOP-I inhibitors shows that such differences are caused
by interspecies differences in drug disposition and host tolerance. For CPTs,
mice tolerate significantly greater systemic exposure than can be achieved
in patients at tolerated levels of toxicity. Further, the remarkable schedule
dependency for antitumor activity seen in many preclinical models has not
been adequately addressed in the design of clinical trials. When response
rates for xenograft tumors are calculated for doses that yield clinically
achievable systemic exposures, these models rather accurately predict the
clinical results. Similarly, we would anticipate approximately 15–25% of
colon carcinoma xenografts demonstrating objective responses (�50% vol-
ume regression) using doses of irinotecan that in mice yield clinically achiev-
able systemic exposures for SN-38. However, such information is not
available when selecting between analogs at a relatively early stage in
development. One way in which equi-efficacious analogs could be distin-
guished would be to introduce assays of differential species marrow toxicity
at an early stage in development. This may allow identification of analogs
with significant antitumor activity, but with little difference in species tox-
icity. Whether mouse transgenic models will obviate any of these issues
remains to be determined. These models may have the advantage of devel-
opment of spontaneous tumors, at more natural sites (e.g., medulloblastoma
in the cerebellum). Thus transgenics may represent specialized models for
drug evaluation. However, the problems of translating drug effects in rodent
to human remain.

The TOP-I-targeted agents in clinical investigation are mainly based on
a CPT structure. There are many more analogs in preclinical development.
One focus in developing novel CPTs has been on stabilization of the E-ring
lactone. This has been achieved by increasing the lipophilicity of CPTs by
substitution on the 7-position with bulky alkyl, alkylamino, and alkylsilyl
groups. A more novel approach has been synthesis of homocamptothecins,
in which a seven-membered lactone E-ring has far greater stability. Interest-
ingly, the homocamptothecin appears to change the sequence specificity of
the drug-induced DNA cleavage by TOP-I (75). However, differences in
lipophilicity are more likely to result in alterations in the pharmaceutical
properties of this class of agent, rendering longer plasma clearance times,
and potentially allowing greater systemic exposure to active forms of these
drugs. Because there are few clinical data to support the value of delivering
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CPTs by prolonged continuous infusion, it is unclear if analogs with greater
lactone stability will be more efficacious. Definitive activity in preclinical
models with intrinsic or acquired resistance to current CPTs would be
important in advancing such analogs to clinical testing. Perhaps of greater
interest will be development of novel topoisomerase inhibitors based on the
crystal structure of the DNA–TOP-I–DNA ternary complex.

New structures such as protoberberines (76), indolocarbazoles (rebec-
camycin analogs) (77), and lipophilic epipodophyllotoxins have emerged as
potential dual inhibitors of topoisomerases. Of particular interest is F11782,
an ethylidene glucoside ester of epipodophyllotoxin that putatively inhibits
the catalytic cycle of both type I and II enzymes, preventing their binding
to DNA (78). This agent has demonstrated significantly better activity
against both syngenic and xenograft tumor models than etoposide (79).
However, direct comparison with irinotecan and topotecan has not been
reported. Demonstration of activity of these newer inhibitors against CPT-
resistant tumors would be an exciting development. Development and char-
acterization of additional human tumor models resistant to CPTs would be
valuable.

The full curative/therapeutic potential of these drugs will not be realized
without compensating for the dose-limiting neutropenia and intestinal toxic-
ity. Thus approaches to reducing myelosuppression, through use of hemato-
poietic growth factors, reconstitution with peripheral blood cell progenitors,
or protecting marrow through transduction of CPT-resistant genes, appear
rational. Attempts to modulate intestinal toxicity through administration of
interleukin-15, or JBT 3002, or alkalinization of the intestinal lumen (80)
may allow increased dose intensity, or (rationally) more protracted courses
of treatment with these agents. Oral administration of topotecan and
irinotecan is limited by poor bioavailability. In children and mice, approxi-
mately 24% of topotecan and approximately 9% of irinotecan is absorbed.
Unabsorbed drug passing to the distal intestine may contribute to the
greater gastrointestinal toxicity observed in patients treated with oral
dosing. Recently, the use of agents that block the ABC-transporter, breast
cancer resistance protein ABCG2, have been shown to increase oral
bioavailability of CPTs (81). Such modulators may allow effective oral
therapy with these agents using protracted schedules of administration.
Validation of animal models of intestinal toxicity is important. Design of
clinical protocols that more accurately recapitulate optimal schedules and
drug exposures determined in xenograft models also seems appropriate with
these agents that are highly schedule-dependent in their antitumor activity.
Clearly an understanding of the biochemical or molecular events that deter-
mine such dramatic schedule dependency will help in more effective clini-
cal utilization of these agents, alone, or in combination with other cytotoxic
agents.
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1. INTRODUCTION

Camptothecins (CPTs) are a group of antineoplastic agents that specifi-
cally target DNA topoisomerase I (TOP-I) and are known as “TOP-I poi-
sons.” The parent compound is a naturally occurring alkaloid found in the
Chinese plant Camptotheca accuminata. This compound was first identi-
fied in the 1960s in a screen of plant extracts for antineoplastic drugs (1).
Subsequently, many derivatives of the parent compound have been synthe-
sized, including topotecan, irinotecan, 9-aminocamptothecin, 9-nitro-
camptothecin, exatecan mesylate (DX-8951f), ST1481, and Karenitecin
(BNP1350). Topotecan and irinotecan have been approved by the Food and
Drug Administration for clinical use. Topotecan, a 10-hydroxyl modifica-
tion of CPT, is approved for treatment of metastatic ovarian and small-cell
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lung cancer and for myeloid malignancies. Irinotecan (CPT-11) is a prodrug
that is converted to the active compound SN-38 by plasma and cellular
carboxylesterases, and is approved for use in the treatment of metastatic
colorectal and rectal carcinomas. Food and Drug Administration approval
for clinical use of both of these drugs was based on approximately 30%
response rates with transient clinical responses (2,3). However, based on
studies in mouse xenograft models, these response rates are disappointing
(4–6). The mechanisms underlying de novo and acquired clinical resistance
to CPTs are unclear. Similar to other drugs, clinical resistance to CPTs
might be the result of inadequate metabolism and accumulation of drug in
the tumor, alterations in the target (TOP-I), or alterations in the cellular
response to the TOP-I–CPT interaction.

2. CELLULAR METABOLISM, ACCUMULATION,
AND TRANSPORT OF CPTS

Cell culture data indicate that only brief exposures to submicromolar
concentrations of CPT are required to target TOP-I and to kill proliferating
cancer cells (7). Additionally, the lactone form of CPT is the active form of
the drug (8). Achieving high enough intracellular concentrations of the
active form of CPT is dependent on cellular uptake, metabolism, and efflux
mechanisms (Table 1).

Few studies have addressed mechanisms of cellular CPT uptake. Both
active and passive transport mechanisms are implicated in intestinal cell
uptake of CPT (9). Furthermore, active efflux by P-glycoprotein (P-gp) and
multidrug resistance–associated protein (MRP) in mammalian intestinal
cells may also limit the oral absorption of CPT-11 (10). Another study found
that ovarian cancer cells contain active transporters that are required for the
influx of topotecan and SN-38 (11).

In addition to uptake, cellular metabolism may be particularly important
for the prodrug CPT-11, which is converted to its active form, SN-38, by
cellular carboxylesterases (12–15). Increased levels of cellular carbo-
xylesterases correlate with increased cellular sensitivity to CPT-11 (12,16).
However, a recent study found that carboxylesterase-mediated sensitization
of human tumor cells to CPT-11 cannot override BCRP-mediated drug
resistance (which is further discussed in the following sections) (17).

SN-38 is also conjugated and detoxified by UDP-glucuronosyltransferase
(UGT) to yield an SN-38-glucuronide (18). SN-38 glucuronidation is spe-
cifically catalyzed by human liver UGT1A1, UGT1A3, UGT1A6, and
UGT1A9 isoforms (19) and is associated with increased efflux of the drug
from colon cancer cells (20). Furthermore, glucuronidation of CPTs has
been associated with altered chemosensitivity of breast cancer cells and
lung cancer cells (21,22).
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Several ATP-binding cassette (ABC) proteins have been implicated in
efflux and cellular resistance to CPTs in yeast and mammalian cells. A
screen for mutations that suppress the cytotoxic effects of CPT in yeast cells
resulted in the identification of an ABC protein, Snq2, which confers resis-
tance to CPT (23). Furthermore, in mammalian cells, P-gp overexpression
confers resistance to CPT derivatives, albeit to a lesser degree than to other
substrates of P-gp, such as the anthracyclines (24). Also, antisense oligo-
nucleotides directed against the MRP2 gene can increase cellular sensitivity
to CPT-11 and SN-38 (25).

Recently, the BCRP gene (also known as MTX or ABCP), an ABC half-
transporter (26,27), was found to be overexpressed in cells selected for
resistance to doxorubicin, mitoxantrone, or topotecan. Interestingly, these
cells are cross-resistant to SN-38 and 9-aminocamptothecin, but not to CPT
(21,28–30). Additionally, in some human cells treated with anthracyclines
a mutant form of BCRP (R482G/T) was preferentially selected, which exhib-
its greater resistance to anthracyclines and relative lower resistance to
topotecan compared to the wild-type protein (31,32). Furthermore, cells
that overexpress both the native and mutant R482T form of BCRP are more
resistant to and accumulate less 9-aminocamptothecin compared with a
close analog, 9-nitrocamptothecin (33). Similarly, another study showed
that a lipophilic 7–modified CPT analogue (ST1481) is not a substrate for
BCRP (34). These results suggest that certain CPT analogs may be less
susceptible to BCRP-mediated efflux. Furthermore, recent studies found
that estrogen antagonists and agonists and novobiocin can enhance accumu-
lation of CPT analogs in cells overexpressing BCRP, thereby overcoming
BCRP-mediated drug resistance (35,36).

To date, there are relatively few published studies of BCRP gene expres-
sion in clinical samples. BCRP seems to be expressed at low levels in breast
cancer and leukemic cells (37,38). Furthermore, the expression of BCRP in
breast carcinoma cells does not seem to correlate with response to doxoru-
bicin-based chemotherapy (37), nor is it upregulated in patients with breast

Table 1
Proteins Implicated in Cellular Resistance to CPTs

Process Protein  Reference

Cellular uptake 9,11
Metabolism Carboxylesterase 12–15
UDP-glucuronyltransferase  18–20
Cellular efflux P-glycoprotein 24
MRP2 25
BCRP  26–30
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cancer that were previously treated with anthracyclines versus those patients
that were not treated with these drugs (39). Another recent study found that
BCRP protein expression was increased in leukemia cells from three of four
patients after an infusion of topotecan and arabinoside-C (40). However,
more clinical studies are needed to determine the role of BCRP overexpres-
sion and mutations in resistance to CPTs.

3. ALTERATIONS IN TOP-I THAT CONFER
RESISTANCE TO CPTS

CPT causes DNA damage by stabilizing a normally transient covalent
complex between TOP-I and DNA (41). Furthermore, genetic studies in
yeast identified TOP-I as a unique cellular target for the CPTs (42–44).
Therefore, it is not surprising that TOP-I mutations conferring resistance to
CPT have been identified in various mammalian and yeast cells, and, more
recently, in tumor tissue from a patient treated with irinotecan (45). Most of
the point mutations can be found clustered in three regions of the protein,
including one near the catalytic tyrosine at position 723 (46–55) (Fig. 1).
Furthermore, crystal structures of the TOP-I–DNA and TOP-I-DNA-
topotecan covalent complexes and models of the TOP-I-DNA-drug ternary
complex have enabled structural mapping of these mutations (56–60). Struc-
tural models of the ternary complex implicate CPT in an intercalated posi-
tion at the –1 and +1 base pairs of the cleavage site, with hydrogen bonding
between the drug and both TOP-I and DNA, stabilizing the ternary complex.
Mutations in the regions between amino acids 361–364, 533, and 722
explain resistance to CPT, because these regions of TOP-I are associated
with the DNA and are in close proximity to the intercalated drug (57).

Some TOP-I point mutations, including Y723F, Y727F, R364H, G503S,
N722S, and F361S, which confer CPT resistance, are also implicated in
resistance to the indolocarbazoles, a group of TOP-I–targeting compounds
structurally unrelated to CPT (61,62). These studies indicate that CPT and
the indolocarbazoles may share binding sites in the TOP-I–DNA complex.
In contrast, some TOP-I mutants, including N726S/A, that confer resistance
to CPT retain sensitivity to the indolocarbazole rebeccamycin (61). In
addition to point mutations, a mutant TOP-I containing an internal dupli-
cation of residues 20–609 has been described in a murine cell line that is
enzymatically resistant to the indolocarbazole, NB-506, and CPT (63).

Recent studies also indicate that interactions between TOP-I and other
proteins may affect cellular sensitivity to CPTs. The TOP-I–binding pro-
tein, nucleolin, may recruit TOP-I to the nucleolus as a result of the high rate
of transcription in this region (64). Studies of a nucleolin orthologue in
yeast, Nsr1p, indicate that the absence of this protein is associated with
relocalization of TOP-I from a predominantly nucleolar localization to a
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diffuse nuclear localization in resistance to CPT (65). Recently, nucleolin
was found to redistribute from a predominantly nucleolar pattern to a speck-
led nuclear and perinuclear pattern in U937 cells exposed to CPT (66). TOP-
I is also known to move rapidly from the nucleolus to the nucleus after
cellular exposure to CPT (67,68). This relocalization has been associated
with SUMO (small ubiquitin-like modifier) modification of TOP-I (69).
This event may decrease TOP-I–DNA interactions and thus minimize TOP-
I–mediated DNA damage induced by CPT (see further discussion in the
following sections). Notably, altered localization of topoisomerase II
(top2 ) (as a result of loss of nuclear localization sequences) was identified
in mammalian cell lines resistant to the top2-targeting drugs etoposide and
mitoxantrone, which presumably results in resistance by decreasing inter-
actions between the enzyme and DNA (70–73).

4. ALTERATIONS IN THE CELLULAR RESPONSE
TO TERNARY COMPLEX FORMATION

CPT specifically targets TOP-I and induces the formation of CPT–TOP-
I–DNA ternary complexes (74). CPT cytotoxicity is S-phase selective and
can be ameliorated in cell culture by treatment with the DNA polymerase
inhibitor, aphidicolin (75). Furthermore, collision of replication and tran-
scriptional machinery with the ternary complex leads to double-stranded
DNA breaks and is necessary for induction of cell death (74,76). However,
relatively little is known about the pathways downstream to CPT-TOP-I-
DNA ternary complex formation that ultimately lead to repair of DNA
damage or cell death.

Studies in yeast and cell culture models have implicated several DNA
replication, DNA damage checkpoint, and DNA repair proteins in the
response to cleavable complex formation (Table 2). Cellular exposure to
CPT results in the activation of S-phase checkpoint proteins, such as Chk1

Fig. 1. Schematic of resistance-conferring mutations of TOP-I. The catalytic
Y723 is indicated, as are the three main clusters of mutations.
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(77), ATR (78), ATM (79), and the DNA-dependent protein kinase (DNA-
PK) multimer (79,80). Furthermore, loss of function of Chk1 or ATR is
associated with increased cellular sensitivity to CPT (77,78). Several stud-
ies showed that loss of RAD9, a checkpoint protein that is activated by DNA
damage and induces G2 arrest, enhances TOP-I-induced cell death (81,82).
In addition to checkpoint proteins, proteins involved in DNA replication are
also involved in CPT cytotoxicity. A yeast screen for conditional mutants
with enhanced sensitivity to TOP-I-mediated DNA damage led to the iden-
tification of the yeast replication proteins, Dpb11p and Cdc45p, as impor-
tant determinants of CPT sensitivity (83). Dpb11p and Cdc45p are
implicated in DNA polymerase switching from priming to processive rep-
lication (83). Also, studies in murine cells implicate the loss of the Werner
syndrome protein in CPT hypersensitivity (84). The Werner protein is a
helicase that interacts with TOP-I, and CO purifies with the DNA replica-
tion complex (85,86).

With regard to repair of CPT-induced DNA damage, both mismatch
repair and base excision repair systems are implicated (Table 2). Cells lack-
ing the mismatch repair protein, MSH2, are hypersensitive to CPT (87,88).
Recently, Meijer et al. showed that a eukaryotic polynucleotide kinase,
Pnk1, also plays a role in CPT-induced DNA damage repair, and cells

Table 2
Genes Implicated in the Cellular Response to CPT Induced DNA Damage

Process mutated gene Reference

Checkpoint ATM, MEC1, MEC2 79,81,115
ATR 78
CHK1 77
RAD9, RAD17 81,82
DNA repair CAS, CSB 116
RAD6 81
TDP 90
TRF4 117
MSM2, MSM3, MSH2 87,88,118
XRCC 91
PNK1 89
DNA replication CDC45, DPB11 83
WRN 84
Ubiquitylation/sumoylation UBP1 102
DOA4 103
26S proteasome, ubiquitin 101
C9, SUMO 104,119
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lacking this gene are hypersensitive to CPT (89). Additionally, Nash and
colleagues identified a tyrosine-DNA phosphodiesterase that specifically
cleaves TOP-I that is covalently linked to DNA (90). Studies in yeast indi-
cate that loss of tyrosine-DNA phosphodiesterase in the presence of mutant
RAD9 confers hypersensitivity to CPT (90). Importantly, although most of
these studies indicate that loss of function of a DNA repair protein enhances
cellular sensitivity, to date only a single study has demonstrated that
overexpression of a DNA repair protein confers CPT hypersensitivity. Park
et al. have shown that overexpression of a protein involved in base excision
repair, X-ray repair cross-complementing gene I protein (XRCC), leads to
CPT resistance in cells (91).

Cellular processes, such as apoptotic pathways, downstream from DNA
damage may also be important in the resistance to CPT (92). Studies have
shown that proapoptotic proteins, such as p53 and Bax, are upregulated after
CPT treatment, whereas bcl-2 expression is decreased (93). Additionally,
CPT resistance has been associated with downregulation of apoptotic path-
ways involving Bcl-2, caspases, Akt, necrosis factor- B (NF- B), and trans-
forming growth factor (TGF)- (94). Overexpression of bcl-2 and p21Waf1/

Cip1 have been associated with relative resistance to CPT (92,95). Further-
more, CPT treatment of cells leads to the activation of caspases and cleavage
of TOP-I, a substrate for caspase-3 (93,96). Suppression of NF- B leads to
reduced CPT cytotoxicity by a p21-depenedent mechanism (97) and
proteasome inhibition-mediated stabilization of NF- B is associated with
enhanced CPT cytotoxicity (98). Finally, a recent study found that HER2
and HER3 cause a phosphoinositide-3 kinase–dependent activation of AKT
that leads to CPT and multidrug resistance (99). Taken together, these data
indicate that proapoptotic and antiapoptotic proteins may regulate the cel-
lular response to CPT.

Recently, posttranslational modifications of TOP-I were reported after
CPT treatment of cells and may be involved in resistance. TOP-I is
ubiquitylated and degraded after cells are treated with CPT, which appears
to occur in the context of the ternary complex rather than free TOP-I (100).
Recently, tumor cells deficient in CPT-induced TOP-I downregulation were
found to be more sensitive to CPT, implicating ubiquitylation of TOP-I as
an important determinant of cellular sensitivity (101). Additionally, CPT-
induced TOP-I–DNA covalent complex formation results in transcriptional
arrest and 26S proteasome-mediated degradation of TOP-I and the large
subunit of RNA polymerase II. Degradation of the transcriptional machin-
ery then initiates transcription-coupled repair. Furthermore, recovery from
transcriptional arrest depends on degradation of TOP-I and functional
transcription-coupled repair, affecting cellular sensitivity to CPT (76). In
yeast, two proteins related to the ubiquitylation pathway were discovered
using genetic screens for mutants that alter CPT sensitivity. Overexpression
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of a ubiquitin specific protease, Ubp11, confers resistance to TOP-I–medi-
ated DNA damage (102) and loss of DOA4, a 26S pro-teasome-associated
C-terminal ubiquitin hydrolase, sensitizes cells to TOP-I–mediated DNA
damage (103).

TOP-I is also modified by SUMO after CPT treatment (104). Sumoylation
of TOP-I is associated with relocalization of the protein from the nucleolus
to a more diffuse nuclear pattern after CPT treatment (69), whereas, TOP-I
mutants that cannot be sumoylated remain more concentrated in nucleoli of
cells even after CPT treatment (105). Together these studies strongly sug-
gest that sumoylation regulates TOP-I localization in the nucleus and that
sumoylation of TOP-I may function to decrease TOP-I–DNA interactions
and thus minimize TOP-I–mediated DNA damage induced by CPT.

Although the mechanisms related to CPT-induced TOP-I ubiquitylation
and sumoylation are unknown, recent studies of a TOP-I–binding protein,
named topors, suggest that this protein may be involved (106). Topors is a
RING protein that functions in vitro as an E3 ubiquitin ligase (107) and as
an E3-type SUMO ligase (108). Moreover, topors sumoylates TOP-I in
vitro (108). In cells, topors is associated with promyelocytic leukemia
(PML) nuclear bodies and rapidly disperses to a diffuse nuclear pattern on
cellular treatment with CPT, similar to TOP-I (109). It is possible that topors
plays a role in the cellular response to CPT, and regulates the function of
TOP-I after CPT-induced DNA damage (Fig. 2).

5. RESISTANCE TO CPT IN THE CLINICAL SETTING

More studies of clinical specimens are needed to determine whether the
resistance mechanisms detected in yeast and cell culture models are clini-
cally relevant. In addition, cellular metabolism, via carboxylesterases and
UGTs, plays an important role in the cytotoxicity of CPT-11 in cell culture
models. Little is known regarding the clinical relevance of this finding,
although varied carboxylesterase activity has been reported in clinical speci-
mens (13,14). BCRP seems to be expressed at low levels in breast cancer
cells and leukemic cells (37,38). Recently, BCRP protein expression was
found to increase in leukemia cells obtained from patients following infu-
sion of topotecan and arabinoside-C in patients (40). To date, altered expres-
sion of BCRP in clinical samples has not been proven to correlate with
altered CPT sensitivity.

There is a limited number of clinical studies that have analyzed clinical
specimens (tumor tissue or surrogates) for mutations in TOP-I and most
have yielded negative results (51,110). Recently, Tsurutani et al. reported
a TOP-I mutation in a tumor specimen from a patient with large-cell carci-
noma of the lung (45). The mutation results in two changes, a stop codon at
position 736 and a glycine to serine missense mutation at codon 737. Inter-
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estingly, the patient with this mutation did not respond to a chemotherapy
regimen consisting of cisplatin and irinotecan (45). However, it remains to
be determined if these mutations result in enzymatic resistance to CPT.

Other studies using clinical specimens found alterations in TOP-I and
TOP-2 levels after treatment with CPT. Analyses in clinical study of 11
patients with nonhematological malignancies treated with oral CPT for 14
days showed decreases in TOP-I protein levels in nonmalignant peripheral
blood mononuclear cells (PBMCs) that were not the result of cleavable
complex formation, suggesting that TOP-I is degraded after CPT exposure
in nonmalignant cells (111). Analyses in a similar clinical study of nonma-

Fig. 2. Model of the regulation of TOP-I localization and its role in resistance
to camptothecin (CPT). CPT treatment induces relocalization of TOP-I and
topors to a diffuse nuclear pattern. The TOP-I topors complex may induce
ubiquitylation or sumoylation of TOP-I in response to TOP-I–mediated DNA
damage.
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lignant PBMCs in patients treated with a 72-hour infusion of 9-amino-
camptothecin (9-AC) also indicated decreases in TOP-I protein levels at 48
or 72 hours in two of three patients (112). In contrast, two of four patients
with leukemia who were treated with a 72-hour infusion of 9-AC showed no
change in TOP-I protein levels in their malignant blast cells at 48 or 72 hours
(113), suggesting that if TOP-I degradation occurs in these cells, the timing
is distinct from that of nonmalignant PBMCs. It is possible that the apparent
difference in 9-AC–induced TOP-I degradation may relate to alterations in
ubiquitin-proteasome pathways in malignant versus nonmalignant cells.
These findings are consistent with the observation that malignant and non-
malignant cultured cells differ in their capacity to degrade TOP-I (101).
Interestingly, topors protein and mRNA expression are decreased in
tumor tissues versus matched normal tissues, suggesting that topors may
be involved in the apparent differences in CPT-induced TOP-I degradation
in these tissues (114).

Other mechanisms of CPT resistance that have been identified in yeast
and cell culture models need to be evaluated clinically, including the role of
TOP-I localization and specific repair processes. Pharmacogenetic and bio-
chemical understanding of clinical CPT resistance will improve the use of
CPTs in the treatment of malignancy.
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1. INTRODUCTION

Camptothecin (CPT) (Fig. 1) and its related analogs are an expanding
class of anticancer agents that have the potential to effect a broad and sig-
nificant clinical impact (1–15). Clinical interest in the CPTs is in large part
based on their unique mode of action: these agents turn topoisomerase I
(TOP-I), an enzyme that alleviates the torsional stress of supercoiled DNA,
into an intracellular poison. The CPTs stabilize the covalent binding of
TOP-I to its DNA substrate and the formation of these complexes leads to
reversible, single-strand nicks. Initially, the nicks do not negatively affect
the cellular viability; however, according to the fork collision model, the
nicks are ultimately converted to irreversible and lethal double-strand breaks
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during DNA synthesis. As a result of this mechanism of action, the CPTs are
regarded as being S-phase specific agents and are therefore toxic to cells that
are actively replicating DNA (11,16,17). Because of their proliferating
nature, cancerous cells spend more time in the S-phase relative to normal
cells. Also, it has been shown that TOP-I is overexpressed in a variety of
tumor lines (8,15). Logically, the accelerated rate of cell replication and the
overexpression of TOP-I provide a limited basis for selectivity through
which the CPTs can generate greater cytotoxicity against cancerous cells
than against normal cells.

The preclinical development and clinical utility of the CPTs have been
obscured by their unique nature; they exhibit unusual reactivity and dynam-
ics in vivo. With respect to reactivity, each of the clinically relevant CPT
analogs shown in Fig. 2 possesses an -hydroxy- -lactone pharmacophore.
This moiety, at pH 7.0 and above, is extremely reactive and easily hydro-
lyzes to the carboxylate, or “ring opened,” form (see Fig. 1). Although the
lactone form of the CPTs has been shown to be the biologically active form,
the carboxylate form is regarded as inactive (18–20). As a consequence of
the unstable -hydroxy- -lactone pharmacophore, on dissolution in water
the CPTs yield an equilibrium consisting of the two separate drug species:
the biologically active lactone form and the biologically inactive carboxy-
late form generated on the hydrolysis of the parent drug (14,18).

With respect to the unusual dynamics of these drugs in vivo, the extent
of drug hydrolysis for several CPTs is intensified in human blood, because
the equilibrium of active lactone form versus inactive carboxylate form is
greatly affected by the presence of human serum albumin (HSA). Affected
congeners include CPT, 9-aminocamptothecin, and 9-nitrocamptothecin.
Taking advantage of the intensely fluorescent CPT lactone and carboxylate
forms, time-resolved fluorescence spectroscopy has been implemented to
directly measure the differential manner in which these two distinct drug
forms interact with HSA (21). Although the lactone form of CPT binds to
HSA with moderate affinity, the carboxylate form of CPT tightly binds

Fig. 1. Camptothecin hydrolysis at physiological pH.
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Fig. 2. Clinical candidates and Food and Drug Administration–approved analogs
in the camptothecin family of antitumor agents.

HSA, resulting in a 150-fold increase in its affinity for this serum protein.
After adding the lactone form of CPT to an aqueous solution containing
HSA, the avid binding of the carboxylate form to HSA propels the chemical
equilibrium to the right and ultimately leads to rapid and complete lactone
ring hydrolysis. This extreme shift in the equilibrium is not observed when
CPT lactone is added to an aqueous solution lacking HSA.
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The labile nature of the CPT lactone pharmacophore, combined with
high-affinity HSA interactions for specific CPT analogs, has confounded
the clinical duplication of the impressive activity observed in preclinical
studies, particularly those performed in murine models. For instance, that 9-
aminocamptothecin was highly effective against human tumor xenografts
in nude mice yet performed poorly in clinical studies may in part be due to
the remarkable interspecies variations in albumin binding (22,23). Indeed,
physiologically relevant concentrations of HSA can attenuate, by 500- to
1000-fold, the anticancer activities (as measured by IC50 values) of CPT, 9-
aminocamptothecin, and 9-nitrocamptothecin (24,25). Thus, in humans,
protein-binding interactions present a significant hurdle to realizing thera-
peutically effective lactone levels of these agents. Because prolonged expo-
sures are requisite for therapeutic efficacy (owing to the S-phase-
specificity of these drugs), rational analog design aimed at surmounting the
distinctive in vivo reactivity and dynamics of the CPTs is a logical goal to
pursue. In this chapter, we review several drug design and drug delivery
approaches aimed at conserving the active lactone forms of the CPTs.

2. RATIONAL DRUG DESIGN

2.1. A,B-Ring Design Strategies for Elevating Active Lactone
Levels in Blood and Tissue

In its initial clinical debut in 1972, CPT was first administered to patients
as the “ring-opened” carboxylate (sodium salt form). This trial was initiated
without any mechanistic understanding of drug action (i.e., without knowl-
edge of the ultimate biological target of the compound and without the
understanding that intact lactone functionality was required for anti-TOP-
I activity) (5,6,18). The necessity of a closed lactone ring for anti-TOP I
activity was recognized in the 1980s and has since resulted in CPT develop-
ment efforts focused on water-soluble, “closed-ring” congeners. Examples of
such agents include topotecan and CPT-11 (see Fig. 2), which contain sub-
stituted A and B rings with water-solubilizing moieties (at the end of the
molecule distal to the lactone moiety). With the expansion of these research
and development efforts, it became apparent that the A and B rings of CPT
could be modified by a variety of changes without negatively affecting the
anti-TOP-I activity.

Although the anti-TOP-I activities of CPTs are frequently conserved
with A,B-ring modification, changes in this portion of the drug strongly
modulate human plasma and blood stabilities. Although >99.5 % of CPT
and 9-aminocamptothecin convert to their carboxylate forms in human
plasma (26), agents such as topotecan, CPT-11, and SN-38 all display vastly
improved stabilities (with equilibrium lactone of 12%, 21%, and 21%, re-
spectively) (24,27). Research has shown that the improved stabilities of
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topotecan, CPT-11, and SN-38 relative to CPT and its 9-amino analog cor-
relate well with their favorable interactions with HSA. Topotecan, SN-38,
and CPT-11 contain structural functionalities in the A,B-rings that effec-
tively prevent high-affinity binding of the carboxylate drug forms to HSA.

Recently the rational design of a dual 7,10-modified CPT has been
described, an agent that displays markedly improved human blood stabil-
ity and potent anti–TOP-I anticancer activity (28). The new agent shown
(Fig. 3) is 7-t-butyldimethylsilyl-10-hydroxy-camptothecin (DB-67).
Prepared using the radical cascade approach (29,30), the design of DB-67
was based on the following two considerations: (1) dual 7,10-substitution
eliminates the highly specific binding of carboxylate form over lactone
form by HSA (21,26,27,31,32) and (2) lactone ring stability is further
enhanced by increased lipid bilayer partitioning (21,33,34). Dual 7,10-
substitution of CPT (in which the 10-substituent is a hydroxy group) vastly
improves human plasma and blood stabilities (27,35). SN-38 contains this
dual 7-alkyl-10-hydroxy substitution pattern and it has been demonstrated
that this modification prevents SN-38 from binding the high-affinity CPT
carboxylate binding pocket on HSA (27).

Fig. 3. Structures of several 7-modified and 7,10-modified camptothecins.
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In addition to altered human albumin binding, lipophilicity also pro-
motes CPT stability by favoring lactone partitioning into the membranes of
red blood cells, thereby protecting the active lactone form from hydrolysis.
Rational drug design efforts have focused on adding lipophilicity to CPT
through 7-alkyl substitution. Figure 3 summarizes the structures of several
7-alkyl substituted CPTs, whereas Table 1 summarizes the overall associa-
tion constants of the compounds interacting with small unilamellar vesicles
of electroneutral dimyristoylphosphatidylcholine and negatively charged
dimyristoyl-phosphatidylglycerol in phosphate-buffered saline at pH 7.4
and 37°C. The data contained in Table 1 indicate that increasing alkyl chain
length at the 7-position (from methyl to butyl) increased membrane binding
approximately 10-fold, whereas inclusion of a 7-t-butyldimethylsilyl func-
tionality (DB-202) increased membrane binding an additional 10-fold over
the butyl substitution.

After screening highly lipophilic 7-silylcamptothecins, otherwise known
as silatecans, we observed that the key -hydroxy- -lactone pharmacophore
in DB-67 displays superior stability in human blood when compared with
Food and Drug Administration–approved topotecan, CPT-11, and several
other CPTs under clinical investigation (28). A t1/2 value of 130 minutes and
a percent lactone at equilibrium value of 30 in human blood was observed
for DB-67; the t-butyldimethylsilyl group enhances lipophilicity and thereby
promotes drug associations with blood cells. DB-67 was found to be 25
times more lipophilic than CPT, 10 times more lipophilic than SN-38, and

Table 1
Overall Association Constants for Camptothecin Analogues Interacting

With Unilamellar Vesicles of Electroneutral DMPC, Negatively Charged
DMPG in PBS Buffer at pH 7.4 and 37°C

Compound KDMPC(M–1) KDMPG(M–1)

20(S)-camptothecin 100 100
7-methyl-20(S)-camptothecin 150 180
7-ethyl-20(S)-camptothecin 250 300
7-propyl-20(S)-camptothecin 540 600
7-butyl-20(S)-camptothecin 940 —
DB-202 15500 1600
DB-67 2500 2800
SN-38 250 320

Binding isotherms were contructed using the method of fluorescence anisotropy
titration, and K values were determined from the slopes of double-reciprocal plots. The
K values are subject ot 10% uncertainty.

DMPC, dimyristoylphosphatidylcholine; DMPG, dimyristoyl-phospatidylglycerol;
PBS, phosphate-buffered saline.
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readily incorporates as its active lactone form into cellular and liposomal
bilayers. In addition, the dual 7-alkylsilyl and 10-hydroxy substitution pat-
tern in DB-67 blocks the associations of the carboxylate form of DB-67 with
the high-affinity carboxylate binding pocket on HSA. Collectively, the
enhanced lipophilicity and altered HSA interactions provide DB-67 with
outstanding human blood stability when compared with other CPTs con-
taining the conventional -hydroxy- -lactone pharmacophore. DB-67 has
also been shown to display potent anti-TOP-I activity and potent anticancer
activity in vitro and in vivo (28,36).

2.2. E-Ring Design Strategies Resulting in Intrinsically
Potent Agents With Altered Hydrolysis Profiles

Lavergne, Bigg, and collaborators (37,38)developed an alternative medici-
nal chemistry approach to enhancing lactone ring stability. In 1997 they
reported that an E-ring-expanded congener of CPT (otherwise known as
homocamptothecin [Fig. 4]), prepared by homologation of the -hydroxy
lactone to a -hydroxy lactone, displayed significantly enhanced human
plasma stability. Interestingly, the homologation procedure allowed for the
conservation of high anti-TOP-I activity (37,38). Since the initial findings,
other studies have shown that homocamptothecin and its related A,B-ring
analogs display biological activities against a range of different cancers
(38–51).

Whereas the -hydroxy lactone of CPT activates the lactone toward a
nucleophilic attack, the presence of a -hydroxy lactone prevents this type
of facile activation of the lactone. The resulting -hydroxy lactone is stable
over a period of several hours. Because more than a decade of previous
research suggested that any change to the E-ring portion of CPT signifi-
cantly attenuated anticancer activity (14,18,19,52), the finding that activ-
ity can be conserved through homologation of the -hydroxy lactone to a

-hydroxy lactone E-ring received considerable attention.
The rational design and total synthesis of A,B,E-ring–modified 7-silyl-

camptothecins (homosilatecans) have also been described (53) and are
shown in Fig. 4. Prepared by total synthesis using the cascade radical annu-
lation approach (29), the homosilatecan agents combine E-ring expansion
(or homologation of the -hydroxy lactone to a -hydroxy lactone as
described by Lavergne, Bigg, and coworkers) with A,B-ring modifica-
tions. Homosilatecans contain a silyl group at position 7 and, in some cases,
modifications at the 10 position. Using high-performance liquid chromato-
graphy, homosilatecans were observed to be very blood stable (over several
hours) (53), significantly improving on the plasma and blood stability ob-
served for homocamptothecin. Homo-silatecans displayed greater than 80%
lactone levels after 3 hours of incubation, with homosilatecan lactone levels
being substantially in excess of the blood lactone levels observed for clini-
cally relevant CPTs at similar time points. Whereas marked interspecies
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variations in blood stabilities have been previously noted for agents such as
CPT and 9-aminocamptothecin, no such variations occur for homosilatecans
(53). Thus it seems likely that successful treatment strategies achieved in
animal models with homo-silatecans may be more readily translated to a
clinical setting.

As described previously, rational design efforts can lead to the develop-
ment of new analogs that display altered stabilities and high intrinsic poten-
cies. Creation of homocamptothecin analogs through the insertion of a
methylene group in the E-ring has been shown to be a convenient means of
altering human blood stabilities and maintaining high intrinsic potencies.
Moreover, the interesting biological properties of the E-ring-expanded ana-
logs have prompted investigations of other changes to the E-ring. The
synthesis of a novel E-ring-modified keto ether analog of CPT and
homocamptothecin has been recently reported (54). The new analog is an
isomer of homocamptothecin that includes the -hydroxy carbonyl func-
tionality that CPT possesses and that is absent in the homocamptothecin
structure. The new keto ether analog, which contains an E-ring that does not
open in contrast to CPT and homocamptothecin analogs, was found to be
inactive in cell culture assays. This initial finding suggests some degree of
E-ring lability may be important for activity against the topoisomerase I
target.

2.3. E-Ring Design Strategies Resulting in Prodrugs
That Undergo Nonenzymatic Intramolecular Activation

There are two CPT analogs that are Food and Drug Administration
approved, topotecan and irinotecan (CPT-11). CPT-11 is a prodrug that
requires enzymatic activation via carboxylesterases to generate the active

Fig. 4. Structural comparison of the homosilatecans and homocamptothecin.
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metabolite, SN-38. Between topotecan and SN-38, SN-38 possesses thegreat-
est intrinsic human blood stability relative to the level of active lactone
species of the drug. In whole blood, SN-38 displays 21% lactone at equilib-
rium whereas topotecan displays 12% lactone levels (27). Despite the
enhanced blood lactone levels of its active agent, the clinical utility of
CPT-11 is negatively affected by its propensity to cause severe diarrhea,
which is considered to be its major toxicity (55).

The pharmacology of CPT-11 is complex and it is not entirely clear how
this affects its tendency to cause severe diarrhea. First, as with all -hydroxy-
-lactone CPT congeners, the active metabolite SN-38 displays the typical

reactivity that yields the inactive carboxylate versus active lactone equilib-
rium. Second, SN-38 is detoxified to SN-38 glucuronide (SN-38G) by the
enzyme UGT1A1 (56). Preliminary reports indicate that interpatient varia-
tion in glucuronidation of SN-38 correlates with the occurrence of dose
limiting diarrhea: the higher the biliary index (the ratio of SN-38 to SN-
38G), the greater the severity of the diarrhea (57). Third, the reverse reac-
tion, SN-38G>>SN-38, is catalyzed by bacterial glucuronidases in the
intestine; the impact of the intestinal flora on this retroconversion can be
modulated by antibiotics in some patients (58). Last, a mere fraction of
the administered CPT-11 drug is converted to SN-38 and, accordingly,
the residual prodrug is either metabolized (CYP3A4, CYP3A5) or excreted
(hepatic and renal modes of elimination) (59). Carboxylesterases are ubiq-
uitous enzymes. Prodrug conversion may therefore occur both in normal
tissues, typically the liver, and at the tumor site, albeit with reduced effi-
ciency relative to the liver. Moreover, because each patient exhibits a highly
individual pharmacokinetic profile after CPT-11 administration, the extent
of the toxicity cannot be predicted a priori. In view of multifarious pro-
cesses that affect the ultimate activity of CPT-11, a reasonable hypothesis
would be that simplification of the active SN-38 agent’s pharmacology may
result in improved efficacy and a more predictable toxicity profile. Recent
reviews of CPT-11 (55,60) have underscored the need for approaches that
reduce toxicities and improve efficacies for this agent.

A prodrug approach has been pursued in our laboratory that is based on
nonenzymatic prodrug conversion and liposomal targeting of the prodrug to
the tumor site. In patients, CPTs exhibit broad biodistribution to both tumor
lesions and healthy tissue, with the latter resulting in myelosuppression
and, as mentioned previously, dose-limiting diarrhea (61). Previous re-
search has indicated that such toxicities can be mitigated and tumor target-
ing enhanced by using liposomal core-loaded drug formulations (62).
Recently, we described a versatile prodrug strategy for loading the liposo-
mal lumen with water-insoluble CPTs (63). Before our work, research on
core-loaded liposomal CPT formulations had been limited to the water-
soluble CPTs topotecan, CPT-11, GG-211 (lurtotecan), and CDK-602. Each
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of these agents contains a basic amino group and loads into the core of
premade small unilamellar vesicles using well-established ion gradient
methods (64,65).

Water-insoluble CPTs such as 7-ethyl-10-hydroxy-camptothecin (SN-
38) and 7-t-butyl-dimethylsilyl-10-hydroxycamptothecin (DB-67) lack
amino groups and do not load into liposomes using gradient driven pro-
cesses. To prepare prodrugs of these agents that readily load into the core
of liposomes and, unlike CPT-11, do not require enzymatic activation, we
developed a procedure (63) that involves conversion of an active CPT ana-
log to a 20-OR -aminoalkanoic acid ester prodrug in which R =
CO[CH2]nNH2 and n = 1–3. The basic amino group of the prodrug serves
three roles. First, at pH ranges of 3.0 to 5.0, the amine enhances aqueous
solubility. Second, it enhances responsiveness to a transmembrane ammo-
nium sulfate gradient across the liposomal bilayer, thereby facilitating ac-
tive loading of the agent into the liposomal aqueous core. Finally, at a
physiological pH of 7.0 or above (the pH to be encountered after drug
release), the nucleophilicity of the amine manifests itself and cyclization
to the C-21 carbonyl carbon occurs. As shown in Fig. 5, the result of the
reaction for the glycine ester is the formation of an unusual six-membered
morpholine 2,5-dione ring 2 (or lactam intermediate). The lactam interme-
diate arose by intramolecular nucleophilic attack of the amino group on the
lactone E-ring carbonyl carbon of CPT. This cyclization triggers a rapid and
convenient nonenzymatic decomposition process that releases active CPT.

Accordingly, this novel liposomal approach (Fig. 6) offers a potential
system for tumor-targeting prodrugs of many water-insoluble CPTs, includ-
ing the highly lipophilic and clinically attractive analogs SN-38 and DB-67.
The rate of formation of the active agent at the tumor site occurs by chemical
activation and can be controlled through the selection of n (the length of the
alkyl spacer group). Whereas other CPT prodrugs such as CPT-11 and
camptothecin-20(S)-alkylesters (66,67) require enzymatic activation,
the 20-OR -aminoalkanoic acid ester prodrugs described in our work
feature pH-mediated self-activation. Such nonenzymatic activation sug-
gests these prodrugs will be well-suited for liposomal targeting to tumor
tissue. Because of the inefficiency of CPT-11 metabolism to the active agent
SN-38 in the human body, chemically activated 20-OR -aminoalkanoic
acid ester prodrugs of SN-38 may also be of potential utility prepared as an
intravenous injectable without liposomal formulation.

3. DRUG DELIVERY STRATEGIES

3.1. Cyclodextrin Formulations of CPTs
Although increased lipophilicity and reduced interaction with HSA for

CPT analogs such as DB-67 can markedly improve their human blood sta-
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bility and anti-TOP-I activity, these CPT analogs in their lactone form usu-
ally possess much poorer water solubility, making their parenteral formu-
lation a real challenge. In the past, poor solubility has prevented the extensive
use of highly lipophilic CPT analogs in the clinical treatment of cancer. In
recent years, several approaches have been explored including liposomes
(33,34), microspheres (68–70), and complexation with cyclo-dextrin de-
rivatives (71–75). Cyclodextrins have been widely used to improve solubility,
stability, and bioavailability of a variety of poorly soluble and labile drugs
(76–82). Kang and coworkers have recently investigated the solubility and
stability of the lactone-ring intact CPT as a function of concentrations of
various -, -, and -cyclodextrins (74). The phase-solubility measure-
ments show a linear increase in the solubility of CPT with increasing con-
centration of CDs with the 1:1 stability constants (K1:1) being in the range
of 41 to 910 M–1. The stability of CPT in a pH 7.4 buffer also increases
linearly with an increase in the concentration of dimethyl- -CD (DM-CD).
The observed pseudo–first-order hydrolysis rate constants (kobs) for the free
and complexed CPT are 19.7 × 10–5/s–1 and 1.97 × 10–5/s–1, respectively,
corresponding to an increase in half-life of CPT from 0.98 to 9.8 hours.
Cytotoxicity studies against the human-derived myeloid THP-1 leukemia
cell line have shown DM-CD/CPT and hydroxypropyl-CD/CPT complexes
to be about twofold more active than free CPT, presumably because of an
increase in the stability of the complexed CPT against hydrolysis (74).
Cyclodextrins can form even more stable complexes with the lactone-ring–

Fig. 5. 20-OR -aminoalkanoic acid ester prodrugs featuring pH-mediated self-
activation with the formation of a novel lactam intermediate.
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closed DB-67 with 1:1 stability constants (K1:1) of 8.5 × 103/M–1 and 5.8 ×
103/M–1 for sulfobutyl ether (SBE-CD) and 2-hydroxypropyl -cyclodex-
trins (HP-CD), respectively, and a 1:2 stability constant (K1:2) of 3.8 × 104/
M–1 for the neutral HP-CD (75). The 1:1 stability constants for the lactone-
ring-opened DB-67 with SBE-CD and HP-CD are 34- and 3.4-fold lower,
respectively. The presence of 20% (w/v) SBE-CD or HP-CD reduces the
rate of lactone-ring–opening hydrolysis at pH 7.4 by 1.6-fold and 1.8-fold,
respectively, presumably because of the inclusion of the lactone ring in the
1:2 complex with HP-CD and the negatively charged ether groups in SBE-
CD that may repel attacking OH– ions near the lactone ring. Comparative
studies on CPT and DB-67 indicated that the hydrophobic substituent in
DB-67, silatecan 7-t-butyldimethylsilyl, is included within the CD cavity
and another binding site at the lactone-ring is most plausible, because steric
hindrance may prevent the binding of two cyclodextrins near the A and B
rings. In spite of the remarkable solubilization of DB-67 by cyclodextrins,
it is still not sufficient to achieve a desired concentration of 2 mg/mL for
parenteral administration. Xiang and Anderson recently reported a method
for preparing stable supersaturated aqueous solutions for DB-67 and, poten-
tially, for other lipophilic CPT analogs (75). In this approach, a concentrated
alkaline aqueous solution of DB-67 carboxylate is mixed with an acidified
cyclodextrin solution. The slow conversion from DB-67 carboxylate to the
lactone form after the mixing prevents rapid precipitation of DB-67 for
several days such that the mixture could be lyophilized for long-term stor-
age and reconstituted to yield a clear, stable solution for parenteral admin-
istration. In separate studies, water-soluble cyclodextrin polymers are used
as carriers that release CPT analogs and other drugs at their site of action
under controlled conditions (72).

Fig. 6. Liposomes provide a means of targeting amine-containing prodrugs. The
low pH within the liposomal core slows prodrug decomposition until it is re-
leased from the particle and encounters physiological pH, which initiates the
decomposition reaction.
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3.2. Liposomal Formulations
Because of the presence of both aqueous and lipid bilayer compartments,

liposomes possess both utility and versatility in stabilizing the lactone form
of the CPTs (27,38,51,56). Essentially, all CPTs are capable of associating
with membranes (38,51,56),and some proportion of core-loaded CPT drugs
will integrate within the lipid bilayer (a higher fraction for lipophilic drugs
such as DB-67 and a lower fraction for water-soluble agents such as topotecan).
CPT agents that reside within the bilayer typically do so in the lactone form,
thus bilayer associations can promote and stabilize the active form of CPTs.
In addition, many CPT agents with reduced lipophilicity can be loaded
into the liposome core and stabilized via pH reduction of the aqueous core
milieu (56).

Liposomes are a clear example of how the reactive nature of the CPTs can
be modulated and the therapeutic efficacy of these agents can be potentially
augmented. Drug-laden liposomal particles offer several distinct advan-
tages. First, prolonged plasma exposures can be achieved, particularly via
the use of stealth liposomes (58). The Doxil (liposome-encapsulated doxo-
rubicin) formulation (Alza), which implements Stealth liposome technology
(Alza), incorporates 5% polyethyleneglycol (PEG)-linked distearoyl-phos-
phatidyl-ethanolamine in the liposome. In circulation, the lipid-conju-
gated PEG dually functions to prevent opsonization and extend the lifetime
of the liposome (83–85). Second, tumor lesions can be passively or actively
targeted, thus elevating the levels of active drug at the tumor site. With
respect to passive tumor targeting, studies have shown that Doxil and
DaunoXome (liposome-encapsulated daunorubicin, Gilead) target tumors
by exploiting the leaky tumor vasculature (also known as enhanced per-
meability and retention) (86), which facilitates particle accumulation. An
excellent example of passive tumor targeting and therapeutic response using
liposomes is the treatment of Kaposi’s sarcoma, which exhibits enhanced
permeability and retention (86). Finally, the liposomes can be engineered to
act as drug storage depots such that protracted exposure to drug at the tumor
locale can be optimized. Overall, the interest in using liposomes to stabilize
CPTs and target their delivery to specific tissues has grown. To underscore
this point, select investigations of liposomal CPT products are described in
the following sections.

The most developed example of a liposomal CPT product is 7-[(4-methyl-
piperazino)methyl]-10,11-(ethylenedioxy)-(20S)-camptothecin trifluoro-
acetate [GI-147211C], which has been prepared in a lipid matrix similar to
that of Doxil. In addition, GI-147211C (Gilead) has been encapsulated in a
lipid matrix similar to that of DaunoXome. Both matrices consist of
unilamellar liposomes made of phosphatidylcholines with saturated fatty
acid chains and cholesterol. Such resilient bilayers serve two functions:
drug leakage reduction and opsonization deterrence. Independent studies,
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which are described in the following section, have indicated that the lipo-
somal encapsulation of GI-147211C (in either matrix) enhances the thera-
peutic index several-fold (87). These results concur with studies of liposomal
formulations of topotecan in which encapsulated topotecan was more effi-
cacious than free drug (88).

Preclinical studies in murine models have clearly documented the pro-
tective effects of the liposomal carrier on the stabilization of active GI-
147211C and the prolongation of plasma exposure time. Because
GI-147211C is an amphipathic agent, maintenance of the lactone species
occurs on two fronts: stabilization of active drug via drug lactone interca-
lation of the lipid bilayer of the liposome and drug lactone conservation
via pH adjustment of the core environment. Ultimately, GI-147211C
within the bilayer can exit, or “leak” out of, the liposome; such leakage
from liposomal GI-147211C formulations has been observed both in phos-
phate buffer and in plasma (87).

Nevertheless, liposomal formulations of GI-147211C can modify drug
biodistribution and concomitantly reduce drug accretion in normal tissues.
Free GI-147211C causes potent general toxicity, which ultimately restricts
the amount of GI-147211C that can be safely administered (89–93). Thus,
to delineate the therapeutic and pharmacokinetic differences between liposo-
mal GI-147211C (in a lipid matrix similar to the Doxil) and free GI-147211C,
in vivo murine studies were performed (87). With respect to the plasma
pharmacokinetics, notably enhanced blood circulation time for the liposo-
mal formulation relative to free GI-147211C were noted; on dose correc-
tion, the area under the curve and Cmax for the liposomal formulation (10 mg/
kg) were 1250-fold and 35-fold higher, respectively, than the corresponding
values for the free GI-147211C (8.72 mg/kg). With respect to evaluating
therapeutic efficacy, a nude mouse xenograft model (H29 human colon
carcinoma) was employed. The liposomal GI-147211C formulation (1 mg/
kg liposomal GI-147211C) exhibited a 20-fold enhancement in antitumor
activity relative to the nonliposomal GI-147211C (20 mg/kg GI-147211C).
Treatment with free GI-147211C did not induce complete responses where
as the liposomal GI-147211C caused complete remissions at doses that were
fivefold lower than the maximally tolerated dose of nonliposomal GI-147211C
(96). Between the free and liposomal GI-147211C, the toxicities were com-
parable. However, the liposomal formulation revealed a fourfold increase
in toxicity; this is likely related to the plasma pharmacokinetics described
previously. Despite this increased toxicity, the therapeutic index of the
liposomal GI-147211C was enhanced fivefold over that of the free GI-
147211C (87). This net gain in therapeutic index is outstanding and presents
the possibility that in humans liposomal GI-147211C, or perhaps other
liposomal CPT formulations, may display a similarly impressive enhance-
ment of therapeutic index.
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In addition to liposomal formulations of CPTs intended for intravenous
administration, liposomal aerosols of 9-nitrocamptothecin have proven to
be remarkably effective in the treatment of subcutaneous xenografts of
human cancers in nude mice (94). The anticancer properties of a liposomal
aerosol of 9-nitrocamptothecin (formulated in dilauroylphosphatidylcholine
and nebulized to provide a particle size of 1.6 microns mean diameter) were
evaluated in nude mice bearing either human breast, colon, or lung cancer
xenografts. The 9-nitrocamptothecin liposome aerosol was very effective in
the treatment of each cancer type; most noteworthy is that these the results
were obtained using doses significantly less than those used in mice receiv-
ing CPT agents via other routes of administration (94). Also, in the case of
locally advanced lung cancer, aerosol delivery could potentially provide a
facile means of realizing focused treatment because it would direct high
therapeutic doses to the target organ and potentially reduce undesirable
systemic toxicity. However, it is also interesting to note that pharmacoki-
netic studies performed in the Knight laboratory have shown that aero-
solized liposomal CPT, when inhaled by mice, promptly reached high
concentrations in the lungs, followed by immediate distribution to the liver
and other viscera, indicating that aerosol delivery of liposomal CPTs may
useful in treating cancer systemically.

In closing, preclinical and clinical research clearly indicate that the com-
bination of medicinal chemical and drug delivery approaches has been
highly important in improving the therapeutic index of CPT-based thera-
pies. Future research and development efforts will likely continue, if not
intensify, in this regard. Specifically, we anticipate that a greater number of
lactone-stable analogs will emerge, targeted delivery and long-circulating
liposomal CPT formulations will be pursued clinically, and delivery sys-
tems with optimal drug retention and release profiles will be refined.
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1. INTRODUCTION

In preclinical studies first published in 1989 by Giovanella and col-
leagues, 9-aminocamptothecin (9-AC) demonstrated highly promising anti-
tumor activity against human colorectal cancer xenografts (1). This led to an
extensive drug development program for 9-AC initially under the guidance
of the National Cancer Institute, and later in cooperation with pharmaceu-
tical industry sponsors. However, despite this impressive preclinical activ-
ity, 9-AC has not demonstrated clinically useful antitumor activity to date.
Thus, in contrast to its more successful brethren, irinotecan and topotecan,
9-AC is no longer under active clinical development. Nonetheless, testing
of other novel and new camptothecin derivatives remains an active area of
pharmacological research. Thus a careful review of the early clinical and
pharmacological trials of 9-AC may help us to understand why 9-AC has not
shown more meaningful antitumor activity and may also provide important
lessons for the future drug development of novel camptothecins and other
topoisomerase I (TOP-I) targeting agents.
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2. HISTORICAL BACKGROUND

In 1986, Drs. Wani and Wall first synthesized the water-insoluble
camptothecin derivative, 9-AC (2). Subsequent laboratory studies revealed
that 9-AC was a potent inhibitor of TOP-I (3,4), and its ability to interfere
with this enzyme correlated with its in vivo cytotoxic activity against
murine L1210 leukemia cells (3,5). In 1989, Giovanella and colleagues
published their impressive results in the journal Science documenting the
activity of 9-AC in human colon cancer xenografts models in nude mice (1).
9-AC was highly active with minimal systemic toxicity and generated better
antitumor responses than a number of different anticancer agents including
5-fluorouracil, doxorubicin, melphalan, methotrexate, vincristine, vinblas-
tine, and others (1). Interest in clinically developing this compound was
further heightened by the demonstration of a broad range of activity against
a diverse group of human tumor xenografts including malignant melanoma
(6), acute leukemia (7), central nervous system tumors (8), and ovarian (9),
prostate (10), breast (11), and bladder cancers (12).

In animal studies, the principal dose-limiting toxicities of 9-AC were
neutropenia and gastrointestinal toxicity. Preclinical pharmacological stud-
ies also revealed that brief intravenous infusions generating high peak con-
centrations for short periods were toxic and relatively inactive against human
tumor xenografts. Instead, subcutaneous administration of 9-AC as a sus-
pension in Tween-80 resulted in sustained plasma concentrations of 9-AC
lactone in the nanomolar range and generated antitumor responses (13).

3. CLINICAL DEVELOPMENT

In 1989, the US National Cancer Institute selected 9-AC as a high-prior-
ity compound for further clinical development. However, clinical trials with
this agent were delayed because of difficulties in formulating this com-
pound resulting from poor aqueous solubility. In 1993, 9-AC was success-
fully formulated in dimethylacetamide, polyethylene glycol, and phosphoric
acid for use in phase I clinical trials. Later, in 1995, Pharmacia & Upjohn
developed a newer colloidal dispersion formulation of 9-AC that was supe-
rior in stability and in compatibility with standard intravenous infusions.
This newer colloidal dispersion formulation has been used in the more
recent clinical studies of this agent.

3.1. Phase I Trials
Because preclinical studies highlighted the importance of prolonged

exposures to 9-AC lactone, the first phase I trials of 9-AC dimethylacetamide
used a continuous 72-hour intravenous infusion administered every 2 (14)
or every 3 (15,16) weeks (Table 1). Both schedules yielded similar toxicity
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profiles with dose escalation limited by neutropenia and, less commonly,
thrombocytopenia. Other toxicities included mild to moderate fatigue, ane-
mia, nausea and vomiting, diarrhea, alopecia, and mucositis. In contrast to
irinotecan, severe diarrhea was not observed on the 72-hour infusion sched-
ules. Additional schedules of 9-AC administration tested in a phase I clini-
cal trials include prolonged 120-hour infusions given weekly for 2 or 3
consecutive weeks followed by a week rest period (17) and a weekly 24-
hour infusion given for 4 of every 5 weeks (18) (Table 1). For most of these
regimens, the major dose-limiting toxicity was still myelosuppression;
however, diarrhea became more pronounced when prolonged administra-
tion schedules were tested (17).

More recently, a short 15-minute infusion given daily for 5 days every 3
weeks was developed for clinical testing (19). On this schedule, neutropenia
and thrombocytopenia were dose limiting and the recommended phase II
dose was 1.1 mg/m2/day infused over 15 minutes daily for 5 days every 3
weeks. The colloidal dispersion formulation of 9-AC has also been admin-
istered to patients orally over a dose range of 0.2 to 0.68 mg/m2/day daily
(20). However, in this study, no recommended phase II oral dose was deter-
mined because of large interpatient variability in the area-under-the-con-
centration versus time curve. Another oral study used 9-AC formulated as
a polyethylene glycol 1000 capsule with much greater success (21). Admin-
istration of 9-AC capsules over a dose range of 0.25 to 1.5 mg/m2/day for
14 days every 3 weeks resulted in a recommended phase II dose of 1.1 mg/
m2/day. Neutropenia and thrombocytopenia were dose limiting, and the oral
bioavailability of 9-AC in capsular form was a relatively consistent 48 ±
17.8%.

3.2. Clinical Pharmacology
All camptothecin derivatives, including 9-AC, contain a terminal lactone

ring that rapidly hydrolyzes in aqueous solutions to form the more hydro-
philic open-ring carboxylic acid species. Under nonacidic conditions, the
equilibrium for this reaction very much favors a less active carboxylate
form. The pharmacokinetics of the lactone and carboxylate species of 9-AC
have been extensively examined (Table 2). Overall, the amount of active
lactone 9-AC circulating in plasma is quite low relative to the total (lactone
+ carboxylate) 9-AC, with most studies reporting a lactone-to-total 9-AC
plasma ratio of less than 0.16. This value is lower than the active lactone
forms of topotecan (0.16–0.2) (22) or irinotecan (0.51) (23,24) that circulate
in plasma. In addition, the plasma half-life for 9-AC lactone species is
relatively short, ranging from 4.5 to 10 hours (18,19,25–27). Urinary excre-
tion of unchanged drug ranges from 8.6 to 32.1% of the administered dose
(19,25).
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In a pharmacological study of 9-AC in brain cancer patients, subjects
receiving anticonvulsant medications tolerated much higher doses of 9-AC
consistent with an increased clearance of drug (28). One possible explana-
tion is that 9-AC hepatic clearance may be increased by enzyme induction
caused by antiepileptic drugs such as phenytoin, carbamazepine, phenobar-
bital, primidone, felbamate, and valproic acid. However, hepatic metabo-
lites of 9-AC have not been characterized (29). An alternative explanation
is that these same enzyme inducing antiepileptic agents may also result in
the increase expression of transport proteins leading to increased 9-AC
clearance and biliary excretion (30).

Large interpatient variation in the plasma kinetics of 9-AC has been
consistently observed in most studies, which is similar to clinical pharma-
cological studies of other camptothecin derivatives such as topotecan (31)
and irinotecan (23,24). In pharmacodynamic studies, moderate to strong
correlations between dose-limiting myelosuppression and 9-AC steady state
plasma concentrations (25,30) or overall area under the concentration-time
curve (AUC) (18,19,32) have been observed.

3.3. Antitumor Activity
The antitumor activity of 9-AC administered as a 72-hour infusion has

been examined in a variety of different tumors (Table 3). In phase II studies
in advanced colorectal cancer, administration of 9-AC at 1.2 to 1.4 mg/m2/
day over 72 hours every 2 weeks to 16 previously untreated patients resulted
in no objective responses (33). However, the myelosuppressive toxicity of
this regimen was substantial, with grade 4 neutropenia seen in 56% of patients
and febrile neutropenia documented in 31% (33). No objective antitumor
activity was also seen in another trial examining 9-AC administered at 0.84
mg/m2/day over 72 hours every 2 weeks in 17 untreated colorectal cancer
patients (34). In contrast, in advanced platinum refractory ovarian cancer
patients, 72-hour infusions of 9-AC were active generating response rates
of 21% (35) and 19% (36). Activity in relapsed or refractory lymphoma
patients was also observed (37). Administration of 9-AC at 0.96 mg/m2 over
72 hours every 3 weeks with granulocyte colony-stimulating factor to 40
patients with advanced lymphoma resulted in a partial response rate of 25%
(95% confidence interval [CI] 13–41%) and a median survival of 12.5
months. In advanced cutaneous T-cell lymphoma, 9-AC at 1.1 mg/m2/day
every 2 weeks with granulocyte colony-stimulating factor resulted in partial
responses in 2 of 12 patients for an overall rate of 17%, but myelosuppressive
toxicity was high and 3 patients died from neutropenia and sepsis (38).
Minimal activity has also been reported in non-small-cell lung, central
nervous system, and breast cancers (Table 3).

More prolonged infusion schedules administering 9-AC over 120 hours
weekly for 3 of 4 weeks have also been tested in a limited number of studies.
In 17 previously untreated advanced colorectal cancer patients, administra-
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tion of 0.48 mg/m2/day for 120 hours weekly for 3 of 4 weeks again resulted
in no objective responses (39). In lung cancer, administration of 120-hour
infusions of 9-AC to stage IIIB and IV non-small-cell lung cancer patients
generated only a single response in 12 previously untreated patients and
produced a 1-year survival rate of 28% (95% CI = 5–58%) and a median
survival of 10.2 months (40).

The rights to this agent were transferred in 1997 from the Pharmacia &
Upjohn Company to the IDEC Pharmaceutical Corporation. In this same
year, phase II testing of 9-AC was initiated using a 1.1 mg/m2 intravenous
infusion daily for a 5-day schedule (19). The results of phase II testing of 9-
AC on this schedule have not been formally reported; however, in 1999
IDEC notified the US government that it was stopping the development of
9-AC based on preliminary phase II results (41). Thus, despite showing
impressive activity in preclinical models of colorectal cancer, 9-AC did not
produce clinically meaningful antitumor activity of 9-AC in patients with
this disease. Modest activity has been observed in refractory lymphoma
patients and in women with platinum-refractory ovarian cancer, but the
overall phase II activity of 9-AC on any schedule has been largely disap-
pointing.

4. LESSONS FOR NEW DRUG DEVELOPMENT

This lack of clinically useful antitumor activity raises several key ques-
tions. First, why were the preclinical animal xenograft studies of 9-AC so
promising initially given the later clinical findings? Second, what pharma-
cological characteristics make camptothecin derivatives such as topotecan
and irinotecan so much more clinically successful than 9-AC?

The first question was explored in detail in an interesting study by Kirstein
et al. (42). Careful analysis of the pharmacological characteristics of 9-AC
in nude mouse experiments were compared with the clinical pharmacologi-
cal findings seen in early human studies of 9-AC. They adopted a novel
approach first suggested by Minderman and colleagues (43). This involved
rigorously defining the minimally effective dose of 9-AC that caused objec-
tive tumor regressions in animals (MEDOR). However, Kirstein and col-
leagues expanded the MEDOR concept to include a minimally effective
threshold exposure to 9-AC in plasma defined in terms of the AUC, thereby
generating a new parameter that could more easily be applied across species
to preclinical and clinical studies. The administration of 9-AC daily for 5
days for 2 consecutive weeks generated a MEDOR AUC of 690–1580 ng/
mL/hour in the nude mouse experiments (42). The mouse MEDOR AUC
was then compared with the AUC profiles generated in humans in Phase I
clinical trials. Unfortunately, dose-limiting myelosuppressive toxicity in
humans limited the 9-AC AUC to a substantially lower range of 126–493
ng/mL/hour. The greater sensitivity of human bone marrow to 9-AC limited
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the plasma AUC in humans to levels below the minimally effective expo-
sures range required for optimal anticancer activity. Even modest decreases
in achievable systemic exposure can mean the difference between success
and failure for drugs, such as the camptothecins, that have steep dose
response curves and narrow therapeutic indices. This analysis is also quite
consistent with previous findings showing that mouse bone marrow pro-
genitor cells are 6 to 11 times more resistant to 9-AC than their human
counterparts (44). These studies predict, a priori, that maximal achievable
concentrations of 9-AC in plasma would be lower in humans compared with
mice because of marked differences in host tolerance to toxic drug effects.
Kirstein and colleagues recommended that careful pharmacokinetic and
pharmacodynamic studies be performed both in preclinical experiments
and in early clinical trials. Better communication between preclinical scien-
tists and physicians designing and conducting phase I clinical trials may
further help to streamline the drug development process.

The second question of which pharmacological characteristics of
topotecan and irinotecan make them more clinically useful than 9-AC is
difficult to answer with certainty. Differences in the clinical pharmacology
of these camptothecin derivatives are quite prominent. For example, both
irinotecan and topotecan are much more water-soluble than 9-AC and are
easier to formulate in pharmaceutical preparations. Furthermore, the lac-
tone forms of both of these camptothecins are more stable than 9-AC in
plasma with higher percentage of the active lactone species circulating in
plasma after intravenous administration (25). For topotecan it is 16–20%
(22), irinotecan (SN-38) 51–64% (23,24), and for 9-AC approximately 9%
(25). The tight protein binding of the open ring 9-AC carboxylate to plasma
albumin, which tends to destabilize the lactone species (45), may explain
this difference. In contrast, the protein binding of topotecan is much less,
and for SN-38, plasma protein binding interactions actually tend to favor the
stability of the active lactone species (46). Another kinetic difference is
found in the half-lives of these agents. The half-life of SN-38 is relatively
long, 11 ± 3 hours, whereas for topotecan it is 3.01 ± 0.54 hours and for 9-
AC it is 4.5 ± 0.5 hours. For this reason, irinotecan can be given as a rela-
tively short infusion over 90 minutes every 3 weeks (23,24), whereas
topotecan and 9-AC are administered on consecutive days or as prolonged
infusions over many days.

Additional differences at the molecular level of action may also be impor-
tant in distinguishing between the different camptothecin analogues. For
example, SN-38 is highly potent as an inhibitor of TOP-I and generates
cleavable complexes in colon cancer cells that are more stabile than those
generated by 9-AC or topotecan (47). Molecular resistance mechanisms
may also differ. P-glycoprotein-associated multidrug resistance may have
some impact on the activity of some of these agents. Multidrug resistant
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(MDR)-expressing cell lines are ninefold more resistant to topotecan and
twofold more resistant to 9-AC (48) compared with parental wild-type cells.
In contrast, irinotecan and SN-38 are not effective substrates for the MDR
drug efflux pump (49) and cross-resistance between irinotecan and vincris-
tine or doxorubicin is not observed in P388 leukemia cells expressing the
MDR phenotype (50).

In summary, 9-AC is more similar to topotecan than irinotecan. For
example, both 9-AC and topotecan are not a prodrugs, they are a weak MDR
substrates and both have relatively short half-lives in plasma after intrave-
nous administration. Topotecan and 9-AC both exhibit dose-limiting toxici-
ties consisting of myelosuppression rather than diarrhea and both have
shown activity in ovarian cancer. Consequently, 9-AC was simply not
unique enough to justify its further clinical development as a novel TOP-I-
targeting agent.

5. CONCLUSIONS

The great promise of 9-AC seen in preclinical studies has not resulted in
clinically useful antitumor activity. The reasons for this failure have been
reviewed and provide some insights into further drug development in this
area. However, there are no easy answers. Fundamentally, we still need to
have a much better understanding of the pharmacology of these agents.
Important and as-yet poorly understood issues include how these different
camptothecins function at the molecular level, what are their key determi-
nants of antitumor response, and what are their clinically relevant mecha-
nisms of drug resistance? Despite these challenges, there is no doubt that
TOP-I is a validated molecular target for anticancer therapy and the future
drug development efforts are sure to result in new generations of useful and
better agents that target this enzyme.
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1. INTRODUCTION

Camptothecin (CPT) compounds are one of the newer classes of antican-
cer agents introduced over the past decade. Early investigational trials with
the parent compound, CPT, derived from the bark of the Camptotheca
accuminata tree, was introduced into clinical trials in the late 1970s. Because
of its poor water solubility, CPT was formulated in sodium bicarbonate, which
opened the 20(S) lactone ring and caused significant toxicity and inconsis-
tent clinical activity. Hence, clinical development of camptothecin as an
anticancer agent was halted (1).

Under physiological conditions in humans, CPT analogs undergo a
reversible, nonenzymatic, pH-dependent hydrolysis from the active lac-
tone, closed ring form of the drug to the inactive carboxylate, open-ring
form. CPTs have limited lactone stability that has contributed to the vari-
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ability in pharmacokinetic and pharmacodynamic results. Plasma protein-
binding has been implicated in the limited clinical activity of the CPT ana-
logs. In presence of human albumin, CPT analogs primarily bind to the
albumin in the inactive carboxylate form, pulling the drug equilibrium away
from the active lactone form (2). These limitations initiated efforts to dis-
cover improved CPT analogs. The common approach has been to improve
the aqueous solubility of newer CPT analogs to provide for convenient
intravenous administration at pH values predominantly favoring the active
lactone form of the drug. These efforts were successful in the development
and Food and Drug Administration approval of two semisynthetic com-
pounds: topotecan for the treatment of patients with cisplatin-refractory
ovarian carcinoma and irinotecan (CPT-11) in combination with fluorou-
racil and leucovorin for the treatment of advanced colon carcinoma (3–9)
(Table 1). Several other water-soluble CPT analogs are currently in various
stages of preclinical or clinical development (10–12).

There are many trials of chemotherapy combinations including CPT
analogs, and, in most cases, there is synergistic activity between the
topoisomerase-I inhibitor and DNA-damaging agents, such as alkylators,
platinum, and antimetabolites (13). However, clinical results are less than
expected from the preclinical data and the search for the CPT analog that
would be metabolized adequately in humans is still ongoing (14). To accom-
plish this goal, there is a need for a better understanding of the biochemistry,
pharmacokinetics, and pharmacodynamics of the CPT analogs in humans.
9-Nitro 20 (S)-camptothecin (9NC, RFS 2000, Rubitecan, or Orathecin®)
has shown very promising activity in animal models; therefore, was selected
for clinical trials (15). In this chapter, we discuss the clinical development
of rubitecan.

2. RUBITECAN

Rubitecan is a water-insoluble analog of CPT that has improved lactone
stability relative to its precursor, 9-aminocamptothecin (9-AC), and can be
manufactured at a considerably lower cost. The structure of rubitecan is
similar to 9-AC but with a nitro group on ring A, C9 position (Fig. 1).
Rubitecan has anticancer activity per se, but a small amount (<10%) is
spontaneously converted to 9-AC in human plasma (16). Neither of these
two analogs maintains large concentrations of intact lactone ring in plasma,
but rubitecan administered orally on a continuous basis does have substan-
tial antitumor activity (15).

2.1. Animal Studies
In preclinical studies, rubitecan has demonstrated activity against human

ovarian and malignant melanoma cells in the human xenograft-nude mouse
model when administered intramuscularly or by continuous intravenous
infusion in the range of 1 to 4 mg/kg/day (15,17–19). Oral administration,



Chapter 10 / Clinical Studies of Rubitecan 209

T
ab

le
 1

FD
A

-A
pp

ro
ve

d 
C

am
pt

ot
he

ci
n 

A
na

lo
gs

T
op

ot
ec

an
Ir

in
ot

ec
an

T
ra

de
 n

am
e

H
yc

am
tin

C
am

pt
os

ar
C

he
m

ic
al

 n
am

e
S-

10
-[

(d
im

et
hy

la
m

in
o)

m
et

hy
l]

-4
-e

th
yl

-4
,9

-d
ih

yd
ro

xy
-

4S
-4

-1
1-

di
et

hy
l-

4-
hy

dr
ox

y-
9-

[(
4-

pi
pe

ri
di

no
)

1H
-p

yr
an

o[
3=

,4
=:

6,
7]

in
do

liz
in

o 
1,

2-
b-

qu
in

ol
in

e-
3,

14
-(

4H
,1

2H
)-

ca
rb

on
yl

ox
yl

]1
H

-p
yr

an
ol

[3
=,

4=
:6

,7
]

di
on

e 
m

on
oh

yd
ro

ch
lo

ri
de

in
do

liz
in

ol
[1

,2
-b

]q
ui

no
lo

ne
-3

,1
4-

(4
H

,1
2H

)-
di

on
e 

hy
dr

oc
hl

or
id

e 
tr

ih
yd

ra
te

FD
A

 in
di

ca
tio

n
Se

co
nd

-l
in

e 
tr

ea
tm

en
t o

f 
ov

ar
ia

n 
ca

nc
er

 a
nd

 s
m

al
l-

ce
ll 

lu
ng

 c
an

ce
r

Se
co

nd
-l

in
e 

tr
ea

tm
en

t o
f 

m
et

as
ta

tic
 c

ol
on

ca
rc

in
om

a 
in

 5
-F

U
 r

ef
ra

ct
or

y 
pa

tie
nt

s.
Fi

rs
t-

lin
e 

tr
ea

tm
en

t i
n 

co
m

bi
na

tio
n 

w
ith

 5
-F

U
+ 

le
uc

vo
ri

n 
tr

ea
tm

en
t o

f 
co

lo
re

ct
al

 c
an

ce
r.

FD
A

 a
pp

ro
ve

d 
do

se
1.

5 
m

g/
m

2 /
da

ys
× 

5 
da

ys
 q

 3
 w

ee
ks

12
5m

g/
m

2  
q 

w
ee

k 
× 

4 
w

ee
ks

 f
ol

lo
w

ed
 b

y
2 

w
ee

ks
 r

es
t (

6-
w

ee
k 

cy
cl

e)
M

ea
n 

pe
rc

en
t

36
%

38
%

L
ac

to
ne

 A
U

C
to

 to
ta

l d
ru

g 
A

U
C

D
os

e 
ad

ju
st

m
en

ts
R

en
al

 im
pa

ir
m

en
t d

ec
re

as
e 

do
se

 5
0%

N
ot

 n
ec

es
sa

ry
.

C
om

m
on

 to
xi

ci
ty

N
au

se
a,

 v
om

iti
ng

, n
eu

tr
op

en
ia

, t
hr

om
bo

cy
to

pe
ni

a,
 a

ne
m

ia
,

D
ia

rr
he

a,
 n

eu
tr

op
en

ia
, a

ne
m

ia
,

al
op

ec
ia

, m
ic

ro
sc

op
ic

 h
em

at
ur

ia
, a

nd
 p

ro
te

in
ur

ia
th

ro
m

bo
cy

to
pe

ni
, a

bd
om

in
al

 c
ra

m
ps

, n
au

se
a

an
d 

vo
m

iti
ng

, e
le

va
te

d 
se

ru
m

 tr
an

sa
m

in
as

es
,

an
d 

el
ev

at
ed

 b
ili

ru
bi

n

5-
F

U
, 5

-f
lu

or
ou

ra
ci

l;
 A

U
C

, a
re

a 
un

de
r 

th
e 

cu
rv

e.



210 Hewes et al.

through direct injection of cotton seed oil suspensions of rubitecan through
the abdominal wall into the stomach in a dosage of 1.0 mg/kg/day, 5 days
weekly for several weeks, is as effective against several human tumor
xenografts (18). For clinical trials, an oral formulation of rubitecan in a
hard gelatin capsule was developed to circumvent the problems of infusing
a non–water-soluble compound (16).

In different preclinical studies, the maximum tolerated dose (MTD) of
rubitecan was determined in mice and dogs. Nude mice received increasing
doses of rubitecan by intrastomach injection until the MTD was established
for the schedule of 5 days on, 2 days off. MTD for dogs was then extrapo-
lated from these data, tested, and levels of the drug in plasma were deter-
mined by high-pressure liquid chromatography. MTD in mice for the
previously mentioned schedule was 1 mg/kg/day, and in dogs 1 mg/kg/day
at a schedule of 4 days on, 3 days off. Treatment of the human cancer
xenografts in nude mice at these MTDs resulted in 100% growth inhibition
of 30 of 30 tumors tested and total disappearance in 24 of 30. The trial
focused on several of the most common human cancers, including breast,
colorectal, pancreatic, ovarian, prostate, lung, and melanoma (20).

One study analyzed the pharmacokinetic and tissue distribution of inhaled
CPT formulated in Dilauroylphosphatic-dylcholine (DLPC) liposomes.
C57BL/6 mice with subcutaneous Lewis lung carcinoma, Swiss nu/nu mice
with human lung carcinoma xenografts, and BALB/c mice without tumors
were used. After 30 minutes of inhalation of CPT liposome aerosol, drug
was deposited in the lungs (310 ng/g) and was followed promptly by the
appearance of high concentrations in the liver (192 ng/g), with lesser
amounts appearing in other organs. Drug concentration in the brain was 61
ng/g. These results demonstrate a prompt pulmonary and later systemic
distribution of CPT after liposome aerosol administration, and therefore
support future trials involving aerosolized rubitecan in the treatment of
lung, liver, kidney, and brain cancer in humans (21).

2.2. Rubitecan and Radiation
Preclinical studies of combination of rubitecan with radiation are ongo-

ing. One study examined the effect of combined radiation and rubitecan in

Fig. 1. Structure of 9-nitrocamptothecin.
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the treatment of locally advanced pancreatic cancer in 3-month old nude
homozygous Swiss mice. Pancreatic cancer cells were obtained from the
American Type Culture Collection, and each mouse was injected with 10
million cells subcutaneously in the right hind leg. All mice received
intragastric injections of rubitecan 5 days per week for 6 weeks. Radiation
in the form of electron beam radiation was given, with the first treatment
initiated in the same week in which the rubitecan was started, in three fash-
ions: 500 rads once per week only during the first 2 weeks of treatment, 200
rads weekly for 3 weeks, or 100 rads weekly for 5 weeks. Mice were ran-
domized into groups receiving treatments of rubitecan alone, rubitecan plus
radiation, radiation alone, and control. Tumors were measured weekly and
the mice were followed for 15–18 weeks after tumor injection. Results
showed that the combined effect of the two treatments was less than the
additive effect of the two treatments alone in the groups given 500 and 200
rads, and that those given 100 rads had a combination effect equivalent to
the additive effect of the two treatments alone. The data suggest that spread-
ing out the periods of radiation treatments and administering the radiation
at lower doses is more effective (22).

A second study examined the combination of RFS-2000 and ionizing
radiation in vitro and in vivo to determine the possible radiation enhancing
potential of rubitecan in human cancer cells. The in vitro study included
H460 human lung carcinoma cells plated and treated with RFS-2000 for
various lengths of time. Sublethal damage recovery was analyzed by using
two split doses of radiation. For the in vivo study, H460 cell xenografts were
used in nude mice, with tumors grown subcutaneously on the flank. The
mice were then treated with rubitecan (1 mg/kg) or radiation (2 Gy) for 5
consecutive days, and tumor growth was measured for each treatment group.
The in vitro results included radiation enhancement for incubation times
between 4 and 24 hours with 10 nM 9-NC, and incubation with 10 nM
rubitecan inhibited sublethal damage recovery by a factor of 2. In the in vivo
experiments, rubitecan was shown to enhance the effects of fractionated
radiotherapy (enhancement factor 1.64). These results suggest that the use
of rubitecan can enhance the effects of radiation therapy in human lung
cancer cases, and that the mechanism of the effect may involve inhibition
of sublethal damage recovery (23).

3. CLINICAL TRIALS

3.1. Phase I Studies
To determine the MTD, the first phase I study was performed in patients

with advanced cancer refractory to conventional chemotherapy. Rubitecan
was administered orally with escalating doses to cohorts of five patients
beginning at 1 mg/m2/day for 5 consecutive days every week for 4 weeks.
Increments were 0.5 mg/m2/day for each cohort. Toxicity was evaluated in



212 Hewes et al.

28 patients diagnosed with various malignancies. Each patient could be
dose-escalated, if they tolerated the first 4 weeks of therapy without side
effects. Seven patients received 1 mg/m2/day for 28 weeks,; 10 patients, 1.5
mg/m2/day for 68 weeks; and 26 patients, 2 mg/m2/day for 159 weeks. At
1.5 mg/m2/day or higher, the dose-limiting toxicity was hematologic, with
grade 4 anemia in eight patients (29%); neutropenia in seven patients (25%)
and thrombocytopenia in five patients(18%). Grade 2 or higher toxic effects
occurred at each dose level—nausea and vomiting in 15 patients (54%),
diarrhea in nine patients (32%), chemical cystitis in seven patients (25%),
neutropenic sepsis in six patients (21%), and weight loss in five patients
(18%) (n = 28). Responses were observed after 24 weeks of therapy in five
patients with pancreatic, breast, ovarian, and hematologic tumors. Fourteen
patients had disease stabilization and one patient received treatment up to
18 months. The MTD of rubitecan given orally has been estimated at 1.5 mg/
m2/day for 5 consecutive days weekly. Rubitecan may be tolerated for sus-
tained periods, but has the potential for significant hematological, gas-
trointestinal, and urinary bladder toxicity. Significant antitumor activity
was observed, warranting further clinical investigations (24).

As trials of rubitecan have progressed forward into phase III for treatment
of pancreatic cancer (see Subheading 3.4.), further phase I trials were con-
ducted to assess the relationship between daily dosing, food intake, number
of days of treatment, and toxicity.

In one study, rubitecan was administered according to one of two sched-
ules: patients on schedule A received a starting dose of 2.0 mg/m2/day for
5 days weekly twice repeated every 4 weeks. Second and third dose cohorts
were 2.7 mg/m2/day and 2.4 mg/m2/day, respectively. At 2.0 mg/m2/day,
one of six patients had a dose-limiting toxicity (DLT) (febrile neutropenia).
At 2.7 mg/m2/day, two of five patients had DLT (febrile neutropenia and
grade 4 thrombocytopenia). At the MTD of 2.4 mg/m2/day, one of six
patients had DLT (febrile neutropenia causing death). The starting dose of
schedule B (1.7 mg/m2/day) was 30% lower than the MTD on schedule A
and was given daily for 14 days every 4 weeks. On schedule B, zero of six
patients had DLT at 1.7 mg/m2/day. In addition, even at the same dose/cycle
(2.4 mg/m2/cycle), there was less toxicity on schedule B compared with A,
despite a 40% increase in the number of days of treatment. These results
suggest that daily dose may be of greater influence on toxicity than dose/
cycle or number of days of treatment (25).

One other phase I trial explored the use of intraperitoneal infusion of 9-
AC in patients with cancer in the peritoneal cavity. Patients were enrolled
if they had known nodules in the peritoneal cavity that did not exceed 1 cm
in diameter. 9-AC was given in six fractions over 12 days, with doses rang-
ing from 1.25 to 13.5 mg/m2 in cycles repeated every 28 days. Twelve
patients received 31 cycles of 9-AC. The repeated intraperitoneal treatment
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was generally well tolerated, with DLT of neutropenia encountered at the
highest dose level in two patients; a lower dose of 9 mg/m2 was well toler-
ated. Seven patients were able to be evaluated: two patients had objective
evidence of clinical benefit and only one had progressive disease. These
results suggest that evaluation of intraperitoneal administration of rubitecan
in patients with tumors involving primarily the peritoneal cavity may be
warranted (26).

An innovative phase I study testing the aerosol delivery of rubitecan has
been completed. In this study, rubitecan is liposomated primarily to achieve
the correct particle size required for deposition in the alveoli during nebu-
lization, but also in the hope that the liposomal formulation will protect the
molecule from being converted rapidly to carboxylate. The aerosol delivery
allows an arterial distribution of rubitecan through the pulmonary artery
system. Systemic levels are achieved. The bioavailability of this route of
administration appears to be higher than after oral administration. DLTs
were chemical pharyngitis and fatigue. No hematologic toxicity was seen.
Responses were seen in two patients with endometrial cancer (27).

3.2. Phase I Combination Studies
Phase I combination studies are now being performed, with cisplatin

(28), gemcitabine (29), and with capecitabine (30).
The first study evaluated a new escalation scheme for the combination of

rubitecan and cisplatin, again in patients with advanced malignancies.
Patients were given 28-day courses of therapy, beginning with intrave-
nous cisplatin on day 1, followed by oral rubitecan daily for 5 days per week
for 3 weeks. The study had a two-arm crossing (not crossover) design. Arm
1 consisted of a fixed dose of cisplatin (50 mg/m2) and increasing doses of
rubitecan (starting at 0.5 mg/day); arm 2 used a fixed dose of rubitecan
(1.5 mg/day) and increasing doses of cisplatin (starting dose 20 mg/m2).
Crossing level was cisplatin 50 mg/m2 and rubitecan 1.5 mg/day. At DLT,
the dose was decreased by one level for the escalated drug, and the fixed
drug was then escalated. Arm 1 enrolled 22 patients; 3 patients were treated
at the crossing level and 29 patients underwent therapy under arm 2. Tox-
icities included grade >1 nausea/vomiting (16 patients) that was dose-lim-
iting at the crossing dose level. Hematological toxicities included the DLT
of prolonged thrombocytopenia in arm 1, and grade 4 neutropenia in arm 2.
Results included prolonged stabilization of disease (>6 months) and tumor
marker improvement in patients with pancreatic, cholangioma, cervical,
renal, and ovarian carcinomas. Recommended phase II doses range from
cisplatin 70 mg/m2 and rubitecan 1.25 mg to 40 mg/m2 and 2 mg of each
drug, respectively, allowing for flexibility in dosing while maintaining a
fairly well tolerated combination of therapy (31).

In one study of rubitecan and gemcitabine combination, 1000 mg/m2 of
gemcitabine was administered on days 1 and 8 of a 21-day cycle either over
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30 minutes, or at a rate of 10 mg/m2/minute, with increasing dose of
rubitecan, from 0.75 to 1.25 mg/m2 on days 1–5 and 8–12. In the continuous
infusion arm, hematologic DLTs were observed at very low doses, and this
arm was closed. Twenty-one patients with refractory or recurrent malignan-
cies were treated in the standard gemcitabine arm. The MTD was defined
as rubitecan 1 mg/m2 and gemcitabine 1000 mg/m2 administered intrave-
nously over 30 minutes on days 1 and 8, given every 21 days. DLT was
myelosuppression including neutropenia and thrombocytopenia. Other side
effects included diarrhea, nausea, vomiting, and fatigue. Five patients had
stable disease among 18 assessable patients with lung and breast cancers (29).

A second similar study supported these results. In this phase I trial, pa-
tients were given escalating doses of rubitecan (doses ranging 1.0 mg/m2/
day to 1.5 mg/m2/day) days 1–5 with a fixed dose of gemcitabine (1000 mg/
m2 intravenously over 30 minutes) for 3 consecutive weeks every 28 days.
Of the nine patients enrolled to date, 35 courses of the combination treat-
ment have been completed. No DLTs have been reported to date, and the most
significant toxicities include grade 3 nausea/vomiting and grade 3 neutrope-
nia. The authors recommend a phase II dose of rubitecan at 1.5 mg/m2/day in
combination with the previously discussed dose of gemcitabine (32).

A third study exploring the combination of rubitecan and gemcitabine
involved patients with unresectable pancreatic cancer. Patients were eli-
gible if they had prior gemcitabine therapy, provided there were no dose
reductions. Rubitecan was administered as a single oral dose for 5 consecu-
tive days each week, and gemcitabine was give intravenously over 30 min-
utes on days 5, 12, and 19 of each 28-day cycle. Nine patients were enrolled,
each receiving a dose of rubitecan between 1.0 and 1.5 mg/m2 and
gemcitabine between 600 and 1000 mg/m2. Toxicities included grade 3
anorexia, nausea, vomiting, fatigue, and abnormal liver tests, and grade 4
myelosuppression. A partial response was seen in a patient treated at the 1.5/
800 level. The patient gained 27 pounds and had an 87% decrease in the size
of liver metastases, with a fall in CA19-9 from 588 to 38 IU. Another patient
treated at the 1/600 level had stable disease for 8 months (33).

A recent publication reported the combination of rubitecan with
capecitabine in patients with refractory, metastatic solid tumors. Cape-
citabine was administered two times per day for a total daily dose of 1300
mg/m2 × 14 days followed by a 1-week break. Rubitecan was given daily
5 days per week for 2 weeks at a starting dose of 0.5 mg/m2. Twenty-one
patients were assessable for toxicity and response. DLTs included nausea
and emesis, described as grade 2–3 in 3 of 14 patients; the MTD of rubitecan
was determined at 0.75 mg/m2. The incidence of hand-foot syndrome, sto-
matitis, diarrhea, and myelosuppression did not exceed that expected with
capecitabine alone. Although stable disease was observed in 43% of patients
for a median duration of 11 weeks, no objective responses were seen (30).

Combination Phase I studies of rubitecan with radiation are ongoing.
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3.3. Phase II Studies
A wide range of phase II studies have been started (Table 2), and several

have now yielded peer reviews.

3.3.1. OVARIAN CANCER

A phase II study of oral rubitecan was completed in patients with advanced
Mullerian (ovarian, fallopian, or primary peritoneal) cancer refractory to plati-
num-based therapy. All patients were heavily pretreated and had refractory
cancers. The median number of previous chemotherapy regimens was greater
than three. The objective of the study was to determine the activity of a daily
oral dose of rubitecan. Rubitecan dose was 1.5 mg/m2/day for 4 consecutive
days every week. Increments of 0.25 mg/day were authorized in patients
who did not experience significant side effects. Of 29 patients evaluated, a
7% remission rate was observed. Thirty-four percent of patients had stable
disease. The median survival was 8 months. Toxicity was evaluated in 31
patients. Grade 3 or 4 hematological toxicity consisted of anemia in 10
patients (32%), neutropenia in 8 patients(26%), and thrombocytopenia in
3 patients(10%). Grade >2 nonhematological toxic effects were nausea and
vomiting in 26 patients(84%), diarrhea in 12 patients (39%), weight loss in
7 patients (22%), chemical cystitis in 6 patients(19%), and neutropenic
sepsis in 6 patients (19%). Rubitecan was tolerated for sustained periods in
some patients (up to 47 weeks). The observed 8-month survival in such a
refractory patient population is noteworthy (34).

3.3.2. PANCREATIC CANCER

In the first phase II study evaluating the efficacy of rubitecan in treating
patients with advanced pancreatic cancer, patients received rubitecan at
1.5 mg/m2/day orally for 5 days per week for at least 8 weeks (two courses).
Patients were analyzed for changes in tumor size by computed tomography
scan, changes in serum CA 19-9 tumor marker levels, quality of life, and
survival. Of 107 patients with advanced adenocarcinoma of the pancreas
enrolled in the study, only 60 patients were able to be assessed; 47 patients
did not receive the minimum two courses of treatment necessary to observe
a response, usually because of poor performance status with early progres-
sion of disease. Response rate was 31.7% for patients evaluated, and the
intent to treat response rate was 18%. Primary dose-limiting toxicities were
myelosuppression with grade 3 anemia in 21% of patients, neutropenia in
14%, and thrombocytopenia in 7%. Nonhematological side effects (any
grade) included nausea and vomiting (44% of patients), diarrhea (31%), and
interstitial cystitis (22%). No deaths were attributed to rubitecan. Median
survival for different subsets of patients is shown in Table 3 (35).

A similar study was undertaken in Europe to evaluate the potential ben-
efit of rubitecan administration in patients with advanced pancreatic cancer.
Nineteen patients with locally advanced or metastatic adenocarcinoma were
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Table 2
Completed or Ongoing Phase II Studies of Rubitecan

Organ site

Metastatic melanoma
Nonsmall-cell lung cancer
Progressive or rapidly advanced colorectal cancer
Hormone refractory prostate cancer
Recurrent, platinum resistant, and refractory ovarian cancer
Sarcomas
Unresectable hepatocellular carcinoma
Refractory metastatic breast cancer
Cancer of biliary tract
Advanced metastatic urothelial tract tumors
Glioblastoma multiforme
Advanced small-cell lung cancer
Cervical cancer
Head and neck cancer
Acute myeloid leukemia (AML)
Lymphoma
Myeloma

enrolled, and patients were given rubitecan orally five times per week, once
per day. The endpoints of this study were toxicity, objective response rate,
subjective response rate (i.e., pain control, performance status, and body
weight), and survival. Of 14 patients assessable for response, 28.6% had an
objective response, whereas a symptomatic improvement was observed in
92.9%. Overall median survival was 21 weeks (31 weeks in the group of 14
patients evaluated for response), and the 1-year survival was 16.7% (23.1%
in the 14 assessable patients). Seven patients (36.8%) experienced toxicity
severe enough to necessitate an interruption of rubitecan, all related to a
prior dose increase, whereas milder toxicity was observed in eight patients
(42.1%) (36).

Because of the excellent response seen in some patients with pancreatic
cancer, further studies of rubitecan for this disease have been started. So far,
few data are available. One abstract has been published of a confirmatory
study of the 1.5 mg/m2/day of rubitecan for 5 days every 7 days given to 52
very refractory patients with a response rate of 9%, and a serologic remis-
sion rate, described as a 50% reduction in CA19-9, of 18%. Patients were
encouraged to drink three liters of fluid per day to help reduce the incidence
of previously reported cystitis. Only one patient (2%) was noted to have
cystitis, suggesting that oral hydration is markedly effective in preventing
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this toxicity. Other side effects were similar to what was reported in the
Phase I studies (37).

3.3.3. MYELODYSPLASIA

Rubitecan has been studied in patients with chronic myeloid leukemia,
chronic myelomonocytic leukemia, and refractory anemia with excess
blasts. The dose of rubitecan was 2 mg/m2/day, Monday through Friday,
every week. One of the eight Philadelphia-positive chronic myeloid leuke-
mia patients had a complete cytogenetic remission. Of nine Philadelphia-
negative chronic myeloid leukemia, two complete responses and four partial
responses were observed. Among seven chronic myelomonocytic leukemia
patients, there were two partial responses, and one patient with refractory
anemia with excess blasts had a complete response. Diarrhea and nausea
were the main side effects. Treatment dose could be increased in 7 patients,
but 12 patients needed some treatment interruption to alleviate side effects
(38).

3.3.4. BREAST CANCER

Of 18 patients with refractory breast cancer treated with rubitecan, 16
were evaluated for antitumor activity. There were no complete or partial
responses. The investigators observed two patients with a minor response
and three with disease stabilization. Side effects were similar to what has
been described in former studies. Pharmacokinetic and pharmacodynamic
studies were performed, but results have not yet been published (39).

3.3.5. Colorectal Cancer
A randomized, open-label phase II study was performed in patients with

advanced colorectal cancer. A crossover design was used to determine the

Table 3
Survival of Patients With Pancreatic Cancer Treated With Rubitecan

Number Survival
Subset of patients of patients (months)

All 107 6.5
Evaluable 60 8.7
Responders 19 18.6
Stable disease 19 9.7
Progressive disease 22 6.8
Untreated 57 7.3
Previously treated 50 4.7
Previously treated with gemcitabine 33 4.7
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intrapatient variation of the bioavailability and pharmacokinetics of the anti-
cancer agent depending on the timing of food intake in relation to the oral
drug administration (see Section 4.). Patients with previously untreated
metastatic disease received rubitecan given orally at a dose of 1.5 mg/m2/
day, to be increased up to 2.0 mg/m2/day for 5 consecutive days per week
until disease progression. Nineteen patients entered the trial. A total number
of 35 treatment cycles (median 2, range 1–4) were administered. All patients
were evaluated for safety. The toxicity profile of rubitecan was generally
mild to moderate, with sporadic cases of grade 4 toxicities, and diarrhea,
leukopenia, and neutropenia reported. None of the 15 evaluated patients
achieved an objective response, and the majority had early disease progres-
sion, suggesting that despite a good tolerance, rubitecan is clinically inactive
in colorectal cancer at the currently recommended dose and schedule (40).

3.3.6. GLIOBLASTOMA MULTIFORME

The antitumor activity and safety of RFS2000 given once daily at 1.5 mg/
m2/day was investigated as first-line chemotherapy treatment for patients
with advanced glioblastoma multiform. Seventeen patients were entered
onto the trial, and 15 patients were considered eligible. A total of 49 cycles
(range 1–8) were administered. Grade 3-4 toxicity was observed in five
patients, with neutropenia and thrombocytopenia being common toxicities.
The response rate was poor, with 5 patients experiencing tumor stabilization
and 10 progressing. These results do not support the further evaluation of
RFS2000 as a single agent in patients with recurrent glioblastoma
multiforme (41).

3.3.7. MELANOMA

A phase II trial was conducted to assess the efficacy of rubitecan therapy
in patients with metastatic cutaneous and uveal melanoma. Twenty-eight
patients were enrolled in the trial, with 14 patients diagnosed with each of
the two types of melanoma. Rubitecan was administered orally at a starting
dose of 1.5 mg/m2/day for 5 consecutive days of each week. No complete
or partial responses were observed, although stabilization of disease was
achieved in four individuals (15%) for durations of 3, 4, 6, and 8 months,
respectively. Hematologic toxicity was moderate, and gastrointestinal side
effects were common: 43% of the patients experienced grade 3 or 4 diarrhea
and 18% reported grade 3 or 4 vomiting. No patients developed chemical
cystitis with gross hematuria. Rubitecan at the dose and schedule studied in
this trial was toxic without significant activity against metastatic melanoma
of cutaneous or uveal origin (42).

3.3.8. SOFT-TISSUE SARCOMAS

In patients with gastrointestinal leiomyosarcomas and other soft-tissue
sarcomas (STS), rubitecan was administered orally at 1.5 mg/m2 per day ×
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5 days every week to a total of 56 patients. Response evaluation was per-
formed at 8 weeks, and those with stable or responding disease continued
treatment until maximal response was achieved. Seventeen patients were
enrolled on the gastrointestinal leiomyosarcoma arm; only one minor
response, lasting less than 8 weeks was noted in a patient with liver
metastases, and this arm was terminated. Thirty-nine patients were entered
on the other soft-tissue sarcoma arm. Of these patients, three patients (8%)
achieved a partial response for durations of 4, 6, and 13 months, respec-
tively. Fourteen patients had stable disease for a median of 4 months (range
2–8 months). Two patients died of disease during the first 2 months. In terms
of toxicity, four patients required hospitalization for nausea, vomiting, and
dehydration. Grade 3 toxicities included diarrhea (8%), fatigue (19%), anor-
exia (2%), nausea (4%), vomiting (6%), neutropenia (8%), and thrombocy-
topenia (8%). Rubitecan is well tolerated but inactive in gastrointestinal
leiomyosarcomas and has minimal activity in previously treated patients
with soft-tissue sarcomas (43).

3.3.9. CHORDOMA

An evaluation of the potential sensitivity of chordoma to rubitecan was
recently initiated Nine patients with radiographically evident, unresectable,
or metastatic chordoma were enrolled. A dosage of 1.25 mg/m2/day orally
for 5 days per week was used, and all patients were evaluated for response.
One near-complete response of 251 days’ duration was observed; however,
the patient elected to discontinue therapy. Three patients have shown stabil-
ity of disease (median response 174 days), and disease-free progression at
3 and 6 months was 66% and 33%, respectively. Only minor toxicities were
reported. This early study suggests that rubitecan may have activity against
advanced chordoma and will hopefully be followed by further studies (44).

3.3.10. GASTRIC CANCER

The effect of rubitecan on gastric or gastroesophageal junction adenocar-
cinoma was studied in patients with measurable, unresectable, local, or
metastatic disease. Patients had received no more than one prior chemo-
therapy regimen. Thirty-five patients have been enrolled, and received 1.5
mg/m2/day of rubitecan for 5 days, followed by 2 days of rest, for 8 weeks.
Patients were continued on treatment until progression or limiting toxicity
was noted. Eight patients did not complete the full 8 weeks of therapy and
were not evaluated. Of the 27 patients currently assessable, 3 achieved a
partial response, 2 had a minor response, 6 patients had stable disease, and
16 showed progressive disease. Toxicities included grade 3 or 4 neutrope-
nia, anemia, fatigue, myalgia, nausea, vomiting, and diarrhea; however,
these toxicities were low in frequency and, in general, therapy was well
tolerated. These preliminary results suggest that further studies of rubitecan
with gastric carcinoma are warranted (45).
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3.3.11. UROTHELIAL TRACT CANCERS

Rubitecan was tested in 21 patients with advanced metastatic urothelial
tract tumors who had failed first-line treatment. Dosage was similar to other
studies with 1.5 mg/m2/day for 5 days followed by 2 days of rest with one
cycle arbitrarily defined as a 3-week period. Among the 19 patients avail-
able for evaluation, 1 confirmed partial remission was noted and 6 patients
had stable disease. Sixteen patients stopped treatment for progressive dis-
ease, and three for hematological toxicity. Grade 3 or 4 hematologic toxici-
ties included eight patients with neutropenia, four with thrombocytopenia,
and four patients with anemia. Other nonhematologic side effects were
similar to those observed in other described studies (46).

3.3.12. NON-SMALL-CELL LUNG CANCER

There has been one study of rubitecan in patients with refractory or
relapsed non-small-cell lung cancer. Dosages of the drug were similar to the
above studies. A total of 29 patients were enrolled; however, 3 patients
never received the medication and 14 of 26 patients received less than 6 weeks
of therapy because of a combination of toxicity or tumor progression. No
major responses were observed. One patient had a 32% tumor reduction and
another showed stability for 8 months. Major toxicities were similar to the
previous studies and included febrile neutropenia, fatigue, diarrhea, and
anemia. Significant hematuria was seen in four patients (47).

3.3.13. SMALL-CELL LUNG CANCER

A study enrolled patients with progressive or recurrent small-cell lung
cancer who were then stratified into patients with response to previous
chemotherapy and those refractory to prior therapy. Rubitecan was given at
the dose of 1.5 mg/m2/day on a 5 days on, 2 days off schedule, and one cycle
was defined as a 3-week period. Fifteen sensitive and 22 refractory patients
were enrolled. Common toxicities included febrile neutropenia, grade 4
thrombocytopenia, and grade 3–4 anemia, diarrhea, vomiting, and nausea.
Five sensitive and six refractory patients had stable disease (median 16
weeks), and no objective responses have been observed. These results do
not support further evaluation of rubitecan as a single agent of small-cell
lung cancer for second-line therapy (48).

3.4. Phase III Studies
There are only three ongoing phase III studies in pancreatic cancer. The

first trial is in chemotherapy-naive patients and the other trials are in patients
in whom chemotherapy failed. Rubitecan is compared with gemcitabine.
The second trial is comparing rubitecan with 5-fluorouracil in patients in
whom gemcitabine chemotherapy failed. A third study is comparing
rubitecan with best appropriate therapy in multiply treated patients. These
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trials are ongoing and results have not been reported. Based on the results
of the third trial, rubitecan has been placed on fast track by the Food and
Drug Administration.

4. PHARMACOKINETICS PARAMETERS
In the first Phase I study of rubitecan, the main pharmacology objective

was to demonstrate that rubitecan was absorbed in the intestine, and second,
to determine what plasma level of drug could be obtained. Fourteen patients
had plasma levels of total drug and lactone form measured by high-perfor-
mance liquid chromatography analysis on the first day of rubitecan admin-
istration. Limited pharmacokinetic sampling of drug plasma concentrations
was completed for the preliminary evaluation of the pharmacokinetic pro-
file. The pharmacokinetic sampling time points included before infusion, 30
minutes, and 1, 2, 4, and 6 hours after drug administration. Four patients had
additional pharmacokinetic sampling at 8, 18, 34, and 45 days of continuous
administration of rubitecan. Another four patients had pharmacokinetic
sampling for the first time while on treatment at days 8, 21, 28, or 56. On the
first day of treatment, the rubitecan lactone maximum plasma concentration
was 15.5 ng/mL (range 2.8–70 ng/mL) seen at a median of 1 hour (range
0.5–6 hours). The median maximum plasma concentration of the total drug
occurred at a median of 4 hours (range 2–6 hours) and was 111 ng/mL (range
6.4–517 ng/mL). The mean percentage of the area under the curve (AUC)
of the lactone form versus the AUC of the total drug was 14.7% (SD ±
14.3%). Plasma levels of rubitecan measured in patients on treatment (days
8–56) were similar to those observed in naive patients, with a median peak
level of lactone of 10 ng/mL (range 1.8–74 ng/mL). There is a second peak
around 6 to 8 hours after drug administration that may be related to an
enterohepatic cycle (24).

As early phase I studies revealed optimal dosing schedules, other studies
helped to develop an optimal pharmacokinetic sampling schedule for
rubitecan for use in phase II–III trials when administered daily for 5 days per
week (Table 4). Concentration-time data of rubitecan and 9-AC were ob-
tained from 14 patients who had received 1.5 mg/m2/day rubitecan orally.
Optimal sampling points were selected on the basis of the assessed popula-
tion pharmacokinetic parameters using a D-optimality algorithm. The ab-
sorption rate constant, apparent volume of distribution, and apparent
clearance of rubitecan were 0.81 hour–1, 50 L, and 1.7 L/hour, respectively.
For 9-AC, the corresponding values of the apparent volume of distribution
and the elimination rate constant were 51 L and 0.102 hour–1. Variability of
the parameters within individuals ranged from 38% to 49%. For the first
dose, optimal sampling points were 1, 3, 5, 8, and 24 hours after dosing,
allowing an optimal sampling schedule to be derived for the assessment of the
pharmacokinetic parameters of the rubitecan and its metabolite 9-AC (49).
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During the phase II study enrolling patients with Mullerian cancers, a
more detailed pharmacology study was performed to look at the accumula-
tion of drug during 1, 2, and 3 days of treatment with rubitecan 1.5 mg/m2/
day (three cohorts of three patients). Blood samples were obtained at predose
and at 0.5, 1, 2, 4, 6, 8, 12, 16, 20, and 24 hours on day 1 for the first cohort;
on days 1 and 2 for the second cohort; on days 1–3 for the third cohort; and
every 4 hours thereafter, up to 72 hours after the last dose of rubitecan. After
the first dose, the total drug maximum plasma concentration values ranged
from 61 to 167 ng/mL. The total drug AUC values ranged from 624 to 2838
ng/mL/hour. The intestinal absorption of rubitecan appeared to be delayed
with time to maximum plasma concentration for total drug ranged from 4 to
8 hours after the first dose. The mean terminal elimination half-life (t1/2) was
10.6 hours after a single dose. The ranges of total drug maximum plasma
concentration, and AUC values observed in patients receiving multiple doses
of rubitecan were similar to the first cohort. The interpatient variability
observed was fairly consistent between cohorts. The drug accumulation
recorded on day 2 was similar to the drug accumulation seen on day 3 (mean
accumulation index on day 2 was 1.53 (range 0.9–2.14); and on day 3 was
1.48 (range 1.14–1.99). The lactone concentrations were substantially lower
than the total drug concentrations in the plasma and constituted about 0–
20% of the total drug concentrations. The concentrations of lactone and the
total concentration of the drug plus its metabolites in ascites were obtained
from a patient who received a single dose of rubitecan. Although the lactone
concentrations were undetectable, total concentrations in the fluid ranged
from 1.4 to 4.4 ng/mL. Because of the slow elimination rate from the ascites,
the ratio of ascites to plasma concentration of the total form increased as a
function of time from 3.5% at 10 hours after dosing to 126% at 70 hours after
dosing.

With rubitecan, the level of exposure to the lactone form is less than 10%
of the total drug exposure. The pharmacokinetics of rubitecan appears to be
nonlinear as demonstrated by rubitecan accumulation overtime, as sug-
gested by the disproportional increase in AUCs with prolonged administra-
tion. No pharmacodynamic relationship could be determined between the
rubitecan pharmacokinetic parameters and toxicity or response to rubitecan.
These findings are similar to those observed in different trials of other CPT
derivatives. The implications of the plasma lactone:total drug ratio in the
therapeutic efficacy of rubitecan treatment cannot be conclusively defined.
Rubitecan is highly protein-bound in the plasma. In addition, because of the
lipophilic nature of rubitecan, the compound is retained intracellularly,
especially in red blood cells. This intracellular pool of rubitecan may con-
stitute a reserve of drug that is slowly released into the plasma. This phe-
nomenon may also contribute to the toxicity of rubitecan. Therefore, the
biological activity of rubitecan may depend on factors other than drug plasma
concentration.
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In a corroborating study that was performed at the Cancer Therapy and
Research Center in San Antonio, similar interpatient variability was observed.
Maximum plasma concentration (Cmax) on day 1 was 117 ng/mL for the total
drug and 9.7 ng/mL for the lactone. Time to maximum plasma concentration
occurred at 5 and 4.8 hours, respectively. These results were not substan-
tially different after one cycle of treatment (day 26). After administration of
rubitecan, most of the drug remains in the nitro form and undergoes prima-
rily nonrenal elimination. About 10% of rubitecan was irreversibly con-
verted to 9-AC. Hence, an accumulation of 9-AC overtime was observed
with the ratio of 9-AC/rubitecan increased on day 26 (50).

The effect of food intake on the gastrointestinal absorption of rubitecan
was tested in patients with colorectal cancers. Two single oral doses of
rubitecan 1.5 mg/m2 were given in a randomized fashion either after an
overnight fasting period or immediately after a high-calorie breakfast, and
crossed over to the alternative schedule after a 1-week washout period to
patients with untreated advanced colon cancer. Pharmacokinetics were stud-
ied. Fourteen patients were evaluated for pharmacokinetic analysis. The
bioavailability of rubitecan was found to be strongly dependent on the tim-
ing of food intake with a fasted-to-fed ratio for Cmax of 1.98 (two-tailed p
< 0.001; analysis of variance), T(max) 0.49 (p < 0.001), AUC (0–8 hours)
2.52 (p < 0.001), and AUC (0–24 hours) 1.64 (p = 0.003). These results
demonstrate that the bioavailability is strongly dependent on the timing of
food intake in relation to the oral administration of the drug. In future pro-
spective trials in other tumor types, feeding conditions should be predeter-
mined to reduce the variability of pharmacokinetic parameters (40).

As mentioned previously, the possibility of an aerosol version of
rubitecan delivery offers an exciting alternative mode of delivery. Of the six
patients in the first cohort (6.7 μg/kg/day, which is equivalent to 0.26 mg/
m2/day), five volunteered for pharmacokinetic studies (27). 9NC measured
as total 9NC was detected in plasma at the first timepoint, midway through
the 1-hour aerosol exposure. Total 9NC plasma concentrations continued to
increase for 2 to 3 hours from the start of treatment reaching a mean peak
concentration of 37.7 ng/mL (SD ± 20.2) at 2 hours (range 13.6–58.0 ng/mL).
Mean clearance of 9NC was biphasic with a T1/2 of 1.9 hours (SD ± 1.4) and
a T1/2 of 16.4 hours (±10.5). The AUC of the lactone form measured in the
last two patients comprised only 3.2% and 3.5% of the total 9NC (51).

5. CONCLUSIONS AND PERSPECTIVES

The topoisomerase I inhibitors are a new class of anticancer agents that
have shown activity against a wide range of hematological and solid tumors.
The lactone form of the molecule is essential for the antitumor activity.
Serum pH value and human serum albumin concentration are important
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factors in the stability of the open, active lactone form of CPT analogs. In
xenograft nude mouse models of human tumors, water-soluble CPTs (TPT
and CPT-11) have somewhat less activity than do water-insoluble agents
(9-AC and rubitecan) (Dr. B. Giovanella, personal communication). This
difference has not been demonstrated in clinical trials.

Phase I and II clinical trials have demonstrated antitumor activity of
rubitecan in a wide range of solid tumors, including chemotherapy-resistant
tumors. The current recommended schedule of rubitecan administration is
1.5 mg/m2/day for 5 consecutive days every week. Tumor types that may
be sensitive to rubitecan are pancreatic, gastric, ovarian, and chordoma.
Although symptomatic improvement and long-term stability of disease is
commonly observed, overall response rates are modest in most tumor types.
Development of chemotherapy combination regimens and radiotherapy
combinations with rubitecan are expected. Whether rubitecan will be a
candidate for a new drug approval awaits the results of the phase III studies
in patients with pancreatic cancer.
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1. INTRODUCTION

Irinotecan (Fig. 1), also known as CPT-11, is a semisynthetic derivative
of 20(S)camptothecin (1), a pentacyclic alkaloid first identified in extracts
of the Chinese shrub Camptotheca acuminata. The mechanism of action of
camptothecin has been covered in other chapters of this book and need not
be revisited here. However, it is pertinent to point out that CPT-11 itself is
only a very weak stabilizer of the cleavable complex formed between DNA
and topoisomerase I (TOP-I) and requires conversion to an active metabo-
lite, SN-38 (2). The latter is one of the most potent TOP-I poisons known,
which may be a result of the prolonged half-life of interaction with the
cleavable complex (3). In vivo, the activation of CPT-11 to SN-38 is carried
out by carboxylesterases (4–8). In turn, SN-38 can be conjugated to SN-38 -
glucuronide (9,10). CPT-11 is also metabolized to an aminopenta-
nocarboxylic (APC), metabolite (see Fig. 1), and other minor, mostly
inactive, products by cytochrome P450 3A4/5 (11–14).
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CPT-11, as a single agent, has been investigated extensively against a
variety of tumor types. It is the only camptothecin derivative to have clini-
cally significant activity against colorectal adenocarcinoma and has been
registered in many countries (Camptosar, Pharmacia & Upjohn, Kalamazoo,
MI; Campto, Rhone-Poulenc Rorer, Antony, France) for the treatment of
advanced forms of this disease not responsive to 5-fluorouracil (5-FU)-
based therapy (15–19). Recently, CPT-11 was approved by the Food and
Drug Administration for first-line use with 5-FU and leucovorin based on
Phase III studies of this combination versus 5-FU/leucovorin alone (20,21).

Schedules that have been in clinical trials include treatment once every
2 (22–24) or 3 weeks (25–27), once per week for 4 of 6 weeks (28) or 3 of
4 weeks (29), daily for 3 consecutive days every 3 weeks (30,31), 6 days of
continuous infusion every 3–4 weeks (32), and a variety of other protocols
(33). The daily doses have ranged from 40 mg/m2 (continuous infusion) to
750 mg/m2 (every 3 weeks).

Fig. 1. The major pathways for the metabolism of CPT-11. CE, carboxylesterase;
UGT1A1, UDP-glucuronosyl transferase 1A1; CYP450, cytochrome P450 3A.
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The encouraging activity of CPT-11 was initially somewhat dampened
by the presence of a spectrum of side effects consisting of myelosuppression,
acute cholinergic syndrome, and delayed diarrhea. The most troublesome of
these, the delayed diarrhea, has since become more manageable through
aggressive supportive therapy with loperamide at the first signs of change
in bowel habit (16,27,34–36).

Recent and current clinical studies with CPT-11 include its evaluation in
the adjuvant treatment of colorectal cancer, new indications such as central
nervous system (CNS) and pediatric malignancy, other gastrointestinal
tumors (pancreas, stomach, rectum), and attempts to improve its safety.
Arguably, however, the new frontier of CPT-11 is in the treatment of lung
cancer. Studies of the combination of CPT-11 with cisplatin and etoposide
have demonstrated exciting activity in nonsmall-cell lung cancer (NSCLC)
and small-cell lung cancer (SCLC), respectively.

2. CURRENT CLINICAL STATUS

Irinotecan was originally discovered by Japanese investigators of the
Yakult Institute as part of a large scale screening of esters of SN-38 (1). The
product was developed by Daichi Pharmaceutical Company and licensed to
Rhone-Poulenc Rorer (now Aventis) in France and Upjohn (now Pharmacia)
in the United States. Many schedules were investigated on behalf of both
companies; the weekly regimen was selected for Phase II development in
the United States and the every-3-week protocol for development in Europe.

The currently registered product is supplied as a slightly acidic solution
of CPT-11 in a sorbitol/lactic acid excipient for intravenous administration
after dilution in normal or dextrose saline. The feasibility of oral adminis-
tration was initially demonstrated using the intravenous formulation (37).
Recently, powder-filled capsules have been evaluated in a Phase I study of
the oral route. The recommended Phase II dose for this formulation is 50 mg/
m2/day for 5 days every 3 weeks (38).

2.1. Colorectal Adenocarcinoma
During the initial Phase I studies, some activity against advanced

colorectal adenocarcinoma was observed. Phase II studies demonstrated
modest but clinically significant activity with these schedules in patients
with advanced colorectal carcinoma who progressed shortly after or during
treatment with 5-FU (15,18,39). Objective responses were observed in these
studies (13.3, 10.8, and 13.7%, respectively) as were improvements or sta-
bilization of weight, performance status, and pain. An interesting universal
observation was the high percentage of patients who had disease stabiliza-
tion as their best response (40.4 and 44.2%, respectively). This has sparked
discussions as to whether minor responses, which are not usually considered



232 Rivory

significant in typical phase II studies, may actually predicate a likely sur-
vival advantage for drugs such as CPT-11 even in the absence of high rates
of major responses (40). Also, although patients responded early on in treat-
ment (16), some responses occurred as late as 24 weeks (17).

The use of CPT-11 as a single agent in previously untreated metastatic
colorectal adenocarcinoma revealed response rates that were comparable or
slightly greater than for patients with prior exposure to 5-FU, indicating
little if any cross-resistance between 5-FU and CPT-11 (17,34). The benefit
of CPT-11 in advanced colorectal cancer after 5-FU failure was subse-
quently confirmed in phase III randomized studies. Cunningham et al. dem-
onstrated significant differences in 1-year survival and reduced patient
deterioration (assessed from quality of life, weight loss, and pain-free sur-
vival) when patients were administered CPT-11 (350 mg/m2 every 3 weeks)
as compared with best supportive care (19,41). The same regimen was
shown to be superior to continuous 5-FU infusion in the same setting with
modest but clinically significant increases in 1-year survival (45 versus
32%) and median survival (10.8 versus 8.5 months) (42). Furthermore,
although CPT-11 drug acquisition costs are greater than for 5-FU, there is
an overall slight saving because of reductions in drug administration and
medical care costs as well as years of survival gained (43–45).

Because of its activity against colorectal cancer as a single agent, CPT-
11 was an obvious candidate to study for the combination chemotherapy of
this disease. The combination of CPT-11 (125 mg/m2, 90-minute infusion),
5-FU (500 mg/m2, intravenous [iv] bolus) with low-dose leucovorin (20 mg/
m2, iv bolus) every week is now regarded as standard first-line therapy in the
United States for patients with advanced or recurrent disease (21) and has
greater activity than either 5-FU/leucovorin or CPT-11 alone given in com-
parable regimens. The objective response rates in this study were 50% for
the combination arm versus 29% for the 5-FU/leucovorin and CPT-11–only
arms. Median overall survival was significantly prolonged (p = 0.03) with
a hazard ratio of 0.78 (95% confidence interval: 0.63–0.97), although the
absolute difference was only approximately 2 months (21). The superiority
of the combination has also been shown with different regimens of admin-
istration of the combination (20).

There remains some potential for the further fine-tuning of CPT-11/
fluoropyrimidine regimens for colorectal cancer. Other schedules of CPT-
11, 5-FU, and leucovorin have been investigated, including a biweekly
regimen (46). Also, the question as to whether to use these agents in a
concomitant or sequential fashion in the clinic is the subject of current study
(47). The other possibility is to substitute 5-FU with new-generation
fluoropyrimidines such as capecitabine and tegafur. This may enable com-
pletely oral therapy when the oral formulation of CPT-11 becomes available.

In relation to single-agent efficacy, there has been some debate as to
whether the every-3-week schedule (350 mg/m2 every 3 weeks) has favor-
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able activity in comparison to the weekly one (125 mg/m2 every week for
4 of 6 weeks). Preliminary results of a randomized study examining this
question indicate that the safety aspects are very similar in the second-line
setting (48), although further follow-up is required for analyses of response
rate and survival. The 350 mg/m2 every 3 weeks appears to result in reduced
incidence of grade 3 or 4 delayed diarrhea, although this may be partly
because of the significant percentage of patients on this arm treated at a
reduced starting dose (300 mg/m2). In many countries, CPT-11 is registered
and can be used with either regimen at the discretion of the treating physi-
cian.

One of the other issues being elucidated is which patients are most likely
to benefit from treatment with CPT-11. In common with many other cyto-
toxic agents, those with good performance status and normal hemoglobin
have had the highest response rates and the longest progression-free sur-
vival in trials (49). Interestingly, although those with poor performance
status are more prone to delayed diarrhea, toxicity was a favorable prognos-
tic indicator of response in both the US and the French phase II studies
(15,49). Indeed, Ychou et al. have suggested that escalations in dose might
be considered in good-performance patients who have little in the way of
antiproliferative toxicity early on in their treatment (50).

The combination of CPT-11 with other agents with activity in colorectal
cancer (i.e., capecitabine, raltitrexed, oxaliplatin, mitomycin C) is being
pursued (51–53). In particular, there is preliminary evidence from Phase I
studies for significant activity with the combination of CPT-11 (200 mg/m2,
2-hour infusion) with oxaliplatin (85 mg/m2, 30-minute infusion) (52). In 12
patients treated at the recommended phase II dose listed previously, grade
3/4 toxicities encountered were peripheral neuropathy (25%), delayed diar-
rhea (17%), and neutropenia (33%). A phase II study using a slightly differ-
ent regimen of 85 mg/m2 oxaliplatin days 1 and 15 plus 80 mg/m2 CPT-11
days 1, 8, and 15 yielded a response rate of 46% in 36 pretreated (5-FU)
patients able to be evaluated (54).

2.2. Other Gastrointestinal Malignancies
The combination of CPT-11 with cisplatin was investigated early in the

development of CPT-11 in Japanese phase I trials. Recent studies of this
combination (CPT-11 65 mg/m2, cisplatin 30 mg/m2) given weekly for 4 of
6 weeks have shown strong clinical activity in chemotherapy-naive patients
with advanced or metastatic esophageal cancer (54). A different schedule
(CPT-11 70 mg/m2, days 1 and 15, cisplatin 80 mg/m2, day 1 repeated every
4 weeks) has been tested for metastatic gastric cancer in both previously
treated and chemotherapy-naive patients (55,56). A higher response rate
and slightly prolonged survival was noted for patients who had not received
prior chemotherapy (55).



234 Rivory

There have been encouraging reports for the activity of a gemcitabine/
CPT-11 combination against pancreatic adenocarcinoma and this in now
the subject of a randomized phase III study (57). CPT-11 has been evaluated
for the treatment of other gastrointestinal malignancies (i.e., hepatocellular
carcinoma, biliary adenocarcinoma) with mixed results (58,59).

2.3. Lung Cancer
Lung cancer was also one of the early indications investigated with CPT-

11 in Japan (60,61). Some activity was noted in a variety of schedules and
this led to the rapid development of combination chemotherapy for recur-
rent NSCLC and SCLC (62). The combination of CPT-11 (60 mg/m2) and
cisplatin (30 mg/m2) in a weekly regimen has shown some activity against
lung cancer after progression on platinum therapy (63). The response rate
of 29% is comparable to other commonly used combinations.

2.3.1. NON-SMALL-CELL LUNG CANCER

A recent phase I/II study of the combination of cisplatin, ifosfamide, and
CPT-11 in previously untreated advanced NSCLC (IIIB and IV) showed an
overall response rate of 62% (64). The recommended phase II regimen was
70 mg/m2 cisplatin (day 1), 1.5 g/m2 ifosfamide (days 1–4), and 60 mg/m2

CPT-11 (days 1, 8, and 15) every 4 weeks with granulocyte colony-stimu-
lating factor support. The overall median survival was 393 days.

The camptothecins act as radiosensitizers (65–67). A phase I/II study of
the combination of radiotherapy (40 Gy to tumor and lymph nodes, followed
by 20-Gy boost to the primary) with CPT-11 (weekly for 6 weeks) resulted
in significant activity against locally advanced NSCLC. However, severe
esophagitis and pneumonitis may limit the usefulness of this regimen even
when CPT-11 is administered at 45 mg/m2 (68). Pneumonitis during con-
current radiochemotherapy with weekly CPT-11 may occur in as many as
70% of patients when the lower lung fields are included (69).

2.3.2. SMALL-CELL LUNG CANCER

A high response rate (71%) was observed by Masuda et al. (70) in the
second-line treatment of SCLC (after platinum and etoposide/anthra-
cycline), which is normally considered as a setting with little chemosensi-
tivity. CPT-11 was administered days 1, 8, and 15 of a 4-week cycle (70 mg/
m2) with etoposide on days 1–3 (80 mg/m2). The most commonly encoun-
tered toxicity (grade 3/4) was neutropenia in spite of the use of prophylactic
granulocyte colony-stimulating factor (2 μg/kg/day, days 4–21).

Other combinations being pursued in the treatment of lung cancer include
CPT-11/docetaxel (71,72) and CPT-11, carboplatin, and paclitaxel (73). The
latter regimen yielded an objective response rate of 61% in locally advanced
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and metastatic NSCLC but was also accompanied by significant toxicity
with 30% of patients experiencing febrile or septic neutropenia.

2.4. Central Nervous System
CPT-11 has activity against CNS malignancy. In a study using the weekly

regimen (125 mg/m2), Freidman et al. observed a response rate of 15% and
frequent disease stabilization in patients with advanced glioma (74). There
was a remarkable absence of severe toxicity in this population. This is likely
to be due to an induction of metabolism of CPT-11 via the cytochrome P450
system (see Drug Interactions). This has led to the practice of intrapatient
dose escalation. However, there are concerns that this may not translate into
higher clinical activity because of possible nonlinearity of activation to SN-
38 (see Section 4.1.). Therefore, a better strategy might be to use lower doses
of CPT-11 in combination chemotherapy. One particularly promising com-
bination is that of CPT-11 with alkylating agents such as BCNU and
temozolomide (75–77). These combinations are schedule-dependent but
have yielded supra-additive tumor response rates in animal models. They
are being explored in Phase I studies.

2.5. Carcinoma of the Cervix
Some activity was noted against squamous cell carcinoma of the cervix

in Phase I trials; this has been pursued in phase II trials (78,79). However,
treatment must be undertaken with caution because many of these patients
receive pelvic radiotherapy as part of their management, which leads to
increased rates of gastrointestinal toxicity.

2.6. Other Malignancy
CPT-11 has displayed significant activity as a single agent against many

other cancers (30,33,80). Unfortunately, many of these trials have been
small, and quantitative estimation of the benefit of CPT-11 in these often
unreliable (80). Phase I studies have been performed in the pediatric setting
(81–83), and phase II studies are ongoing.

3. CLINICAL/MOLECULAR CORRELATIONS

Because the camptothecins are TOP-I poisons, it could be anticipated
that cancer cells overexpressing TOP-I would be more susceptible to CPT-
11 (84,85). However, it is becoming clear from studies with various experi-
mental systems that downstream events after the stabilization of the
cleavable complex are also critical (86). Nevertheless, in view of the activity
of CPT-11 in advanced colorectal cancer, it is pertinent to discuss the activ-
ity of TOP-I in this malignancy. The expression and activity of TOP-I in
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colorectal cancer have been studied using a variety of techniques. In terms
of Western blotting, colorectal tissue contains more of the enzyme than its
normal counterparts (85) or other malignancies (87) and may be correlated
with stage (85). Increased expression in some tumors could be related to
increased gene copy numbers resulting from amplification of oncogene-
containing elements that also include the TOP-I gene (88).

Catalytic activity has also been measured in tumor samples (89) and
shown to correlate with immunodetectable protein (87). However, a recent
study with a large series of specimens has demonstrated no clear differences
between TOP-I activity in tumor and surrounding normal tissue (90).
There was also no association between activity and staging, although liver
metastases tended to have lower activity than matched primary tumors (90).
One of the problems with these studies is determining which methodology
best reflects the propensity of the cells to form TOP-I-mediated cleavable
complexes. Indeed, although the formation of these complexes correlates
moderately well with camptothecin cytotoxicity in cell lines, the expression
of topoisomerase as assessed by either mRNA or Western blotting does not
(86). In a study of topotecan pharmacodynamics, neither tumor response
nor toxicity correlated with the formation of cleavable complexes in periph-
eral blood mononuclear cells harvested during treatment (91). Cleavable
complexes occur in a transient fashion, even during continuous drug expo-
sure, as a result of ubiquitination and redistribution of TOP-I to the cyto-
plasm (92,93). Therefore, measuring the quantity of tumor-cleavable
complexes formed during chemotherapy with CPT-11, even if it were fea-
sible, might not lead to useful prognostic information.

The selection of CPT-11 in the treatment of individual patients could be
reasonably based on molecular markers that predict for low likelihood of
response with other agents. In the case of 5-FU, for example, there is some
evidence that overexpression of the target, thymidylate synthase, correlates
with reduced response rates and survival (94,95). Because CPT-11 has no
clinically apparent cross-resistance with 5-FU, a strategy that has been pro-
posed is to treat first-line patients with 5-FU when thymidylate synthase
expression is low. In the presence of elevated thymidylate synthase expres-
sion, CPT-11 could be chosen as an up-front regimen. However, given that
first-line treatment with CPT-11, 5-FU, and leucovorin is now considered
a standard regimen for colorectal cancer, at least in the United States, this
strategy may not provide any clinical advantage.

The antitumor activity of CPT-11 is also likely to be influenced by acti-
vation, inactivation, and transport pathways active in tumors. In general, the
relevance of these has not been well established with respect to anticancer
activity. Some of the relevant data available are discussed further in the
following section.
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4. PHARMACOLOGY

The spontaneous but reversible opening of the hydroxy lactone ring
complicates the pharmacology of all alpha hydroxy lactone camptothecins.
Many of the studies of CPT-11, as with camptothecin, have not sought to
differentiate the properties of the two species. Nevertheless, it is clear that
the carboxylate and lactone forms are chemically very different and have
different properties in terms of pharmacokinetics and pharmacodynamics
(reviewed in (96)). For example, it is now well recognized that the closed
lactone form is the species involved in stabilization of the cleavable com-
plex and that part of the unfavorable profile of 20(S)camptothecin as used
in the early clinical trials was its formulation as the carboxylate salt.
Because the two forms are not often specifically investigated, the termi-
nology used in the section below will only use the terms lactone and car-
boxylate when the specific species have been investigated. Otherwise, the
concentrations will refer to total drug (lactone + carboxylate).

4.1. Activation
CPT-11 is a carbamate ester prodrug of SN-38 that requires activation in

vivo (2). This reaction has been shown to be mediated by carboxylesterases,
which are present in many normal tissues and in tumor (4–8). Mice and rats
have a high capacity for activation of CPT-11 in plasma. In contrast, con-
version in human plasma is extremely limited (97). Instead, most of the
activation is mediated by the liver and appears to involve two separate
carboxylesterases (7,98). The high-affinity carboxylesterase has a Km of
approximately 2 μM when the early non–steady-state reaction is examined.
This enzyme, therefore, is likely to be responsible for most of the activation
of CPT-11 at clinically relevant doses (7). The saturation of this reaction has
implications for the clinical pharmacokinetics of CPT-11 (see Section 5.).

The human esterases are particularly inefficient (5,6,99) and deacylation-
limited (5), but cleave the lactone form of CPT-11 preferentially (8). The
experimental and clinical implications of deacylation-limited activation of
CPT-11 have been discussed (99).

Ideally, a pro-drug should be preferentially activated in the target tis-
sue, but relatively little is known on the conversion of CPT-11 in tumor
tissue. Studies to date have shown that tumor activation rates are compa-
rable, albeit slightly less, than matched normal samples (90,100). One of the
problems faced in the characterization of the formation of SN-38 in human
tissues is that the steady-state rate is but a fraction of the initial velocity
because the reaction is significantly deacylation-limited. This means that
the enzyme kinetic parameters become highly dependent on the time course
chosen. The presence of CPT-11–converting activity in the intestinal mucosa
(90,100,101) may be of relevance to the development of an oral formulation.
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The other product of CPT-11 activation is 4-piperidinopiperidine (see
Fig. 1) and this compound may have activity against cancer cell lines
(102), albeit at concentrations several orders greater than those measured in
patients (103).

4.2. Oxidative Metabolism
CPT-11 undergoes significant oxidative metabolism in vivo to APC and

aminopiperidino (NPC) metabolites. APC is a major plasma metabolite in
patients (13,103–105), whereas NPC, despite being a major product of
hepatic microsomal oxidation (106), is significantly less abundant (105).
Both are produced by the cytochrome P450 3A family (11,12,14,107).
Several monohydroxy metabolites have also been observed in plasma, urine,
and bile and in microsomal incubations (13,107–109). The putative path-
ways and the relevance of the products to the clinical activity of CPT-11
have been discussed (99).

4.3. Conjugation of SN-38
SN-38 is conjugated by UDP-glucuronosyltransferase 1A1 (UGT 1A1)

at the exposed C-10 hydroxyl position (110). Most of the circulating plasma
SN-38 is in this inactive form of SN-38 (104,108,111–113). Because SN-
38 and bilirubin are both substrates of UGT 1A1, administration of CPT-11
may cause transient increases in unconjugated bilirubin (114). Pretreatment
plasma concentrations of unconjugated bilirubin have been reported to
correlate with the degree of subsequent myelosuppression (114). Although
SN-38G is inactive, it is hydrolyzed by bacterial -glucuronidases in the
gastrointestinal tract, releasing active drug and contributing to the
enterohepatic recirculation of SN-38 (115–117). This may play a role in
initiating the delayed diarrhea (see Section 6.). Also, we have recently dem-
onstrated that glucuronidases possibly represent a significant reactivation
pathway for the production of SN-38 within the tumour (118).

Increased glucurono conjugation of SN-38 has been demonstrated in a
cell line selected in vitro for resistance to SN-38 (119), but the clinical
aspects of this mechanism remain to be investigated.

4.4. Transport
Rat studies and vesicular membrane experiments have shown that the

canalicular multispecific organic anion transporter also known as MRP-2 is
responsible, solely or in part, for the biliary excretion of CPT-11, SN-38,
and SN-38G (120–123). In particular, P-glycoprotein may be responsible
for the high-affinity component of the transport of the carboxylate form of
CPT-11 (120). Thus the ATP binding cassette transporters, of which P-gly-
coprotein and MRP-2 are examples, are not only important in relation to the
phenomenon of multidrug resistance but also to the disposition of CPT-11
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and its metabolites. Recently, an additional ATP binding cassette trans-
porter, BCRP (breast cancer resistance protein), has been described that
imparts cross-resistance between mitoxantrone and several other cytotoxic
agents, including SN-38 (124,125). Its presence in the blood-brain barrier
(126) may explain to some extent the lack of penetration of SN-38 into the
CNS when CPT-11 is administered parenterally (127).

5. CLINICAL PHARMACOLOGY

5.1. Clinical Pharmacokinetics
The pharmacokinetics of CPT-11 and some of its metabolites have been

already extensively reviewed (128,129). After iv administration, CPT-11
concentrations peak, as expected, at the end of the infusion, but at this time
the carboxylate form accounts already for approximately 50% of the total
drug (130). The continuing hydrolysis and possibly increased disappear-
ance of the lactone form mean that by approximately 2 hours after infusion,
the ratio of CPT-11 lactone to total drug has reached an equilibrium value
of approximately 25% (130,131). The pharmacokinetic parameters for CPT-
11 and its principal metabolites are shown in Table 1 and 2, respectively.
The pharmacokinetics of CPT-11 and its metabolites are highly variable
between patients, although intrapatient variability is modest (113). This is,
however, consistent with the number of metabolic routes involved. Avail-
able analyses do not indicate any evidence of induction or inhibition of any
of the metabolic pathways.

CPT-11 has a large volume of distribution, particularly the lactone form,
indicating rapid and extensive uptake into most tissues.

The concentrations of APC rise and peak soon after the end of infusion
and then decline with a very similar terminal half-life to that of CPT-11. As
mentioned previously, the concentrations of NPC are very low in plasma,
and this metabolite does not appear to be quantitatively important in this
matrix (105).

Concentrations of SN-38 rise during the infusion and peak soon after
although some patients show evidence of a flatter, more delayed, profile
(104,130). SN-38 in plasma is 50–70% in its active lactone form (130–133),
probably through the effects of differential activation (8) and protein-bind-
ing (134). Concentrations of SN-38 are usually much lower than those of
CPT-11, although this is dependent on the regimen used. During initial
studies of CPT-11, the area under the curve (AUC) ratio of total SN-38 to
CPT-11 was occasionally highest at the lower CPT-11 doses (28,104), sug-
gesting nonlinearity of activation. Short infusions (30–90 minutes) of CPT-
11 yielded a molar ratio of the AUC of total SN-38 to CPT-11 of the order
of 0.03 to 0.07 (26,28,104,128,129), whereas prolonged infusions (4-, 5-,
and 14-day continuous iv) yielded ratios as high as 0.24 (135). Likewise, the



240 Rivory

Table 1
Plasma Pharmacokinetic Parameters of Total CPT-11

Infusion
No. durations Dose t1/2 CL VdSS

Reference of patients (hours)  (mg/m2) (hours)  (L/hours/m2) (L/m2)

161 17 1.5 50–150 3.0 13.3 —
32 24 2.0 25–40 26.5 7.9 —
28 17 1.5 50–180 7.9 15.3 —
29 26 0.5, 1.5 50–145 9.3 15.0 142
169 31 1.5 100–345 5.2 21.0 148
25 60 0.5 100–750 14.2 15.0 157
31 21 0.5 100–345 — 15.2 —
131 12 1.5 100 6.8 18.8 —
113 47 0.5 350 — 15.2 —
160 19 0.5, 1.5 115–600 6.3 16.1 102
197 40 1.5 145 8.8 14.6 136
104 19 0.5, 1.5 115–600 6.3 16.1 102
105 10 1.5 200 13.5 14.0 138
159 45 1.5 80–300 12.1 17.6 262*
143 8 1.5 125 14.6 12.4 297

* VdSS expressed as L.

daily regimens used in children (daily × 5 for 2 weeks) produced an appar-
ently increased activation (136,137) in comparison to the high dose every-
3-weeks regimen (138).

In general, although the plasma pharmacokinetics of SN-38 and SN-38G are
highly variable between patients, their terminal half-lives are long (approxi-
mately 12 hours), and the concentrations of SN-38G usually exceed those
of SN-38 (104,111–113). The plasma pharmacokinetics of SN-38G parallel
those of SN-38 in most patients (Fig. 2A), suggesting that glucuronidation
of SN-38 is the rate limiting step in its elimination (111). Indeed, the ratio
of the concentrations of these two compounds is relatively constant until the
very late time points at which the SN-38G concentrations decline compara-
tively faster (139). This may reflect increased competition with bilirubin for
glucurono-conjugation by UGT1A1.

4-PP, the other product of activation has concentrations that also peak
soon after the infusion and decay very slowly (103). The terminal half-life
has been estimated to be approximately 30–40 hours, but the sampling was
not sufficiently protracted to yield an accurate estimate. It is unclear what
the mechanism is behind the very protracted pharmacokinetic profile for
4-PP, but it may represent prolonged activation of CPT-11. Indeed, CPT-11
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Fig. 2. (A) Mean plasma concentrations of CPT-11 and its principal metabolites
in a patient receiving six consecutive doses of CPT-11 (115 mg/m2) in a weekly
regimen (104). Note that SN-38 and its glucuronoconjugate (SN-38G) have
prolonged and parallel terminal elimination phases. (B) The areas under the
curve of these compounds after each administration and the kinetics of SN-38
and SN-38G are clearly interrelated in both situations.
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is inefficiently converted to SN-38 but, paradoxically, this may be a positive
factor in determining the clinical activity of this drug because of the “slow-
release” effect that results from the large volume of distribution and long
mean residence time of CPT-11 (99). Low-dose protracted regimens, aside
from considerations in terms of antitumor activity of schedule-dependent drugs,
have an advantage in terms of the efficiency of the conversion to SN-38.

5.2. Pharmacokinetic/Pharmacodynamic Correlations
Several investigators have attempted to correlate the pharmacokinetics

of CPT-11 and SN-38 with the toxicity experienced with CPT-11 treatment.
Chabot et al. used the combined results of three French phase I studies to
examine this question (129). They analyzed the results corresponding to 97
first cycles of treatment with doses ranging from 33 to 750 mg/m2. The
percent drop in leucocytes and neutrophils was significantly correlated to
CPT-11 AUC, CPT-11 CL, and SN-38 AUC. However, in most cases, the
r2 values were of the order of 0.2 to 0.3. Canal et al. also found significant
correlations between the percentage fall in neutrophils and the AUC of both
CPT-11 and SN-38 in 47 patients treated with 350 mg/m2 CPT-11 (113).
Again, however, the r2 values were 0.2–0.3. These results illustrate that
toxicity increases with increased exposure to CPT-11 and its active metabo-
lite. However, there remains a large degree of variability of the extent of side
effects at any specific exposure.

As stated previously, one of the major toxicities is the late diarrhea and
pharmacokinetic/pharmacodynamic (PK/PD) studies have provided con-
flicting answers. An early study, investigating the use of CPT-11 with the
weekly regimen found that a putative marker of biliary excretion of SN-38,
the so-called “biliary index,” correlated with the severity of delayed diar-
rhea experienced by patients treated at 100–145 mg/m2 with the weekly
regimen (112). This biliary index is calculated from:

BI = AUCCPT-11 * AUCSN-38/AUCSN-38G

One would expect that reduced conjugation ( AUCSN–38/AUCSN–38G)
with increased dose of CPT-11 ( CPT-11 AUC) to raise the biliary index
and predict for the severity of side effects. Thus there is apparent theoretical
support from these observations. However, there was no correlation be-
tween the biliary index and diarrhea with a 350 mg/m2 three-weekly proto-
col (113), although this may have been due to the low number of toxic
episodes encountered after the implementation of high-dose loperamide
(113). Similarly negative results were reported for the weekly regimen in a
larger trial with a starting dose of 125 mg/m2 (140). Nevertheless, there is
now strong support for increased toxicity in individuals with genetically
related deficiencies in the glucurono-conjugation of SN-38 (this is covered
in more detail in the Section 5.4.).
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In a preliminary study, we investigated the relationship between the
“trough” concentrations of SN-38 and SN-38G in patients and the severity
of side effects using a ultrasensitive assay (141). Toxicity was most promi-
nent in those in whom the plasma concentrations of either compound
remained elevated relative to the population median (142). This would
suggest that patients who don’t achieve significant “drug-free” periods are
more at risk from treatment. However, the safety profile of the every-3-week
regimen appears similar to the weekly protocol (48), which would appear to
be at odds with our observation.

5.3. Mass Balance and Excretion
Mass balance studies of CPT-11 reflect the multiplicity of pathways of

metabolism and elimination of this drug. After the administration of 100 μCi
of 14C-CPT-11 (labeled on the C-7 ethyl group) along with a conventional
125 mg/m2 dose, approximately 65% of the dose of the radioactivity was
excreted in the feces (143). Urinary excretion was essentially complete
within 48 hours and accounted for the remaining dose. In comparison, fecal
excretion continued for 7–8 days and consisted mostly of unchanged drug
(32% of dose), SN-38, and APC (approximately 8% each). Presumably,
much of this excretion is via the bile. In the radiolabel study, one patient had
a biliary T-tube diversion and radioactivity in the bile collection accounted
for 30% of the dose with an additional 15% recovered in the feces. Although
some of the radioactivity recovered from the feces probably represents an
inability to recover all the biliary drainage with T-tube diversions, there
remains the possibility of direct intestinal secretion of drug. Indeed, 15% of
the CPT-11 mass balance was found in the feces of bile-exteriorized rats
despite the fact that drug was administered intravenously (144). In T-tube–
diverted patients, all known metabolites can be detected in the bile (108,143).
In the radiolabel study, SN-38G in the bile represented 2.7 % of the dose
(143), whereas this metabolite is not normally found in the feces to any
appreciable extent (105,143). The disparity between these findings is most
likely the result of high -glucuronidase activity in feces (105).

The mass balance data also give an idea of the importance of the path-
ways of metabolism. In the study of Slatter et al., approximately 50% of the
dose was excreted as unchanged CPT-11 (143). The total of urine and fecal
SN-38 plus SN-38G was only of the order of 12%. Therefore, as mentioned
previously, activation to SN-38 species is a relatively inefficient process
and CPT-11 is, therefore, only modestly activated in humans. The total for-
mation of APC was 11% and NPC 1.5% indicating that oxidative metabolism
is at least as important as activation to SN-38 from a mass balance point of
view. A multitude of other minor products make up an additional small
fraction of the mass balance (143), but it is not clear whether these are con-
taminants, degradation products, or genuine metabolites (108,109,143,145).
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5.4. Special Populations
Gilbert’s disease, which is a mild and often undiagnosed chronic hyper-

bilirubinemia, is linked to a genetic polymorphism of UGT1A1, the pre-
dominant isoform involved in the conjugation of bilirubin (110). Affected
individuals usually are homozygous for a variant allele that features an
additional TA repeat in the promoter region (UGT1A1*28). Genotype/phe-
notype correlations have been demonstrated with both bilirubin and SN-38
as substrates in vitro (146). Case studies of patients with Gilbert’s disease
(on basis of history of unconjugated hyperbilirubinemia) have been reported,
and these individuals have greatly reduced glucurono-conjugation of SN-38
as revealed by the AUC ratio of the conjugate to the free SN-38 (147).
Importantly, the toxicity of CPT-11 appears to be significantly increased in
these patients, in keeping with this reduced ability to deactivate SN-38. The
toxicity of CPT-11 has been shown to be increased in not only those with the
UGT1A1*28 allele, but also those with a polymorphism in the coding region
(UGT1A1*27), although the numbers were small in the latter category (148).
The pharmacokinetics of SN-38 have been shown to be modified according
to the UGT1A1 genotype in several pharmacokinetic studies (149,150).

Aside from genetic abnormalities of SN-38 conjugation, other syndromes
can also lead to impaired detoxification of SN-38. As mentioned previously,
bilirubin is glucurono-conjugated by the same UGT isoform, and conditions
that lead to increased heme turnover could interfere with CPT-11 metabo-
lism. Wasserman found, in a preliminary study, that pretreatment uncon-
jugated bilirubin correlated with neutropenia (114). Elevations in serum
bilirubin also often accompany hepatobiliary dysfunction. In this case,
increased bilirubin probably reflects also a reduced excretion of CPT-11
and its metabolites by the biliary route rather than conjugation per se (151).
Guidelines recommend that patients with total bilirubin outside the normal
range should be treated with great caution.

Nevertheless, patients with severe liver dysfunction retain significant
ability to eliminate CPT-11, presumably through metabolism and renal
elimination. In a recent study, patients with elevated alkaline phosphatase
and bilirubin were found to have reduced clearance of CPT-11 (152). The
latter declined in a nonlinear fashion with increasing hepatic dysfunction
reaching an asymptotic value of approximately 4 L/m2/hour (as compared
to approximately 15 L/m2/hour in normal patients). This would suggest that
renal excretion, which accounts for 20–25% of the elimination of unchanged
CPT-11 (143), represents a major route of elimination in patients with liver
disease. Maintaining adequate renal function may be of great importance in
this group (153). This may explain the observation that raised serum crea-
tinine is a risk factor for delayed diarrhea (49).
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5.5. Drug–Drug Interactions
In a study of CPT-11 in adult malignant glioma, the AUC of CPT-11

administered weekly at 125 mg/m2 was only 40% of that achieved in
patients with colorectal cancer (74). The AUCs of SN-38 and SN-38G were
even more dramatically decreased, consistent with a change from activation
to deactivation metabolism. However, APC concentrations in the plasma
may not necessarily increase dramatically (154). Most patients in these
trials were treated with phenytoin, phenobarbital, carbamazepine, or dex-
amethasone (or in combination), all of which are known inducers of CYP3A.
Therefore, although CYP450-mediated metabolism accounts for a modest
fraction (approximately 15 %) of the CPT-11 excretion mass balance, the
effects of induction/inhibition of CYP450 appear to be considerable (74,154)
and may affect the therapeutic index of this drug.

Other drug–drug interactions with CPT-11 in the oxidative pathway could
theoretically arise with other inhibitors of CYP3A4, such as the macrolide
antibiotics. A recent study has shown that ketoconazole, a known potent
CYP3A4 inhibitor, does not significantly modify CPT-11 clearance when
administered at a dose of 200 mg daily for 2–3 days. However, the pattern
of metabolism is greatly modified and is diverted away from the oxidative
formation of APC toward activation to SN-38 (155).

The interactions with cyclosporin A (156) and valproic acid (157) have
been investigated in preclinical models. Cyclosporin is an inhibitor of canali-
cular multispecific organic anion transporter and P-glycoprotein and a sub-
strate of CYP3A4. The effect of cyclosporin pretreatment to rats injected
with CPT-11 resulted in an average increase of 340, 360, and 200% in the
AUCs of CPT-11, SN-38, and SN-38G, respectively. In the case of valproic
acid, administration of 200 mg/kg of sodium valproate caused a 99% reduc-
tion in SN-38 conjugation (157). Phenobarbital, on the other hand, led to
increased conjugation, presumably through the upregulation of UGT1A1.
The possibility of using some of these modulating agents is currently being
investigated in the clinical setting.

Several Phase I studies of combinations containing CPT-11 have been
carried out. When studied, the pharmacokinetics of CPT-11 or the other
drugs have not been modified (51,72,158–160). The only exception might
be a study of CPT-11, carboplatin, and paclitaxel in which the unexpected
severity of toxicity of the combination prompted the authors to speculate on
a possible pharmacokinetic interaction (73).

6. SIDE EFFECTS

As mentioned previously, CPT-11 presented a novel profile of side effects
in early studies. Along with nausea and vomiting and myelosuppression
(mostly neutropenia), the spectrum included an acute cholinergic syndrome
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and delayed diarrhea. The latter was sometimes severe in early studies and
constituted a dose-limiting toxicity in many of these (28). In early studies,
it was implicated in several treatment-related deaths (161).

6.1. Cholinergic Syndrome
The cholinergic syndrome occasionally observed with CPT-11 consists

of vomiting and diarrhea accompanied by abdominal cramps, diaphoresis,
and accommodation disturbances (162). It is usually transient, is readily
reversed by atropine (28), and does not, therefore, constitute a dose-limiting
toxicity.

It has been claimed to be mediated by ganglionic stimulation on the basis
of a structural similarity between the bipiperidino side chain of CPT-11 and
a known stimulant of nicotinic receptors of autonomic ganglia, dimethyl-
phenylpiperazinium iodide (162). However, we have recently confirmed
that CPT-11 is a potent inhibitor of acetyl cholinesterase, particularly when
in the lactone form (163). The inhibition was shown in vitro to be instanta-
neously reversed on dilution and this, when combined with the short-lived
nature of CPT-11 lactone in vivo, probably explains its transient nature.
This side effect is more frequently encountered with the 350 mg/m2 regimen
when premedication with atropine is not used and typically involves 60–
70% of patients, although few reactions are considered as severe (48).
Nevertheless, combinations of CPT-11 with other drugs capable of inhib-
iting acetyl cholinesterase may lead to increased severity of symptoms (164).

6.2. Late-Onset Diarrhea
Late-onset or delayed diarrhea presents as loose stools some time after

the administration of CPT-11. To differentiate this from the acute cholin-
ergic syndrome, diarrhea is classified as delayed when it occurs at least 24
hours after the administration of CPT-11. In phase II trials using the three
weekly protocol, the median time of onset was 5 days after infusion but
ranged from 1 to 19 days after treatment (36). Pivotal US Phase II studies
using the weekly regimen found a more delayed toxicity with a median time
of onset of 11 days (16,18,165) such that this toxicity was usually manifest
3–4 days after the second injection of a treatment course. The median du-
ration of an episode of delayed diarrhea has been found to be approximately
3–5 days although the entire episode is often longer in those patients with
grade 3 or grade 4 symptoms (17,165).

Early trials reported delayed diarrhea to be noncumulative (25), but sev-
eral subjects developed severe chronic and apparently cumulative toxicity
in a Phase I trial of the three weekly schedule (26). Overall, delayed diarrhea
is clearly dose-related, with increases in both severity and incidence with
higher doses (112). Although delayed diarrhea appears to be an idiosyn-
cratic toxicity of CPT-11, it was also observed in early trials of camptothecin
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(166) and has been encountered in the testing of other analogs. Recent
clinical trials of orally administered camptothecin analogs have revealed
that most, if not all, can induce gastrointestinal toxicity (167). For example,
delayed diarrhea was found to be the dose-limiting toxicity associated with
protracted oral administration of both camptothecin (167) and topotecan
(168). In contrast, this toxicity is rare or nonexistent after intravenous
administration (169), even with protracted infusion regimens (170,171).
Therefore, it is likely that part of the difference between camptothecins is
their disposition of active drug into the intestinal lumen, and that it is the
concentrations of the cytotoxic species in this compartment that correlate
with gastrointestinal injury (172).

The morbidity of delayed diarrhea was particularly high in the early
phase II studies of CPT-11. For example, in the European phase II study of
CPT-11 for advanced colorectal adenocarcinoma, the every-3-week sched-
ule (350 mg/m2) resulted in delayed diarrhea in 87% of patients and 57% of
cycles. Grade 3/4 diarrhea occurred in 39% and 12% of patients and cycles,
respectively (173). In the pivotal US phase II studies, 37% (16) and 56%
(34) of the initially recruited patients developed grade 3 or grade 4 delayed
diarrhea. The incidence of grade 4 delayed diarrhea was eventually reduced
to 5% and 9% in the two studies, respectively, after implementing aggres-
sive loperamide therapy and dose reductions in subsequent administrations
to affected patients. Similar treatment strategies have also been used for the
every-3-week protocol and a recent study has found that a starting dose of
500 mg/m2 is feasible (27). The incidence of grade 4 diarrhea in this latter
study and using the 500 mg/m2 starting dose was approximately 6%.

The delayed diarrhea as been described as secretory with a possible exu-
dative component (174). Both its frequency and severity are increased in the
elderly (>65 years) and in patients previously treated with abdominal/pelvic
irradiation (17). On the other hand, previous chemotherapy does not seem
to be a predisposing factor (17). Pharmacokinetics of CPT-11, SN-38, and
SN-38G are not significantly different in the aged (140) and thus do not
explain the apparently heightened susceptibility of these patients.

Reduced gastrointestinal transit times are observed in a fraction of cases
(174), whereas intestinal absorption is apparently normal, as estimated from
d-xylose absorption and fecal fat content (174). Fecal clearance of 1-antit-
rypsin appears to be consistently elevated indicating a possible mucosal
injury or exudative phenomenon.

Early experiments using animal models demonstrated that SN-38 and
SN-38 glucuronide participate in significant enterohepatic recirculation with
the glucuronide being released by bacterial and mucosal glucuronidase
activity (101,117). Naturally occurring -glucuronides used in traditional
oriental medicine (Kampo medicine) are potent inhibitors of the glucu-
ronidase-catalyzed release of SN-38 from SN-38G (115) and these play a
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protective role against delayed diarrhea in a rat model (117). Conversely,
the corresponding aglycones of these compounds are inhibitors of the
glucuronidation of SN-38 (116). Hence, Kampo glucuronides could con-
tribute in two ways to the inhibition of the enterohepatic recycling of SN-38,
namely by initially inhibiting the liberation of SN-38 and then, as aglycones,
inhibit de novo glucuronidation of SN-38 (115). However, these compounds
also have antidiarrhea effects in other model systems (175) and their effects
are also likely to be modulated by as-yet unknown mechanisms.

High-dose antibiotic regimens have been used to deplete the glucu-
ronidase-secreting gastrointestinal flora in rats, resulting in a markedly
improved cecal histopathology and a reduction in delayed diarrhea
(117,176). The plasma pharmacokinetics of CPT-11 and its metabolites are
not affected by antibiotic sterilization of the large intestine, whereas con-
centrations of free SN-38 within the lumen are reduced (177). However, the
situation regarding the hydrolysis of SN-38G in man is not as clear, although
it is evident that significant SN-38G hydrolytic activity is present in human
feces, as mentioned previously (105,178).

There is very little information available regarding the histopathology of
the bowel in affected patients, although two patients with grade 4 bloody
diarrhea were found to have acute colitis with edema and inflammatory
infiltrate on colonoscopy/biopsy (25). Others have found mild superficial
erosion of the colon mucosa (179,180). Occasionally, lesions have been
suggestive of pseudomembranous colitis; these have been confirmed by
culture of Clostridium difficile (27). CPT-11 has been shown to cause an
acute enhancement of chloride secretion in rat colon tissue through a throm-
boxane A–dependent mechanism (181,182), possibly in response to
eicosanoids generated by the subepithelial tissue. Thus a secretory compo-
nent of delayed diarrhea could arise from the release of cyclo-oxygenase
metabolites (thromboxanes and prostaglandins) generated by local inflam-
mation and early mucosal injury. However, we could detect no such acute
effect using human colon mucosa preparations (Brzuszczak et al., unpub-
lished observations). Rather, the time course and the histopathology suggest
the involvement of a delayed, local inflammatory response that may be
aggravated by the release of local cytokines (183). The demonstration that
thalidomide (184) and budesonide (179) can prevent or ameliorate the
delayed diarrhea to some extent is in support of such a mechanism. Anti-
inflammatory cytokines (185)or their inducers, such as JBT-3002 (186,187),
could prove useful in the prevention of the delayed diarrhea. However, it
remains to be established that these strategies do not affect the antitumor
activity of CPT-11. Likewise, other possible strategies such as the protect-
ing agent glutamine (188), fish oil (189), and activated charcoal (190) need
to be further evaluated for their possible utility.
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There is no known specific antidote to delayed diarrhea, and heavy reli-
ance is made on supportive treatment. As mentioned previously, the aggres-
sive use of loperamide is the standard for managing delayed diarrhea,
although some patients do not appear to respond. Octreotide and budesonide
have been used in some loperamide-refractory incidences of delayed diar-
rhea (179,191). The current high-dose regimen advocated is a starting dose
of 4 mg loperamide followed by 2 mg every 2 hours until 12 hours after the
last stool has been passed. Substitution of 4 mg loperamide every 4 hours
during the night is permitted.

The mechanism of action of loperamide against diarrhea in general is
thought to be mediated through a reduction in gut motility because of its
μ-opioid agonist effects (192). However, loperamide is also effective
against some forms of secretory diarrhea, possibly through actions of
calmodulin inhibition and calcium blocking (192).

6.3. Nausea/Vomiting
CPT-11 is emetogenic, and some prophylactic cover for nausea and

vomiting is required. In most patients it is recommended that 10 mg dexam-
ethasone be administered iv in combination with a 5-HT3 blocker (trop-
isetron, ondansetron) at least 30 minutes before commencing the infusion.

6.4. Other Toxicity
Less frequent drug-related events include: thrombocytopenia (135), toxic

death (78,161,193), major hepatic dysfunction (147,193,194), bradycardia
(195), pneumonitis (60,62), and tumor lysis syndrome (196).

7. FUTURE DIRECTIONS

From a clinical perspective, it is likely that CPT-11 will eventually move
into the adjuvant setting for colorectal adenocarcinoma. In this respect, it is
vital that new strategies be evaluated for their ability to reduce side effects—
delayed diarrhea in particular. Although loperamide has had a substantial
impact on the extent and severity of this toxicity, there are still occasional
patients who present with severe refractory oeadiarrhea. The most promis-
ing strategies revolve around reducing an apparent cytokine-mediated
exacerbation of mucosal injury. It is important that these strategies be
shown not interfere with the antitumor activity of CPT-11 or introduce
idiosyncratic side effects of their own.

CPT-11 appears particularly promising as a component of combination
chemotherapy for NSCLC. The development of doublets for this indication
is a worthwhile area of research. However, the optimal combination make
take some time to define because of the large number of other agents with
good activity in this setting (e.g., cisplatin, docetaxel, gemcitabine,
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vinorelbine) as well as the endless permutations possible with different
schedules.

The area of CNS malignancy is another area of promise, although the
drug–drug interactions between CPT-11 and the anticonvulsants may be
troublesome. The induction of liver CYP3A4 by dexamethasone, phenobar-
bital, and phenytoin, in particular, appear to shift the metabolism from
activation to inactivation. Because the activation pathway appears to be
saturable clinically, this problem cannot be expected to be rectified by
increasing doses. A move away from aromatic anticonvulsants to sodium
valproate may also not provide a solution to this problem because of pos-
sible drug interactions with the glucuronidation of SN-38. Gabapentin might
be a worthwhile alternative and should perhaps be the first-line anticonvul-
sant therapy for those likely to proceed to chemotherapy. The intrahepatic
competition for available CPT-11 by activation and deactivation pathways
may to lead to other drug–drug interactions with substrates and inhibitors of
CYP3A4.
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1. OVERVIEW

Topotecan (Hycamtin, GlaxoSmithKline) is a water-soluble semisyn-
thetic derivative of camptothecin (CPT), an alkaloid extracted from the stem
wood of the Chinese tree Camptotheca acuminata (1). As a result of its
anticancer activity and favorable toxicity profile, in 1996, topotecan was
approved for use in the United States as an antitumor agent in the treatment
of recurrent ovarian cancer. In 1998, it was approved as a second-line treat-
ment for patients with small-cell lung cancer (SCLC). Clinical trials have
also assessed its activity in the treatment of myelodysplastic syndrome,
pancreatic, head and neck, myeloma, prostate, renal cell, melanoma,gliomal,
uterine, cervical, hepatocellular, gastric, and breast cancers. Numerous ongo-
ing trials are evaluating the role of topotecan in combination chemotherapy.
The current dosing regimen approved by the Food and Drug Administration
(FDA) is a 30-minute intravenous (iv) infusion of 1.5 mg/m2 daily for 5
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days, which is repeated every 3 weeks. Topotecan is available as a parenteral
preparation and is supplied in vials containing 4 mg, which is reconstituted
in 4 mL sterile water. The resulting 1 mg/mL solution is further diluted with
a 5% dextrose or 0.9% saline solution before injection.

2. CHEMISTRY AND MECHANISM OF ACTION

As seen in  Fig. 1, topotecan ((S)-9-[(dimethylamino)methyl]-10-hy-
droxy camptothecin) differs from CPT in that a basic side chain has been
introduced at position 9 and a hydroxyl at position 10. These structural
modifications increase the water solubility and biological activity of
topotecan when compared with CPT. As with CPT, the lactone moiety in the
E-ring of topotecan can undergo a nonenzymatic, reversible hydrolysis to
the corresponding open-ring carboxylate. The hydrolysis of the lactone ring
is pH-dependent; the lactone predominates in acidic conditions, whereas the
carboxylic acid form predominates at neutral or basic pH. Because the
lactone species is a much more potent anticancer agent than the carboxylic
acid (2,3), its in vivo concentration is an important determinant of the
anticancer activity of topotecan.

The anticancer properties of topotecan result from its capacity to inhibit
topoisomerase I (TOP-I) (4). TOP-I is an essential nuclear enzyme that aids
in DNA replication by relieving torsional strain. Topotecan disrupts the
normal function of TOP-I by stabilizing the TOP-I–DNA complex and
preventing the dissociation of TOP-I from DNA. Advancing DNA replica-
tion forks collide with the stable TOP-I-DNA-topotecan complex, resulting
in double-strand breaks in DNA and cellular death (5–7).

Fig. 1. Chemical structures of camptothecin and topotecan.
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3. CLINICAL PHARMACOLOGY

3.1. Pharmacokinetics
As with all CPT analogs, the pharmacokinetics of topotecan are compli-

cated by the rapid conversion of the lactone moiety to the open-ring car-
boxylic acid. At physiological pH, only 15–35% of the drug is in the lactone
form and within 1 hour of administration, the predominant species is the
carboxylic acid (8–14). The pharmacokinetics of topotecan can be described
by an open, two-compartment model, and a linear relationship exists between
dose and mean peak phase concentrations and area under the concentration-
time curve (AUC) (9).

3.1.1. ABSORPTION AND DISTRIBUTION

Only the iv administration of topotecan is approved for use by the FDA.
However, recently, there has been an increased interest in the evaluation of
other routes of administration. Most notably, oral formulations have been
developed and assessed in clinical trials. Oral topotecan has a bioavailability
of 32–44% with interpatient variability of 24–31% (15–18). The peak plasma
concentration occurs approximately 0.75 to 2 hours after oral administra-
tion (15,19). No significant differences in the ratio of lactone to carboxylic
acid were found when the oral route was compared with iv administration
(16,18). However, interpatient and intrapatient variability were found to be
higher with oral topotecan than with the iv route (19,20). Phase I studies also
have evaluated intraperitoneal administration of topotecan. As indicated by
a peritoneal to plasma AUC ratios of 31:1 and 54:1, intraperitoneal admin-
istration results in a significant pharmacological advantage compared to
systemic exposure (54,55).

Topotecan is distributed widely in the body, with a volume of distribution
of approximately 50 L/m2 (total drug) and 75 L/m2 (lactone) (8,13,21).
Between studies however, there has been a significant variation in the
reported volume of distribution (9,12,22–26). Unlike other CPT deriva-
tives, topotecan does not bind extensively to plasma proteins (7–31%)
(27,28). Topotecan has good central nervous system (CNS) penetration and
crosses the blood–brain barrier more effectively than CPT (29,30). In pedi-
atric patients treated with a 24 (5.5–7.5 mg/m2/day) or 72-hour (0.5–1.25
mg/m2/day) continuous iv infusion of topotecan, the median penetration of
drug into the cerebral spinal fluid was 29% for the 24-hour infusion and 42%
for the 72-hour infusion (31).

3.1.2. METABOLISM AND ELIMINATION

As previously discussed, topotecan undergoes nonenzymatic hydrolysis
of the lactone ring. This hydrolysis is the primary metabolic pathway for the
clearance of topotecan. One minor metabolite, N-desmethyl topotecan, has
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been characterized, and small amounts (1–4%) of this metabolite have
been detected in plasma, urine, and feces after iv administration of
topotecan (1.0 mg/m2 daily for 5 days every 3 weeks) (32,33).

Topotecan (total drug) is rapidly cleared from the central compartment
with a t1/2( ) of 3–31 minutes and a terminal half-life of 1.8–4.5 hours after
iv administration (8,10,12–14,21,23). As a result of the short half-life of
topotecan, the drug does not accumulate when it is administered by the
approved regimen (1.5 mg/m2 daily for 5 consecutive days once every
3 weeks) (8). Mean total plasma clearance rates of topotecan have ranged
from 7.5–34.8 L/m2/hour and are not predictably influenced by age or
dose (21,23,34). Both topotecan and the carboxylic acid are renally elimi-
nated, with 20–40% of the dose excreted in the first 24 hours after admin-
istration (8,9,13,22).

Renal impairment reduces the plasma clearance of topotecan and is
associated with lower maximum tolerated doses (35). Many ovarian or
SCLC patients with recurrent or relapsed disease are treated with cisplatin
and may have decreased renal function. Consequently, renal status should
be carefully considered when calculating the appropriate dose of topotecan.
The standard 1.5 mg/m2/day is appropriate for patients with normal renal
function (24-hour creatinine clearance of greater than 60 mL/minute), regard-
less of prior therapy. Current guidelines recommend that patients with mod-
erate renal impairment (24-hour creatinine clearance of 20–39 mL/minute)
receive 50% of the recommended dose; the dose should be reduced from 1.5
mg/m2/day to 0.75 mg/m2/day (35,36). The guidelines indicate that dose
adjustment is not required for minimally treated patients with a serum crea-
tinine of 40–59 mL/minute. However, in patients who have received exten-
sive prior therapy and have renal dysfunction, the recommended doses are
1.0 mg/m2/day (creatinine clearance 40–59 mL/minute) and 0.5 mg/m2/
day (creatinine clearance 20–39 mL/minute) (36). Dosing guidelines for
patients with a creatinine clearance of less than 20 mL/minute have not been
established.

Topotecan also has been detected in the bile, suggesting that a biliary
route of elimination may be involved in the clearance of topotecan (13).
However, no difference was observed in the clearance, terminal half-life, or
volume of distribution in patients with impaired hepatic function (serum
bilirubin 29–255 μmol/L) when compared with patients with normal biliru-
bin levels (35). As a result, dose adjustments are not recommended for
patients with hepatic dysfunction. Body weight and age do not appear to
affect the pharmacokinetic parameters of topotecan, and dose adjustments
for these covariates are not recommended (24,34).

3.2. Administration
In the United States, the FDA has approved topotecan to be administered

as 30-minute iv infusion of 1.5 mg/m2 daily for 5 consecutive days every 3
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weeks. Although this regimen has been widely used, clinical investigators
have continued to study alternate regimens to optimize the dose and sched-
ule of topotecan. Topotecan has been administered as a 30-minute infusion
weekly (1.5–6.0 mg/m2) (37–39), a 24-hour infusion weekly (1.0–2.0 mg/m2)
(14), a 24-hour infusion every 21 days (2.5–15 mg/m2) (9,25,40), a 3-day
continuous infusion every 21 days (0.5–2.6 mg/m2/d) (41), a 5-day continu-
ous infusion every 21 days (0.17–3.6 mg/m2/d) (42–44), and as a 21-day
continuous infusion every 28 days (0.2–0.8 mg/m2/d) (45–47). Single iv
doses given over 30 minutes of up to 22.5 mg/m2 once every 3 weeks have
been administered (13). Although some of these schedules were well tol-
erated and resulted in objective responses, the FDA-approved, 5-day daily
regimen is the standard of care. However, alternate dosing schedules war-
rant further consideration because they may have utility in a palliative set-
ting or as a component of combination regimens.

Recently, there has been increased interest in evaluating oral administra-
tion of topotecan. The results of several clinical trials indicate that oral
topotecan may be as effective as the iv form in treating recurrent SCLC and
ovarian cancer. However, the toxicity profile of the oral route differs from
that of iv topotecan. Notably, oral treatment may cause less myelotoxicity
than iv administration (48–50). A multicenter, randomized study evaluating
oral versus iv topotecan found comparable response rates for iv (20%) and
oral (13%) administration in relapsed epithelial ovarian cancer patients
(50). Similarly, response rates were comparable in patients with previously
treated SCLC (23% oral vs 15% iv) (48). As with iv administration of
topotecan, several doses and schedules of oral topotecan have been evalu-
ated, including daily oral treatment for 5 to 21 consecutive days and twice
daily treatment for 10 or 21 days (20,48,49,51–53). Current data from
Phase II trials indicate that oral administration of 2.3 mg/m2/day for 5 days
once every 3 weeks is a well-tolerated and effective regimen (48,50).

Several phase I studies have assessed the feasibility of administering
intraperitoneal topotecan (54,55). Unlike iv or oral administration, in which
the dose-limiting toxicity is myelosuppression, the dose-limiting toxicities
of intraperitoneal administration are hypotension, chills, and fever. Conse-
quently, much higher doses can be safely administered, and intraperitoneal
administration may allow for combination therapy with other cytotoxic
drugs that are myelosuppressive.

Preclinical studies have evaluated the effectiveness of liposomal encap-
sulation of topotecan (56–58). Topotecan formulated in sphingomyelin/
cholesterol liposomes resulted in a sustained release of the lactone species
over approximately 24 hours. The liposomal formulation protected the lac-
tone from hydrolysis, which translated into increased survival rates in ani-
mal xenograft models when compared with free topotecan (58). Intrathecal,
intramuscular, transdermal, and subcutaneous administration of topotecan
have also been investigated (59,60).
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3.3. PHARMACODYNAMICS

Myelosuppression is the dose-limiting toxicity of both iv and oral
topotecan, and the extent of myelosuppression correlates with total
topotecan AUC. This correlation was seen with multiple administration
regimens (a 30-minute infusion daily for 5 days once every 3 weeks, a 20-
minute infusion once every 3 weeks, a 72-hour continuous infusion, and a
24-hour continuous infusion) (8,9,13,14,22,61). Other pharmacokinetic
parameters, including the time plasma concentration is higher than 10 nmol/
L, predict toxicity. However, none appear to be more predictive than dose
(8,9,22). Consequently, routine monitoring of pharmacokinetic parameters
does not appear to be warranted at this time.

3.4. Toxicity
3.4.1. HEMATOLOGICAL

Myelosuppression is the dose-limiting toxicity of topotecan therapy for
all iv doses and schedules. Reversible, noncumulative neutropenia and
thrombocytopenia are the most frequent toxicities observed after topotecan
administration; neutropenia usually occurs more often and is more severe
than thrombocytopenia. The hematologic toxicities from four Phase II and
III trials evaluating topotecan (1.5 mg/m2/day) were compiled and ana-
lyzed (36). Of the 454 advanced-stage ovarian cancer patients who were
treated with topotecan, 81% experienced grade 4 neutropenia. In addition,
26% of the patients had grade 4 thrombocytopenia and 40% grade 4 anemia
(36). Similar results were seen when 107 SCLC patients were treated with
1.5 mg/m2/day for 5 days once every 3 weeks. Grade 4 neutropenia and
thrombocytopenia were reported in 70% and 29% of patients, respectively.
The onset of neutropenia occurred 8–12 days after the start of topotecan
therapy with the nadir occurring at approximately 12 days. Neutrophil counts
recovered by 21 days after the initiation of therapy, allowing for retreatment
at 3 weeks. The platelet nadir occurred at approximately day 15 and recov-
ered by day 21 (62).

Patients who have received prior chemotherapy or radiation or have
impaired renal function have an increased risk of myelosuppression
(12,22,36,63). The topotecan dose should be reduced by 0.25 mg/m2 per
dose for patients who have grade 4 neutropenia or thrombocytopenia (36).
Granulocyte colony-stimulating factor (G-CSF) has been in used in combi-
nation with topotecan in an effort to increase the dose intensity. The data
from these studies are conflicting. In one study, G-CSF support allowed the
dose of topotecan to be increased 2.3-fold. Other researchers, however,
found that dose escalation with G-CSF was not possible because thromb-
ocytopenia and fatigue were dose-limiting (12,25). Because the value of
dose intensification in ovarian and SCLC is unclear (64,65), it is uncertain
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whether there is clinical benefit in using G-CSF over dose reduction in
SCLC and ovarian cancer patients (66).

3.4.2. OTHER TOXICITIES

Nonhematological toxicities are generally mild to moderate in severity
and are not dose-limiting. In large clinical trials in which topotecan was
administered to ovarian and SCLC patients, alopecia was the most common
nonhematological side effect reported, occurring in 56–82% of patients
(62,67,68). Nausea (40–78%), vomiting (24–64%), and fatigue (26–41%)
were also frequently reported. Other less common toxicities seen after
topotecan administration included skin rash, mild and transient elevations
of liver function tests, abdominal pain, stomatitis, arthralgias, myalgias,
microscopic hematuria, peripheral neuropathies, and diarrhea. Many of
these toxicities could be effectively managed with supportive measures.

The schedule and route of administration affect the toxicity profile of
topotecan. After treatment with intraperitoneal topotecan, the dose-limiting
toxicities were hypotension, chills, and fever (54). In contrast, mucositis
and diarrhea were dose-limiting in leukemia patients receiving a 5-day
continuous infusion of topotecan (69). Diarrhea was also dose-limiting in
patients treated with oral topotecan twice daily for 21 days (53), but was not
dose-limiting when topotecan was given by continuous infusion for 21 days
or orally on a daily × 5 regimen (49,70–72). Although the primary toxicity
of the standard regimen is myelosuppression, these data indicate different
toxicities may be dose-limiting for other routes and schedules of adminis-
tration. Rare cases of life-threatening hypersensitivity reactions have been
reported.

3.5. Drug Interactions
When topotecan and G-CSF were administered to patients on the same

day, neutropenia and thrombocytopenia were more severe. Consequently,
topotecan and G-CSF should not be administered concurrently (22). Several
drugs have been identified that can alter the pharmacokinetic properties of
topotecan. Coadministration of phenytoin and topotecan increased the total
drug and lactone clearance and increased the AUC of the topotecan metabo-
lite, N-desmethyl topotecan (73). Other drugs that induce hepatic cyto-
chrome P450 enzymes, such as dexamethasone and phenobarbital, also
increase the clearance of topotecan (74). Additional studies characterizing
of the effects of P450-inducing agents on topotecan pharmacokinetics are
necessary. Preclinical studies demonstrated that when probenecid, which is
known to inhibit renal tubular secretion, was administered to mice in com-
bination with topotecan the systemic clearance of topotecan and total renal
clearance were decreased (75).
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3.6. Mechanisms of Resistance
Little is known about the in vivo mechanisms of resistance to topotecan

and other CPT analogs. Several resistance mechanisms, however, have been
identified in vitro, including decreased cellular levels of TOP-I (76,77),
reduced TOP-I activity (78,79), a decrease in the number of TOP-I-DNA–
cleavable complexes (78), migration of TOP-I out of the nucleolus (80–82),
and mutations of amino acids within the active site of TOP-I (80–83).
Topotecan is a substrate for the breast cancer resistance protein (77,84,85)
and the P-glycoprotein multidrug transporter (86,87) resulting in decreased
accumulation of topotecan in cells. The degree of P-glycoprotein–associated
resistance for topotecan is, however, significantly less than that observed for
other multidrug resistance substrates (87–90). Enhanced topotecan efflux
was observed in a tumor-resistant cell line that does not overexpress P-glyco-
protein, suggesting that other efflux mechanisms, such as breast cancer resis-
tance protein, may contribute to the development of topotecan resistance
(77,85). Although ongoing studies continue to accrue information about
these pathways, the clinical relevance of these mechanisms of resistance in
human tumors has yet to be elucidated.

4. SINGLE-AGENT ANTICANCER ACTIVITY
OF TOPOTECAN

4.1. Ovarian Cancer
Topotecan is approved for use in patients with advanced ovarian cancer

who are refractory to, or who relapsed after, receiving platinum-based
therapy. Response rates of 14–23% have been observed in phase II
noncomparator trials evaluating topotecan given daily for 5 days every
21 days to patients who have received a platinum-based chemotherapy
regimen as first-line treatment (Table 1) (68,72,91–94). The majority of the
observed responses were partial responses, with complete responses seen in
less than 5% of the patients. The median duration of response in these
studies ranged from 18 to 45 weeks.

A phase III multicenter, randomized trial compared the standard
topotecan regimen (1.5 mg/m2/day for 5 days every 21 days) with paclitaxel
(175 mg/m2 infused over 3 hours every 21 days) in women with advanced
epithelial ovarian cancer who had previously failed a platinum-based
therapy. The results were originally published in 1997 (67) and have been
subsequently updated (95,96). At the conclusion of the study, 226 patients
were able to be evaluated for response with 114 randomized to the paclitaxel
arm and 112 randomized to the topotecan arm. No significant difference was
found in the efficacy of these two agents; topotecan had a response rate of
20%, whereas the response rate of paclitaxel was 13%. Similarly, there was
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no significant difference in the overall median survival between topotecan
and paclitaxel (61 and 43 weeks, respectively). Topotecan, however, did
have a significantly longer median time to progression than paclitaxel (23
weeks and 14 weeks, respectively) and a significantly greater incidence of
grade 4 neutropenia and thrombocytopenia.

Patients were eligible to cross over and receive the treatment in the alter-
nate arm as third-line therapy. Overall, 110 patients crossed over; 61 patients
crossed over from paclitaxel to topotecan and 49 patients crossed over from
topotecan to paclitaxel. A partial response was observed in 13% of the
patients that crossed over from paclitaxel to topotecan therapy. Of the
patients that crossed over from the topotecan arm to the paclitaxel arm,
10% achieved a complete or partial response. The third-line therapies had
comparable median time to progression (9 weeks for both arms) and median
survival (40 and 48 weeks for topotecan and paclitaxel, respectively) indi-
cating that topotecan and paclitaxel have a degree of non-cross-resistance.

The efficacy of topotecan was compared with pegylated liposomal doxo-
rubicin (PLD) in a phase III trial of patients with recurrent ovarian cancer.
Patients were randomized and either treated with topotecan (1.5 m/m2/day
for 5 days every 21 days) or PLD (50 mg/m2 as a 1-hour infusion every 28
days). Of the 474 patients able to be evaluated, 17% had a response to
topotecan (n = 235) and 20% responded to PLD therapy (n = 239). The
survival times for topotecan and PLD were comparable (57 and 60 weeks,
respectively). The frequency of grade 1, 2, and 3 toxicities were similar with
both treatment regimens, but the incidence of grade 4 toxicity was signifi-
cantly higher in the topotecan treatment arm (71%) than in the PLD arm
(17%). This was due to the high frequency of grade 4 hematological toxicity
in patients treated with topotecan (97). Although PLD had comparable
efficacy to topotecan as a salvage therapy for ovarian cancer, it had less
toxicity and was dosed much less frequently, which may translate into
improved patient convenience. These differences may increase the likeli-
hood that PLD will be chosen over topotecan by prescribing physicians as
second-line therapy.

Clinical trials of topotecan in patients with recurrent ovarian cancer dem-
onstrate that response rates are higher in patients who initially responded to
platinum-based therapy. In patients who were platinum-sensitive (relapsed
more than 6 months after treatment) response rates were 10–29%, whereas
in patients who had platinum-resistant disease (relapsed in less than 6
months) or platinum-refractory disease, response rates were 2–13%
(50,67,68,94,97). The Phase III trial comparing topotecan with PLD pro-
spectively randomized patients who had platinum-sensitive and platinum-
resistant tumors. Overall, 29% of the 111 platinum-sensitive patients had a
response to topotecan compared with 6% for the 124 platinum-resistant
patients (97).
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Other clinical trials have examined the efficacy of alternate dosing regi-
mens of topotecan. In contrast to the standard daily × five regimen, a daily
× three topotecan regimen (2 mg/m2) was evaluated in women with recur-
rent ovarian cancer. In the 28 patients able to be evaluated, the overall
response rate was 32% and stable disease was achieved in 18% of patients,
which compares favorably with that observed in the daily × five regimen
(98). Response rates of 9–38% were observed in platinum-resistant ova-
rian cancer patients who received a 21-day continuous infusion of topotecan
(0.3–0.5 mg/m2/day) (71,99). Weekly administration of topotecan (2–6 mg/
m2 weekly for 3 weeks followed by a rest week) resulted in partial responses
in 25% of the 32 patients able to be evaluated (39). A small randomized
study comparing 24-hour continuous administration (1.75 mg/m2 once
weekly for 4 weeks) to the standard dosing regimen indicated that topotecan
was significantly more effective when administered according to the approved
regimen. In the 24-hour continuous infusion arm, 3% of the 32 patients had
a partial response compared with 23% of the 31 patients in the standard dosing
arm. However, overall survival was comparable in each arm (11 and 12
months for the daily × five and 24-hour infusion, respectively) (91).

4.2. SCLC
In 1998, topotecan was approved for use as a second-line agent in the

treatment of SCLC. Although numerous agents have been shown to have
activity in the treatment of recurrent SCLC, topotecan is the only single-agent
therapy currently approved in the United States. Because the response of
SCLC to salvage therapy is usually influenced by the sensitivity of the
patient to first-line therapy, most studies evaluating topotecan have strati-
fied patients as refractory (patients whose disease was stable or progressed
within 90 days of first-line therapy) or sensitive (patients who responded to
first-line therapy, but relapsed more than 90 days after front-line therapy).
InPhase II clinical trials, the overall response rates of topotecan (1.25–1.5 mg/
m2/day for 5 consecutive days once every 3 weeks) in refractory patients were
2–11%, with only 1 of 154 patients achieving a complete response. The
median survival of patients in this subpopulation was 16–20 weeks (Table
2). In contrast, the overall response rates for sensitive patients were 14–
37%, with a complete response observed in 2–13% of patients. The median
survival for sensitive patients was 26–30 weeks (70,100–102).

The drug combination cyclophosphamide, doxorubicin, and vincristine,
used to treat recurrent SCLC, was chosen as the comparator therapy for the
randomized, multicenter phase III trial with topotecan. Patients were eli-
gible for this study if they had relapsed more than 60 days after receiving
first-line therapy (the first-line therapy for most of the patients in the study
was etoposide plus cisplatin). Overall, 211 patients able to be evaluated
were enrolled in the study, with 107 patients randomized to receive topotecan
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(1.5 mg/m2 as a 30-minute infusion daily for 5 days once every 3 weeks) and
104 patients randomized to the cyclophosphamide, doxorubicin, and vinc-
ristine (cyclophosphamide 1000 mg/m2, doxorubicin 45 mg/m2, and vinc-
ristine 2 mg on day 1 with the cycle repeated every 3 weeks) treatment arm.
Patients in the topotecan arm had an overall response rate of 24% (no com-
plete responders) compared with 18% in the cyclophosphamide, doxorubi-
cin, and vincristine arm (one complete responder). The median duration of
response, time to disease progression, and overall survival also were com-
parable. Patients treated with topotecan, however, had a significant increase
in symptomatic improvement for four of the eight symptoms evaluated
(dyspnea, anorexia, hoarseness, and fatigue) (62).

The efficacy of topotecan has also been evaluated as a front-line therapy
in chemotherapy-naive SCLC patients with extensive disease. Topotecan
(2.0 mg/m2/day for 5 days once every 3 weeks with G-CSF support) was
administered to 48 patients. The partial response rate was 39%; none of the
patients had a complete response. The median duration of response was 19
weeks and the overall median survival time was 40 weeks (103). These
results are comparable to other agents used as monotherapy for extensive
stage SCLC, but are inferior to results seen with combination therapy (104).

4.3. Other Malignancies
4.3.1. HEMATOLOGICAL MALIGNANCIES

Several studies have demonstrated that topotecan may have utility in the
treatment of a variety of hematological diseases including myelodysplastic
syndrome (MDS), multiple myeloma, chronic myelomonocytic leukemia,
acute myelocytic leukemia (AML), and acute undifferentiated leukemia.
Forty-three multiple myeloma patients were treated with the conventional
regimen of topotecan and a partial response rate of 16% was observed; there
were no complete responders (105). Complete remission rates of 27% and
37% were observed when patients with either chronic myelomonocytic
leukemia (n = 30) or MDS (n = 30) were treated with a continuous infusion
of topotecan (2.0 mg/m2/day) for 5 days once every 21–28 days, respec-
tively. The toxicity of the regimen, however, was high; in the first 4 weeks
of therapy 20% of patients died as a result of complications arising from
myelosuppression (106). When 27 patients with refractory or relapsed acute
leukemia were given a continuous infusion of topotecan (3.5–18 mg/m2/day
for 5 days once every 21–28 days), overall response rates of 18% were
observed. Three patients (11%) had a complete response to this therapy
(43). A Phase I study evaluated a 5-day continuous infusion of topotecan
(0.7–2.7 mg/m2/day) in 17 patients with acute leukemia. One patient (6%)
with chronic myelomonocytic leukemia in blast crisis achieved a complete
response and one patient (6%) with AML had a partial response for an
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overall response rate of 12% (42). In the subsequent phase II trial, 14 patients
with either untreated or relapsed acute lymphocytic leukemia were treated
with a 5-day continuous infusion of topotecan (2.1 mg/m2/day). A complete
response was found in only one patient for an overall response rate of 7%
(95). The response rates in these studies are noteworthy because many of
these patients had failed prior therapies and were chemoresistant. phase I
and II studies are evaluating several chemotherapy combinations that include
topotecan. The data from these trials may lead to phase III studies in the future.
Additional studies are clearly warranted to further elucidate the value of
topotecan therapy in hematologic malignancies.

4.3.2. PEDIATRIC MALIGNANCIES

Several phase II trials assessed topotecan in children with refractory non-
CNS tumors. A 72-hour continuous infusion of topotecan (1.0–1.3 mg/m2/
day) was evaluated in 85 pediatric patients with refractory neuroblastoma
and sarcomas of soft tissue and bone. The overall response rate was 2%
(107). Another phase II study evaluated topotecan therapy in 141 children
with recurrent or progressive solid tumors. Patients were treated with 2 mg/
m2 of topotecan administered daily for 5 days once every 21 days. Complete
and partial responses were observed in 2% and 1% of patients, respectively.
Minor responses and stable disease were observed in 17% of patients, and
the median duration of treatment for children in this study exceeded 8
months. This result is significant because phase II trials with other agents
have not reported long-term duration of stable disease (108). In a random-
ized phase II trial, 63 children with untreated neuroblastoma were either
treated with two cycles of topotecan (2 mg/m2/day for 5 days) or paclitaxel
(350 mg/m2 over 24 hours). Overall response rates of 37% were observed
in the 32 patients receiving topotecan therapy compared with 16% for the
31 patients treated with paclitaxel (109). These results favorably compare
with other single-agent response rates. Combination chemotherapy, how-
ever, can result in up to a 90% complete response rate in patients with
metastatic disease (110). Ongoing studies are evaluating the role of
topotecan in this setting.

Phase II trials also have been conducted in children with refractory CNS
tumors. Pediatric patients with CNS tumors (n = 45) were treated with a 24-
hour continuous infusion of topotecan (5.5–7.5 mg/m2). Practically no ac-
tivity was observed; only one patient (2%) had a partial response (111).
Similar results were seen in another study evaluating a 72-hour continuous
infusion of topotecan (1.0–1.25 mg/m2/day) in pediatric patients. In the 88
patients able to be evaluated, there were no complete or partial responses
(112). Although the response rates to topotecan were low, there were some
patients in these studies who had an extended period of stable disease.
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4.3.3. NON-SMALL-CELL LUNG CANCER

Several phase II trials have evaluated the efficacy of topotecan using the
standard dosing schedule of topotecan in patients with advanced nonsmall-
cell lung cancer (NSCLC). Response rates between 0% and 15 % have been
reported with a median survival of 8–9 months (113–116). Notably, in the
study with the highest response rates, subpopulation analysis indicated that
patients with squamous cell carcinoma (5/14, 36%) were more likely to
respond than were patients with non-squamous cell carcinoma (1/26, 4%)
(114). To validate this result, additional patients with advanced squamous
cell carcinoma were enrolled in the study; of 29 total patients able to be
evaluated, 7 had partial responses (24%), with a median survival of 10
months (117).

In addition to the daily × five regimen, clinical trials have also evaluated
different dosing schedules and routes of administration in patients with
NSCLC. Two studies examining a 21-day continuous infusion of topotecan
found no advantage over the conventional 5-day dosing regimen (115,118).
Recently, the efficacy of 2.3 mg/m2/day oral topotecan administered for 5
days once every 3 weeks was also evaluated. Although no complete or
partial responses were observed, the overall median survival was 40 weeks
and a palliative effect on disease-related symptoms was observed (119).
Consequently, the utility of topotecan warrants continued evaluation in
NSCLC.

4.3.4. GASTROINTESTINAL MALIGNANCIES

Topotecan has minimal activity in colorectal, pancreatic, esophageal,
and gastric tumors. Unlike the CPT derivative irinotecan, which is active
against colorectal tumors, clinical trials evaluating topotecan have failed to
demonstrate a significant effect. When the standard dosing regimen of
topotecan was used, response rates of 4–7% were observed (120,121).
Slightly higher doses of topotecan (3.5 mg/m2/day for 5 days once every 3
weeks) with G-CSF support in fluoropyrimidine-refractory patients resulted
in no responders and a median survival of only 16 weeks (11). Poor response
rates also have been observed in colorectal patients receiving a 21-day
continuous infusion of topotecan (0.5–0.7 mg/m2/day) (46,68), and in
patients with advanced gastric cancer treated with the standard dosing regi-
men (122,123). Similarly, topotecan has limited efficacy in pancreatic can-
cer with response rates of 0–10% for the standard regimen and 8% in patients
receiving a 0.5 mg/m2/day 21-day continuous infusion (124–126). No sig-
nificant antineoplastic activity was observed when topotecan was given to
esophageal carcinoma patients as either a 1.5 mg/m2/day 24-hour continu-
ous infusion or by the standard regimen (127,128). Although these studies
were performed in a small number of chemotherapy-resistant patients,
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enthusiasm for future research with topotecan in the treatment of gastrointes-
tinal tumors is minimal.

4.3.5. CNS MALIGNANCIES

Because topotecan has good CNS penetration (29,30), clinical trials have
evaluated the activity of topotecan in CNS malignancies. Patients with newly
diagnosed or recurrent malignant gliomas were treated with a continuous
infusion of topotecan (2.6 mg/m2) for 72 hours. Partial responses were seen
in 9% of the 63 patients able to be evaluated. The response rates of patients
with newly diagnosed disease and recurrent disease were 12% and 8%,
respectively. Notably, none of the 28 patients with recurrent glioblastoma
multiforme had a response to this therapy (129). Other trials have evaluated
the efficacy of topotecan when it is administered by the daily × five dosing
schedule. Thirty-one patients with recurrent malignant glioma were treated
(1.5 mg/m2/day); 6% had either a complete or partial response (130). Simi-
larly, 33 patients with progressive glioma were treated (1.25–1.5 mg/m2/
day); 1 patient (3%) experienced a partial response to the therapy (131).
Although these response rates are dismal, they are consistent with the
response rates observed for established therapies such as dacarbazine and
temozolomide (132,133).

4.3.6. HEAD AND NECK MALIGNANCIES

The anticancer activity of topotecan also has been assessed in head and
neck tumors. A phase II trial evaluated the efficacy of topotecan (1.5 mg/m2

as a 24-hour continuous infusion on days 1, 8,15, and 22 of a 35-day cycle)
in patients with metastatic or recurrent squamous cell carcinoma of the head
and neck. Neither chemotherapy-naive (n = 16) nor previously treated pa-
tients (n = 16) responded to the therapy (134). Similarly, no responses were
observed when patients with recurrent metastatic squamous cell carcinoma
of the head and neck were treated with the standard regiment of topotecan
(n = 21) (135). In another study evaluating the efficacy of the standard
dosing regimen of topotecan, however, 14% of patients (n = 22) with
advanced squamous cell cancer of the head and neck responded (136).

4.3.7. BREAST CANCER

Although many doses and schedules have been evaluated, topotecan
has shown only modest efficacy in patients with advanced breast cancer.
Response rates of 10% have been observed in two studies evaluating the
effectiveness of the conventional regimen of topotecan in advanced breast
cancer patients who had failed front-line therapy (137,138). A 21-day con-
tinuous infusion of 0.6 mg/m2/day every 4 weeks, a 30-minute infusion
every 3 weeks (22.5 mg/m2), and a 1.5 mg/m2 24-hour continuous infusion
every week resulted in response rates of 15%, 5%, and 0%, respectively
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(118,139). Greater response rates (37%) were observed in a recent study
evaluating the conventional dosing regimen in breast cancer patients with
bidimensionally measurable brain metastases, suggesting that topotecan
may be an effective treatment alternative for this patient population (140).

4.3.8. ENDOMETRIAL CANCER

An emerging use for topotecan may be in the treatment of metastatic or
recurrent endometrial cancer. Historically, single-agent therapy has
achieved an approximately 20% response rate (141). Topotecan achieved a
similar response rate (7.5% complete response, 12.5% partial response) in
patients with advanced or recurrent endometrial cancer. The initial dose
(1.5 mg/m2 daily for 5 days every 3 weeks, 1.2 mg/m2 for patients with
prior radiation) was associated with unexpected toxicities, so the dose was
reduced to 1.0 mg/m2 daily for 5 days every 3 weeks (0.8 mg/m2 for patients
with prior radiation) (142). Less impressive response rates were observed
in another study in which patients were treated with a similar dose and
schedule. Only 9% of patients had a partial or complete response, but 55%
of patients achieved stable disease (143). Several studies are ongoing that
will clarify the potential use of topotecan in endometrial cancer.

4.3.9. OTHER TUMORS

Topotecan has modest activity in the treatment of cervical cancer.
Response rates from 12% to 19% have been observed in patients with
recurrent disease (144–146); chemotherapy-naive patients 19% had a com-
plete or partial response (147). Clinical trials assessing the anticancer activ-
ity of topotecan in prostate cancer (148,149), malignant melanoma (150),
renal cell carcinoma (150), and hepatocellular cancer (151) have also been
conducted. Topotecan did not produce significant response rates in any of
these trials.

5. TOPOTECAN IN COMBINATION THERAPY

5.1. Overview and Rationale
Combination therapy of active drugs from different classes has become

a mainstay in the treatment of tumors. Ideally, drug combinations should
contain agents that, when used alone, have the capacity to induce a complete
response in some patients. If possible, drugs should be chosen that have
different mechanisms of action, different toxicity profiles, different mecha-
nisms of resistance, and have shown synergy in vitro. Each drug in the
combination should be administered at its optimal dose and schedule. Using
these criteria, topotecan is well suited for use in multiple-drug regimens
because it has a unique mechanism of action and it is relatively non–cross-
resistant with other anticancer agents. Preclinical studies have demonstrated
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that topotecan in combination with cisplatin, paclitaxel, radiation, and cyclo-
phosphamide are synergistic, providing the rational support for the clinical
evaluation of these combinations (152–157). Clinical trials have evaluated
the utility of topotecan in combination with platinum compounds, antimicro-
tubule agents, TOP-II inhibitors, alkylating agents, antimetabolites, anthra-
cyclines, and radiation.

Sound clinical and mechanistic rationale formed the basis for the clinical
trials evaluating the combination of platinum compounds and topotecan.
Both cisplatin and topotecan are effective in treating ovarian and SCLC
tumors. Indeed, cisplatin is a commonly used front-line therapy for these
cancers. Despite their overlapping antitumor activity, the mechanism of
action and principle dose-limiting toxicities of these agents do not overlap.
Myelosuppression is the dose-limiting toxicity for topotecan, whereas neph-
rotoxicity and neurotoxicity are dose-limiting for cisplatin. As with cisplatin,
paclitaxel is used as a front-line treatment of ovarian cancer and has been
evaluated in combination with topotecan. However, the overlapping
myelosuppression may limit the utility of this combination.

Topotecan has also been evaluated in combination with TOP-II inhibi-
tors such as etoposide and doxorubicin. As with TOP-I, TOP-II is a nuclear
enzyme that regulates DNA topology. Preclinical studies have shown that
in athymic mice with a SW480 colon cancer xenograft, treatment with
topotecan caused a transient and reversible increase in TOP-II levels.
Sequential administration of a TOP-I inhibitor followed by a TOP-II inhibi-
tor resulted in enhanced cytotoxicity (158–160). These preclinical results
formed the basis for the clinical trials of topotecan and TOP-II inhibitors and
highlight the importance of sequencing issues in evaluating combination
therapy regimens. Indeed, the sequence of administration is important in
many of the topotecan drug combination regimens being evaluated. For
instance, significantly higher rates of neutropenia and thrombocytopenia
were observed when cisplatin (50 mg/m2 on day 1) was given before
topotecan (0.75 mg/m2/day on days 1–5) compared with when it was given
after topotecan (50 mg/m2 on day 5). The increased toxicity may be caused,
in part, by cisplatin-induced alterations in renal function that reduced the renal
elimination of topotecan (161). Although numerous clinical trials have
evaluated topotecan with other cytotoxic agents to define the optimal dose
and schedule of the drug combination, this discussion will focus primarily
on how the results of Phase II and III clinical trials are defining the place of
topotecan drug combinations in cancer therapy.

5.2. Topotecan Combination Therapy and Ovarian Cancer
Combination regimens with topotecan have been assessed as front-line

therapies for the treatment of ovarian cancer. Topotecan was evaluated in a
Phase II trial in combination with carboplatin and paclitaxel in 18 patients
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with advanced epithelial ovarian cancer. Topotecan (1.0 mg/m2/day on days
1–3), carboplatin (AUC 5 on day 3), and paclitaxel (175 mg/m2 on day 3)
resulted in an overall response rate of 88%, with 28% of the patients achiev-
ing a complete response. Neutropenia was the major toxicity, with grade 3
or 4 toxicity occurring in 94% of the patients (162). The response rate is
better than those observed with carboplatin and paclitaxel in phase III stud-
ies (64–75%); however, the toxicity does not justify the benefit (163,164).
Rather than use all three drugs concurrently, two phase III trials are evalu-
ating the sequential administration of six cycles of carboplatin and paclitaxel
(carboplatin AUC 5 and paclitaxel 175 mg/m2, 3-hour infusion) followed by
observation or four cycles of topotecan (1.25 or 1.5 mg/m2 per day × 5 days
every 21 days). Both studies have completed enrollment, and preliminary
results were recently presented. Based on the preliminary data, this sequen-
tial administration approach does not appear to prolong the progression-free
survival; however, few events had occurred and further follow-up is planned
(165,166). The feasibility of administering sequential couplets of cisplatin
and topotecan followed by paclitaxel and cisplatin as a front-line treatment
was evaluated in 34 patients with advanced epithelial ovarian cancer. Four
cycles of cisplatin (50 mg/m2 on day 1) and topotecan (0.75 mg/m2 on days
1–5 every 3 weeks) were followed by interval debulking of the tumor (if
necessary). Subsequently, four cycles of paclitaxel (135 mg/m2 on day 1)
and cisplatin (75 mg/m2 on day 2 every 3 weeks) were administered. The
overall response rate was 78%. These results compare favorably with the
response rate of 73% observed in the Gynecologic Oncology Group 111
trial that established paclitaxel and cisplatin as a front-line therapy in the
treatment of advanced epithelial ovarian cancer (167).

Some topotecan combinations have shown efficacy in patients with
recurrent ovarian cancer. The combination of topotecan and gemcitabine
has resulted in overall response rates of 12–64% (168,169). However, these
studies have had only limited number of patients; larger trials should be con-
ducted to determine the efficacy of this combination. Topotecan also has been
evaluated with paclitaxel. A 96-hour infusion of topotecan (2.8 mg/m2) and
paclitaxel (100 mg/m2) was administered to 25 patients with recurrent ova-
rian cancer. After treatment, 28% of the patients had a partial response
(170). Similar response rates were observed when 36 patients received 1.25
mg/m2 topotecan on days 1–3 and 600 mg/m2 cyclophosphamide on day 1.
A response was observed in 25% of patients and stable disease was achieved
in another 44% (171). These response rates are noteworthy considering the
poor prognosis of this patient population. Currently, a large phase III trial
(Gynecologic Oncology Group 0182-International Collaborative Ovarian
Neoplasm 5) has been launched evaluating five different treatment regi-
mens in chemotherapy-naive ovarian cancer patients: (Arm 1), standard
regimen of carboplatin-paclitaxel (day 1); (Arm 2), standard carboplatin-
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paclitaxel (day 1) plus gemcitabine (days 1 and 8); (Arm 3), standard
carboplatin-paclitaxel (day 1) plus PLD (every other cycle); (Arm 4), stan-
dard carboplatin-paclitaxel (day 1) plus topotecan (days 1–3) alternating
with standard carboplatin-paclitaxel; and (Arm 5), carboplatin (day 8) plus
gemcitabine (days 1 and 8) alternating with standard carboplatin-paclitaxel
(172,173). The results from this study may more clearly define the role of
topotecan combination therapy as first-line chemotherapy in patients with
ovarian cancer.

5.3. Topotecan Combination Therapy and Lung Cancer
5.3.1. SCLC

Because of topotecan’s activity in recurrent SCLC, the role of topotecan
in combination therapy as a first-line agent has been evaluated. The three
drug combination (cisplatin, paclitaxel, and topotecan [with G-CSF sup-
port]) was assessed in chemotherapy-naive patients with extensive disease
(n = 37). Patients were treated with cisplatin (40 mg/m2), paclitaxel (85 mg/
m2), and topotecan (2.25 mg/m2) on a weekly basis. G-CSF (5 μg/kg/day)
was administered on days 3–5. The overall response rate was 81%, with 22%
of patients achieving a complete response (174). A similar study replaced
cisplatin with carboplatin; 105 patients were treated with 135 mg/m2

paclitaxel and AUC = 5 carboplatin on day 1 and 0.75 mg/m2 topotecan on
days 1–3. The regimen resulted in response rates of 88% and 93% in patients
with extensive and limited disease, respectively (175).

Topotecan (1.0–1.25 mg/m2/day on days 1–5) and paclitaxel (135 mg/m2

on day 5) were assessed in 28 patients able to be evaluated with untreated
extensive disease with response rates of 60% (176). Sequential paclitaxel-
topotecan with G-CSF support had a similar overall response rate (56%)
when 43 untreated patients with extensive-stage SCLC were treated with
three cycles of paclitaxel (250 mg/m2 over 3 hours every 2 weeks) followed
by three cycles of topotecan (2.5 mg/m2 for 5 days every 3 weeks). Despite
the G-CSF support, significant hematological toxicity was observed with
this regimen (177). The response rates from these studies are comparable to
those seen with standard front-line combination therapies (65–85%) (178).
Topotecan, in combination with cisplatin, has also been evaluated in SCLC
patients as a second-line therapy. Topotecan (0.75 mg/m2/d on days 1–5) in
combination with cisplatin (60 mg/m2 on day 1) resulted in response rates
of 24% and 29% for resistant (n = 42) and sensitive (n = 68) patients,
respectively (179). These response rates are similar to those reported with
topotecan monotherapy (70,100,101,114).

5.3.2. NON-SMALL-CELL LUNG CANCER

Clinical trials evaluating the efficacy of topotecan combination therapy
in patients with NSCLC have found modest activity. Topotecan, in combi-
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nation with etoposide, was administered to 19 patients with advanced
NSCLC. Patients received topotecan as a continuous 72-hour infusion (0.85
mg/m2/day) on days 1–3 of therapy. On days 7–9, patients were treated with
oral etoposide (100 mg twice daily). Only one partial response (5%) was
observed. This study sequenced the drugs to take advantage of elevated
TOP-II levels seen after the administration of a TOP-I inhibitor (160).
However, this dosing schedule does not appear to be optimal because
TOP-II levels may return to baseline levels within 24 hours of exposure
to a TOP-I inhibitor (180). The combination of gemcitabine and topotecan
has been studied both as first-line therapy and in previously treated patients
with advanced disease. As first-line therapy, patients (n = 53) treated with
topotecan (1 mg/m2 on days 1–5) and gemcitabine (1000 mg/m2 (days 1 and
15) had a median survival of 7.6 months. One-year survival was 39% (181).
In previously treated patients with advanced NSCLC, the combination of
topotecan and gemcitabine has resulted in response rates of 18–34%, indi-
cating that further studies with this drug combination may be warranted
(182,183).

Preliminary data evaluating two other regimens also show promising
results. A 42% response rate was observed when topotecan (0.5–1.0 mg/m2/
day on days 1–5) and vinorelbine (20–30 mg/m2/day on days 1 and 5) were
administered to 26 patients with recurrent or metastatic NSCLC (184). After
47 patients with untreated, nonresectable, advanced NSCLC were treated
with topotecan (0.5 mg/m2/day on days 1–5) and carboplatin (AUC = 5 on
day 1), response rates of 13% were observed. An additional 36% were
deemed to have achieved some treatment benefit due to prolonged disease
stabilization (185).

5.4. Topotecan Combination Therapy
and Hematological Malignancies

As a result of topotecan’s single-agent activity in hematological malig-
nancies, several studies have investigated the effectiveness of topotecan in
combination with existing therapies. In one study, patients with MDS and
chronic myelomonocytic leukemia were treated with topotecan (1.25 mg/
m2/day continuous iv infusion for 5 days) and cytarabine (ara-C) (1.0 g/m2

daily for 5 days). Overall, 56% of the 86 patients had a complete remission;
the median duration of remission was 34 weeks. Of the 59 patients with
MDS, 61% had a complete remission. Notably, this regimen was effective
in patients with both good-risk and poor-risk MDS (complete remission
rates of 70% and 56%, respectively) (186). The drug combination topotecan
(1.0–2.5 mg/m2/day) and etoposide (150 mg/m2/day) was administered for
5 days to patients with recurrent or refractory non-Hodgkin’s lymphoma.
The overall response rate (n = 21) was 38%. Three patients (14%) achieved
a complete remission (187). Similarly, the combination of topotecan and
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paclitaxel was effective in treating patients with relapsed or refractory non-
Hodgkin’s lymphoma. Of the 66 patients able to be evaluated who received
topotecan (1 mg/m2/day on days 1–5) and paclitaxel (200 mg/m2 on day 1),
48% responded to therapy (188).

Clinical trials have evaluated the utility of topotecan combination therapy
in patients with refractory or relapsed AML or acute lymphocytic leukemia.
Many of these studies have evaluated three drug combinations in which
topotecan and ara-C are combined with a third agent. When cyclophospha-
mide (500 mg/m2 given every 12 hours on days 1 and 3) was combined with
ara-C (2 g/m2 daily on days 2–6) and topotecan (1.25 mg/m2/day continuous
infusion days 2–6), 17% of the 63 patients able to be evaluated had a com-
plete remission. Subpopulation analysis showed that 23% of AML patients
and 9% of acute lymphocytic leukemia patients responded to this therapy
(189). Higher response rates were observed in a three-drug study evaluating
topotecan, ara-C, and idarubicin. Twenty-seven patients with refractory or
relapse AML and high-risk MDS were treated with idarubicin (12 mg/m2

days 1–3), ara-c (1 g/m2 on days 1–5), and topotecan (1.25 mg/m2/day on
days 1–5). Overall, 52% achieved a complete remission (59% of AML and
40% of MDS patients) (190). The response rates were not as impressive
when Mylotarg (9 mg/m2 on day 1) was added to topotecan (1.25 mg/m2 on
days 1–5) and ara-C (1 g/m2 days 1–5) in patients with refractory AML or
advanced MDS and significant toxicity was observed. Two of 17 patients
(12%) had a complete response. Notably, 29% of patients had grade 3/4
hepatic transaminitis and one patient died of hepatic venoocclusive dis-
ease (189).

A three-arm study has compared two drug combinations using topotecan
and the TOP-II inhibitor, etoposide. AML patients were randomized to either
topotecan and ara-C (n = 10), topotecan followed by etoposide (n = 15), or
etoposide (n = 12) followed by topotecan. Of the 37 patients, only one com-
plete remission was observed and that was in the topotecan and ara-C arm.
As a result of the lack of activity, accrual into the treatment arms was
terminated and it was concluded that none of the three treatment arms had
antileukemic activity (191). Similarly, minimal activity and significant tox-
icity was observed in non-Hodgkin’s lymphoma patients treated with
topotecan (1.25 mg/m2 days 1–5) and etoposide (50 mg days 6–12) (192).
However, when topotecan treatment was followed by two TOP-II inhibi-
tors, mitoxantrone and etoposide, significant response rates were observed
in heavily pretreated patients with refractory acute leukemia. Seventeen
patients received 1.5 mg/m2 topotecan on days 1–3, 100 mg/m2 etoposide,
and 10 mg/m2 mitoxantrone on days 4, 5, 9, and 10. Five patients (29%) had
a complete or partial remission and an additional four patients (24%) had no
evidence of disease, but had platelet counts of less than 100,000. Notably,
topotecan resulted in increased TOP-II levels and the magnitude of TOP-II
increase correlated with response to therapy (193).
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5.5. Topotecan High-Dose Chemotherapy and Transplant
Recent studies evaluating the efficacy of high-dose chemotherapy regi-

mens containing topotecan followed by progenitor cell support have shown
promising results (194–196). Nineteen patients with previously untreated
advanced-stage ovarian cancer received two cycles of carboplatin (AUC = 5)
and paclitaxel (175 mg/m2). Peripheral blood progenitor cells were col-
lected before the induction of three cycles of high-dose therapy in which
patients received topotecan (1.5–4.5 mg/m2 daily for 5 days), paclitaxel
(250 mg/m2 over 24 hours), and carboplatin (AUC 12–16). Peripheral blood
progenitor cell support permitted all three drugs to be administered with
acceptable nonhematological toxicity. The overall clinical response rate
was 95%, with 73% of patients achieving a complete clinical response
(196). Similarly, impressive response rates were found when previously
treated advanced ovarian cancer patients were treated with cyclophospha-
mide (1 g/m2/day on days –6, –5 and –4), melphalan (70 mg/m2/day on days
–3 and –2), and topotecan (1.25–4.0 mg/m2/day on days –6 to –2), with stem
cells infused on day 0. Of the 30 patients able to be evaluated, 93% had a
response (50% complete response, 43% partial response) (195). Although
the response rates in these studies are promising, randomized studies are
required to determine if these high-dose chemotherapy regimens are more
effective than conventional therapy.

6. CLINICAL PERSPECTIVES
AND FUTURE DIRECTIONS

Topotecan is approved as salvage therapy for patients with ovarian or
SCLC. Clinical trials also have demonstrated promising antitumor activity
in hematologic malignancies and squamous cell lung cancer. As a result of
its unique mechanism of action and non–cross-resistance with standard
therapies, combination regimens with topotecan should continue to be
assessed to determine the role of topotecan as a component of first- or
second-line drug combinations. Because previous studies have demon-
strated that single-agent therapy may be just as effective as combination
therapy in ovarian cancer, the addition of topotecan to front-line agents may
not have a significant impact on survival rates (197,198). The role of
topotecan in combination therapy for lung cancer may be more promising
because significant survival advantage has been demonstrated with combi-
nation therapy (65). Similarly, high-dose chemotherapy regimens with
topotecan may have utility in the bone marrow transplant setting. Myelo-
suppression is the dose-limiting toxicity; only at very high doses of topotecan
is significant nonhematologic dose-limiting toxicity observed (i.e., mucosi-
tis, diarrhea, and erythema). As several studies have demonstrated, how-
ever, sequence and timing issues may be important in determining the
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efficacy of topotecan in combination regimens. Additional studies are war-
ranted to characterize sequencing effects and maximize the therapeutic
benefit of topotecan combination regimens.

Clinical trials continue to assess the optimal route of administration,
dose, and schedule of topotecan. Clearly, the development of alternate routes
of administration is a promising area of topotecan research that may impact
the future potential of this drug. In ovarian cancer patients, high doses of
topotecan can be effectively administered specifically to the peritoneal
cavity using intraperitoneal administration of topotecan. Because the dose-
limiting toxicity of intraperitoneal administration of topotecan is not
myelosuppression, this is an attractive therapy to add to front-line systemic
regimens that are myelosuppressive.

Clinical trials with oral topotecan demonstrate the activity of this therapy.
It is likely, however, that because of physician reimbursement issues, the
full potential of oral topotecan will be realized in combination regimens
containing iv administration of other agents. The feasibility of administer-
ing oral topotecan with iv agents is currently being examined (199). Pre-
clinical results from liposomal formulations of topotecan indicate that this
dosage form may provide a significant therapeutic advantage over free
topotecan.

The currently approved dosing regimen (daily administration of
topotecan for 5 consecutive days once every 3 weeks) can be quite incon-
venient for patients, especially those who are elderly, frail, or have limited
access to treatment facilities. The development of other agents, such as
pegylated liposomal doxorubicin, which have comparable activity and a
more convenient dosing schedule, emphasize the need to continue to inves-
tigate the optimal schedule of administration for topotecan. The CPT analog
irinotecan is approved to be dosed on a more convenient weekly schedule.
Because topotecan is combined with other agents, dosing schedules that
maximize the clinical effectiveness of the drug while minimizing the incon-
venience to the patient should be carefully considered.

Exciting new agents, such as monoclonal antibodies, tyrosine kinase
inhibitors, and antiangiogenesis are being developed as novel treatments for
cancer. Preclinical data suggest that topotecan may be effectively combined
with some of these agents. Topotecan has antiangiogenic activity (200–202)
and when combined with anti-VEGF therapy suppresses tumor growth in an
animal model (203,204). Changes in EGFR expression and/or function may
influence sensitivity to topotecan and coadministration with a HER inhibi-
tor has been shown to alter the accumulation and cytotoxic potential of
topotecan (205,206). This is an exciting frontier in topotecan research, which
may translate into drug combinations that have broader and more effective
clinical applications.



Chapter 12 / Clinical Experience With Topotecan 287

REFERENCES

1. Wall ME, Wani MC, Cook CE, Palmer KH, McPhail AT, Lim GA. 1966 Plant
antitumor agents: I. The isolation and structure of camptothecin, a novel alkaloid
leukemia and tumor inhibitor from camptotheca accuminata. J Am Chem Soc
88:3888–3890.

2. Kingsbury WD, Boehm JC, Jakas DR, et al. 1991 Synthesis of water-soluble
(aminoalkyl)camptothecin analogues: inhibition of topoisomerase I and antitumor
activity. J Med Chem 34:98–107.

3. Hertzberg RP, Caranfa MJ, Holden KG, et al. 1989 Modification of the hydroxy
lactone ring of camptothecin: inhibition of mammalian topoisomerase I and bio-
logical activity. J Med Chem 32:715–720.

4. Hsiang YH, Liu LF. 1988 Identification of mammalian DNA topoisomerase I as an
intracellular target of the anticancer drug camptothecin. Cancer Res 48:1722–1726.

5. D’Arpa P, Liu LF. 1989 Topoisomerase-targeting antitumor drugs. Biochim
Biophys Acta 989:163–177.

6. Stewart L, Redinbo MR, Qiu X, Hol WG, Champoux JJ. 1998 A model for the
mechanism of human topoisomerase I. Science 279:1534–1541.

7. Redinbo MR, Stewart L, Kuhn P, Champoux JJ, Hol WG. 1998 Crystal structures
of human topoisomerase I in covalent and noncovalent complexes with DNA.
Science 279:1504–1513.

8. Grochow LB, Rowinsky EK, Johnson R, et al. 1992 Pharmacokinetics and phar-
macodynamics of topotecan in patients with advanced cancer. Drug Metab Dispos
20:706–713.

9. van Warmerdam LJ, ten Bokkel Huinink WW, Rodenhuis S, et al. 1995 Phase I
clinical and pharmacokinetic study of topotecan administered by a 24-hour con-
tinuous infusion. J Clin Oncol 13:1768–1776.

10. Saylors RL, Stewart CF, Zamboni WC, et al. 1998 Phase I study of topotecan in
combination with cyclophosphamide in pediatric patients with malignant solid
tumors: a Pediatric Oncology Group Study. J Clin Oncol 16:945–952.

11. Rowinsky EK, Baker SD, Burks K, O’Reilly S, Donehower RC, Grochow LB.
1998 High-dose topotecan with granulocyte-colony stimulating factor in
fluoropyrimidine-refractory colorectal cancer: a phase II and pharmacodynamic
study. Ann Oncol 9:173–180.

12. Saltz L, Sirott M, Young C, et al. 1993 Phase I clinical and pharmacology study
of topotecan given daily for 5 consecutive days to patients with advanced solid
tumors, with attempt at dose intensification using recombinant granulocyte colony-
stimulating factor. J Natl Cancer Inst 85:1499–1507.

13. Wall JG, Burris HA, Von Hoff DD, et al. 1992 A phase I clinical and pharmaco-
kinetic study of the topoisomerase I inhibitor topotecan (SK&F 104864) given as
an intravenous bolus every 21 days. Anticancer Drugs 3:337–345.

14. Haas NB, LaCreta FP, Walczak J, et al. 1994 Phase I/pharmacokinetic study of
topotecan by 24-hour continuous infusion weekly. Cancer Res. 54:1220–1226.

15. Loos WJ, Gelderblom HJ, Verweij J, Brouwer E, de Jonge MJ, Sparreboom A.
2000 Gender-dependent pharmacokinetics of topotecan in adult patients. Antican-
cer Drugs 11:673–680.

16. Schellens JH, Creemers GJ, Beijnen JH, et al. 1996 Bioavailability and pharma-
cokinetics of oral topotecan: a new topoisomerase I inhibitor. Br J Cancer 73:
1268–1271.



288 Bence and Adams

17. Herben VM, Rosing H, ten Bokkel Huinink WW, et al. 1999 Oral topotecan:
bioavailablity and effect of food co-administration. Br J Cancer 80:1380–1386.

18. Kuhn J, Rizzo J, Eckardt J, et al. 1995 Phase I bioavailability study of oral topotecan.
Proc Am Soc Clin Oncol 14:474.

19. Zamboni WC, Bowman LC, Tan M, et al. 1999 Interpatient variability in
bioavailability of the intravenous formulation of topotecan given orally to children
with recurrent solid tumors. Cancer Chemother Pharmacol 43:454–460.

20. Gerrits CJ, Schellens JH, Burris H, et al. 1999 A comparison of clinical pharma-
codynamics of different administration schedules of oral topotecan (Hycamtin).
Clin Cancer Res 5:69–75.

21. Rowinsky EK, Grochow LB, Sartorius SE, et al. 1996 Phase I and pharmacologic
study of high doses of the topoisomerase I inhibitor topotecan with granulocyte
colony-stimulating factor in patients with solid tumors. J Clin Oncol 14:1224–1235.

22. Rowinsky EK, Grochow LB, Hendricks CB, et al. 1992 Phase I and pharmacologic
study of topotecan: a novel topoisomerase I inhibitor. J Clin Oncol 10:647–656.

23. Tubergen DG, Stewart CF, Pratt CB, et al. 1996 Phase I trial and pharmacokinetic
(PK) and pharmacodynamics (PD) study of topotecan using a five-day course in
children with refractory solid tumors: a Pediatric Oncology Group Study. J Pediatr
Hematol Oncol 18:352–361.

24. van Warmerdam LJ, Creemers GJ, Rodenhuis S, et al. 1996 Pharmacokinetics and
pharmacodynamics of topotecan given on a daily-times-five schedule in phase II
clinical trials using a limited-sampling procedure. Cancer Chemother Pharmacol
38:254–260.

25. Abbruzzese JL, Madden T, Sugarman SM, et al. 1996 Phase I clinical and plasma
and cellular pharmacological study of topotecan without and with granulocyte
colony-stimulating factor. Clin Cancer Res 2:1489–1497.

26. Furman WL, Baker SD, Pratt CB, Rivera GK, Evans WE, Stewart CF. 1996
Escalating systemic exposure of continuous infusion topotecan in children with
recurrent acute leukemia. J Clin Oncol 14:1504–1511.

27. Herben VM, ten Bokkel Huinink WW, Beijnen JH. 1996 Clinical pharmacokinet-
ics of topotecan. Clin Pharmacokinet 31:85–102.

28. Kaye SB, Workman P, Graham MA, Cassidy J, Jodrell D. 1993 Pharmacokinetics
and early clinical studies of selected new drugs. Cancer Surv 17:371–396.

29. El-Gizawy SA, Hedaya MA. 1999 Comparative brain tissue distribution of
camptothecin and topotecan in the rat. Cancer Chemother Pharmacol 43:364–370.

30. Blaney SM, Cole DE, Balis FM, Godwin K, Poplack DG. 1993 Plasma and cere-
brospinal fluid pharmacokinetic study of topotecan in nonhuman primates. Cancer
Res 53:725–727.

31. Baker SD, Heideman RL, Crom WR, Kuttesch JF, Gajjar A, Stewart CF. 1996
Cerebrospinal fluid pharmacokinetics and penetration of continuous infusion
topotecan in children with central nervous system tumors. Cancer Chemother
Pharmacol 37:195–202.

32. Rosing H, Herben VM, van Gortel-van Zomeren DM, et al. 1997 Isolation and
structural confirmation of N-desmethyl topotecan, a metabolite of topotecan.
Cancer Chemother Pharmacol 39:498–504.

33. Rosing H, van Zomeren DM, Doyle E, et al. 1999 Quantification of topotecan and
its metabolite N-desmethyltopotecan in human plasma, urine and faeces by high-
performance liquid chromatographic methods. J Chromatogr B Biomed Sci Appl
727:191–203.



Chapter 12 / Clinical Experience With Topotecan 289

34. Borkowski JM, Duerr M, Donehower RC, et al. 1994 Relation between age and
clearance rate of nine investigational anticancer drugs from phase I pharmacoki-
netic data. Cancer Chemother Pharmacol 33:493–496.

35. O’Reilly S, Rowinsky E, Slichenmyer W, et al. 1996 Phase I and pharmacologic
studies of topotecan in patients with impaired hepatic function. J Natl Cancer Inst
88:817–824.

36. Armstrong D, O’Reilly S. 1998 Clinical guidelines for managing topotecan-
related hematologic toxicity. Oncologist 3:4–10.

37. Martin D, Hall DJ, Kincaid K. 2003 Phase II trial of weekly topotecan in advanced
or recurrent endometrial adenocarcinoma [abstract]. Proc Am Soc Clin Oncol
22:491.

38. Morris R, Munkarah A. 2002 Alternate dosing schedules for topotecan in the
treatment of recurrent ovarian cancer. Oncologist 7(Suppl. 5):29–35.

39. Homesley HD, Hall DJ, Martin DA, et al. 2001 A dose-escalating study of weekly
bolus topotecan in previously treated ovarian cancer patients. Gynecol Oncol
83(2):394–399.

40. Rocondo G, Abbruzzese J, Newman B, et al. 1991 Phase I trial of topotecan
administered by a 24-hour infusion. Proc Am Assoc Cancer Res 32:1229.

41. Sabiers J, Berger N, Berger S, Haaga JR, Hoppel CR, Wilson JKV. 1993 Phase I
trial of topotecan administered as a 72 hour infusion. Proc Am Assoc Cancer Res
34:426.

42. Rowinsky EK, Adjei A, Donehower RC, et al. 1994 Phase I and pharmacodynamic
study of the topoisomerase I-inhibitor topotecan in patients with refractory acute
leukemia. J Clin Oncol 12:2193–2203.

43. Kantarjian HM, Beran M, Ellis A, et al. 1993 Phase I study of topotecan, a new
topoisomerase I inhibitor, in patients with refractory or relapsed acute leukemia.
Blood 81:1146–1151.

44. Burris HA, Awada A, Kuhn JG, et al. 1994 Phase I and pharmacokinetic studies
of topotecan administered as a 72 or 120 h continuous infusion. Anticancer Drugs
5:394–402.

45. Hochster H, Liebes L, Speyer J, et al. 1994 Phase I trial of low-dose continuous
topotecan infusion in patients with cancer: an active and well-tolerated regimen.
J Clin Oncol 12:553–539.

46. Hochster H, Hibrahim J, Liebes L, O’Dwyer P, Benson A. 1997 Phase II study of
21-day topotecan continuous infusion for metastatic colorectal cancer (ECOG
study 4293). Proc Am Soc Clin Oncol 16:1032.

47. Frangoul H, Ames MM, Mosher RB, et al. 1999 Phase I study of topotecan admin-
istered as a 21-day continous infusion in children with recurrent solid tumors: a
report from the Children’s Cancer Group. Clin Cancer Res 5:3956–3962.

48. von Pawel J, Gatzemeier U, Pujol JL, et al. 2001 Phase II comparator study of oral
versus intravenous topotecan in patients with chemosensitive small-cell lung can-
cer. J Clin Oncol 19:1743–1749.

49. Clarke-Pearson DL, Van Le L, Iveson T, et al. 2001 Oral topotecan as single-agent
second-line chemotherapy in patients with advanced ovarian cancer. J Clin Oncol
19:3967–3975.

50. Gore M, Oza A, Rustin G, et al. 2002 A randomised trial of oral versus intrave-
nous topotecan in patients with relapsed epithelial ovarian cancer. Eur J Cancer
38:57–63.



290 Bence and Adams

51. Gerrits CJ, Burris H, Schellens JH, et al. 1998 Five days of oral topotecan
(Hycamtin), a phase I and pharmacological study in adult patients with solid
tumours. Eur J Cancer 34:1030–1035.

52. Gerrits CJ, Burris H, Schellens JH, et al. 1998 Oral topotecan given once or twice
daily for ten days: a phase I pharmacology study in adult patients with solid tumors.
Clin Cancer Res 4:1153–1158.

53. Creemers GJ, Gerrits CJ, Eckardt JR, et al. 1997 Phase I and pharmacologic study
of oral topotecan administered twice daily for 21 days to adult patients with solid
tumors. J Clin Oncol 15:1087–1093.

54. Hofstra LS, Bos AM, de Vries EG, et al. 2001 A phase I and pharmacokinetic study
of intraperitoneal topotecan. Br J Cancer 85:1627–1633.

55. Plaxe SC, Christen RD, O’Quigley J, et al. 1998 Phase I and pharmacokinetic study
of intraperitoneal topotecan. Invest New Drugs 16:147–153.

56. Burke TG, Gao X. 1994 Stabilization of topotecan in low pH liposomes composed
of distearoylphosphatidylcholine. J Pharm Sci 83:967–969.

57. Subramanian D, Muller MT. 1995 Liposomal encapsulation increases the activity
of the topoisomerase I inhibitor topotecan. Oncol Res 7:461–469.

58. Tardi P, Choice E, Masin D, Redelmeier T, Bally M, Madden TD. 2000 Liposomal
encapsulation of topotecan enhances anticancer efficacy in murine and human
xenograft models. Cancer Res 60:3389–3393.

59. Verschraegen CF, Jaeckle K, Giovanella B, Knight V, Gilbert BE. 2000 Alterna-
tive administration of camptothecin analogues. Ann NY Acad Sci 922:237–426.

60. Blaney SM, Cole DE, Godwin K, Sung C, Poplack DG, Balis FM. 1995 Intrathecal
administration of topotecan in nonhuman primates. Cancer Chemother Pharmacol
36:121–124.

61. Dowlati A, Levitan N, Gordon NH, et al. 2001 Phase II and pharmacokinetic/
pharmacodynamic trial of sequential topoisomerase I and II inhibition with
topotecan and etoposide in advanced non-small-cell lung cancer. Cancer
Chemother Pharmacol 47:141–148.

62. von Pawel J, Schiller JH, Shepherd FA, et al. 1999 Topotecan versus cyclophos-
phamide, doxorubicin, and vincristine for the treatment of recurrent small-cell
lung cancer. J Clin Oncol 17:658–667.

63. Grochow L, Slichenmyer W, Rowinsky E, Donehower R, Forastier A, Chen T-L.
1994 Phase I clinical and pharmacologic study of topotecan in patients with he-
patic or renal dysfunction. Ann Oncol 5(Suppl.):191.

64. McGuire WP, Hoskins WJ, Brady MF, et al. 1995 Assessment of dose-intensive
therapy in suboptimally debulked ovarian cancer: a Gynecologic Oncology Group
study. J Clin Oncol 13:1589–1599.

65. Schiller JH. 2001 Current standards of care in small-cell and non-small-cell lung
cancer. Oncology 61(Suppl. 1):3–13.

66. Saltz L, Janik JE. 1997 Topotecan and the treatment of recurrent ovarian cancer:
is there a role for granulocyte colony-stimulating factor? Semin Oncol 24(Suppl.
5):S5-26–S5-30.

67. ten Bokkel Huinink W, Gore M, Carmichael J, et al. 1997 Topotecan versus
paclitaxel for the treatment of recurrent epithelial ovarian cancer. J Clin Oncol
15:2183–2193.

68. Creemers GJ, Bolis G, Gore M, et al. 1996 Topotecan, an active drug in the second-
line treatment of epithelial ovarian cancer: results of a large European phase II
study. J Clin Oncol 14:3056–3061.



Chapter 12 / Clinical Experience With Topotecan 291

69. Beran M, Kantarjian H, O’Brien S, et al. 1996 Topotecan, a topoisomerase I
inhibitor, is active in the treatment of myelodysplastic syndrome and chronic
myelomonocytic leukemia. Blood 88:2473–2479.

70. von Pawel J, Depierre A, Hans K, et al. 1997 Topotecan (Hycamptin) in small cell
lung cancer (SCLC) after failure of first line therapy: multicentre phase II study.
Eur J Cancer 33(Suppl. 8):229.

71. Hochster H, Speyer J, Wadler S, et al. 1996 Phase II study of topotecan (TPT) 21-
day infusion in platinum-treated ovarian cancer: a highly active regimen (A
NYGOG study). Proc Am Soc Clin Oncol 15:285.

72. McGuire WP, Blessing JA, Bookman MA, Lentz SS, Dunton CJ. 2000 Topotecan
has substantial antitumor activity as first-line salvage therapy in platinum-sensi-
tive epithelial ovarian carcinoma: a Gynecologic Oncology Group Study. J Clin
Oncol 18:1062–1067.

73. Zamboni WC, Gajjar AJ, Heideman RL, et al. 1998 Phenytoin alters the disposi-
tion of topotecan and N-desmethyl topotecan in a patient with medulloblastoma.
Clin Cancer Res 4:783–789.

74. Stewart CF, Baker SD, Heideman RL, Jones D, Crom WR, Pratt CB. 1994 Clinical
pharmacodynamics of continuous infusion topotecan in children: systemic expo-
sure predicts hematologic toxicity. J Clin Oncol 12:1946–1954.

75. Zamboni WC, Houghton PJ, Johnson RK, et al. 1998 Probenecid alters topotecan
systemic and renal disposition by inhibiting renal tubular secretion. J Pharmacol
Exp Ther 284:89–94.

76. Woessner RD, Eng WK, Hofmann GA, et al. 1992 Camptothecin hyper-resistant
P388 cells: drug-dependent reduction in topoisomerase I content. Oncol Res 4:481–
488.

77. Yang CH, Schneider E, Kuo ML, Volk EL, Rocchi E, Chen YC. 2000 BCRP/
MXR/ABCP expression in topotecan-resistant human breast carcinoma cells.
Biochem Pharmacol 60:831–837.

78. Fujimori A, Harker WG, Kohlhagen G, Hoki Y, Pommier Y. 1995 Mutation at the
catalytic site of topoisomerase I in CEM/C2, a human leukemia cell line resistant
to camptothecin. Cancer Res 55:1339–1346.

79. Sorensen M, Sehested M, Jensen PB. 1995 Characterisation of a human small-cell
lung cancer cell line resistant to the DNA topoisomerase I-directed drug topotecan.
Br J Cancer 72:399–404.

80. Danks MK, Garrett KE, Marion RC, Whipple DO. 1996 Subcellular redistribution
of DNA topoisomerase I in anaplastic astrocytoma cells treated with topotecan.
Cancer Res 56:1664–1673.

81. Buckwalter CA, Lin AH, Tanizawa A, Pommier YG, Cheng YC, Kaufmann SH.
1996 RNA synthesis inhibitors alter the subnuclear distribution of DNA
topoisomerase I. Cancer Res 56:1674–1681.

82. Mo YY, Yu Y, Shen Z, Beck WT. 2002 Nucleolar delocalization of human
topoisomerase I in response to topotecan correlates with sumoylation of the pro-
tein. J Biol Chem 277:2958–2964.

83. Chang AY, Garrow G, Boros L, Asbury R, Pandya K, Keng P. 1995 Clinical and
laboratory studies of topotecan in breast cancer. Proc Am Soc Clin Oncol 13:118.

84. Ejendal KF, Hrycyna CA. 2002 Multidrug resistance and cancer: the role of the
human ABC transporter ABCG2. Curr Protein Pept Sci 3:503–511.

85. Bates SE, Robey R, Miyake K, Rao K, Ross DD, Litman T. 2001 The role of half-
transporters in multidrug resistance. J Bioenerg Biomembr 33:503–511.



292 Bence and Adams

86. Maliepaard M, Nooter K, Ma J, et al. 1996 Relationship between P-glycoprotein,
multidrug resistance-associated protein, and cellular accumulation of topoiso-
merase I inhibitors. Proc am Assoc Cancer Res 37:313.

87. Chen AY, Yu C, Potmesil M, Wall ME, Wani MC, Liu LF. 1991 Camptothecin
overcomes MDR1-mediated resistance in human KB carcinoma cells. Cancer Res
51:6039–6044.

88. Hoki Y, Fujimori A, Pommier Y. 1997 Differential cytotoxicity of clinically
important camptothecin derivatives in P-glycoprotein-overexpressing cell lines.
Cancer Chemother Pharmacol 40:433–438.

89. Hendricks CB, Rowinsky EK, Grochow LB, Donehower RC, Kaufmann SH.
1992 Effect of P-glycoprotein expression on the accumulation and cytotoxicity
of topotecan (SK&F 104864), a new camptothecin analogue. Cancer Res 52:
2268–2278.

90. Mattern MR, Hofmann GA, Polsky RM, Funk LR, McCabe FL, Johnson RK. 1993
In vitro and in vivo effects of clinically important camptothecin analogues on
multidrug-resistant cells. Oncol Res 5:467–474.

91. Hoskins P, Eisenhauer E, Beare S, et al. 1998 Randomized phase II study of two
schedules of topotecan in previously treated patients with ovarian cancer: a National
Cancer Institute of Canada Clinical Trials Group study. J Clin Oncol 16:2233–2337.

92. Kudelka AP, Tresukosol D, Edwards CL, et al. 1996 Phase II study of intravenous
topotecan as a 5-day infusion for refractory epithelial ovarian carcinoma. J Clin
Oncol 14:1552–1557.

93. Swisher EM, Mutch DG, Rader JS, Elbendary A, Herzog TJ. 1997 Topotecan in
platinum- and paclitaxel-resistant ovarian cancer. Gynecol Oncol 66:480–486.

94. Bookman MA, Malmstrom H, Bolis G, et al. 1998 Topotecan for the treatment of
advanced epithelial ovarian cancer: an open-label phase II study in patients treated
after prior chemotherapy that contained cisplatin or carboplatin and paclitaxel. J
Clin Oncol 16:3345–3352.

95. Gordon A, Carmichael J, Malfetano J, et al. 1998 Final analysis of a phase III,
randomized study of topotecan (T) vs paclitaxel (P) in advanced epithelial ovarian
carcinoma (OC): International Topotecan Study Group [abstract]. Proc Am Soc
Clin Oncol 17:abstr 1374.

96. Gore M, ten Bokkel Huinink W, Carmichael J, et al. 2001 Clinical evidence for
topotecan-paclitaxel non–cross-resistance in ovarian cancer. J Clin Oncol
19:1893–1900.

97. Gordon AN, Fleagle JT, Guthrie D, Parkin DE, Gore ME, Lacave AJ. 2001 Recur-
rent epithelial ovarian carcinoma: a randomized phase III study of pegylated lipo-
somal doxorubicin versus topotecan. J Clin Oncol 19:3312–3322.

98. Brown JV 3rd, Peters WA 3rd, Rettenmaier MA, et al. 2003 Three-consecutive-
day topotecan is an active regimen for recurrent epithelial ovarian cancer. Gynecol
Oncol 88:136–140.

99. Gore M, Rustin G, Schuller J, et al. 2001 Topotecan given as a 21-day infusion in
the treatment of advanced ovarian cancer. Br J Cancer 84:1043–1046.

100. Ardizzoni A, Hansen H, Dombernowsky P, et al. 1997 Topotecan, a new active
drug in the second-line treatment of small-cell lung cancer: a phase II study in
patients with refractory and sensitive disease. The European Organization for
Research and Treatment of Cancer Early Clinical Studies Group and New Drug
Development Office, and the Lung Cancer Cooperative Group. J Clin Oncol
15:2090–2096.



Chapter 12 / Clinical Experience With Topotecan 293

101. Eckhardt J, Gralla R, Palmer MC, et al. 1996 Topotecan as a second-line therapy
in patients with small-cell-lung cancer: A phase II study [abstract]. Ann Oncol
7:107.

102. Perez-Soler R, Glisson BS, Lee JS, et al. 1996 Treatment of patients with small-
cell lung cancer refractory to etoposide and cisplatin with the topoisomerase I
poison topotecan. J Clin Oncol 14:2785–2790.

103. Schiller JH, Kim K, Hutson P, et al. 1996 Phase II study of topotecan in patients
with extensive-stage small-cell carcinoma of the lung: an Eastern Cooperative
Oncology Group Trial. J Clin Oncol 14:2345–2352.

104. Schiller JH, Adak S, Cella D, DeVore RF 3rd, Johnson DH. 2001 Topotecan versus
observation after cisplatin plus etoposide in extensive-stage small-cell lung can-
cer: E7593—a phase III trial of the Eastern Cooperative Oncology Group. J Clin
Oncol 19:2114–2122.

105. Kraut EH, Staubus A, Mayernick D, King G, Balcerzak SP. 1995 Phase II trial of
topotecan in metastatic malignant melanoma. Proc Am Assoc Cancer Res 36:1420.

106. Beran M, Estey E, O’Brien SM, et al. 1998 Results of topotecan single-agent
therapy in patients with myelodysplastic syndromes and chronic myelomonocytic
leukemia. Leuk Lymphoma 31:521–531.

107. Blaney SM, Needle MN, Gillespie A, et al. 1998 Phase II trial of topotecan admin-
istered as 72-hour continuous infusion in children with refractory solid tumors: a
collaborative Pediatric Branch, National Cancer Institute, and Children’s Cancer
Group Study. Clin Cancer Res 4:357–360.

108. Nitschke R, Parkhurst J, Sullivan J, Harris MB, Bernstein M, Pratt C. 1998
Topotecan in pediatric patients with recurrent and progressive solid tumors: a
Pediatric Oncology Group phase II study. J Pediatr Hematol Oncol 20:315–318.

109. Kretschmar C, Kletzel M, Murray K, et al. 1995 Upfront phase II therapy with
Taxol (Txl) and topotecan in untreated children (>365 days) with disseminated
(INSS stage 4) neuroblastoma. Med Pediat Oncol 25:243.

110. Pinkerton CR, Blanc Vincent MP, Bergeron C, Fervers B, Philip T. 2000 Induction
chemotherapy in metastatic neuroblastoma—does dose influence response? A
critical review of published data standards, options and recommendations (SOR)
project of the National Federation of French Cancer Centres (FNCLCC). Eur J
Cancer 36:1808–1815.

111. Blaney SM, Phillips PC, Packer RJ, et al. 1996 Phase II evaluation of topotecan for
pediatric central nervous system tumors. Cancer 78:527–531.

112. Kadota RP, Stewart CF, Horn M, et al. 1999 Topotecan for the treatment of recur-
rent or progressive central nervous system tumors—a Pediatric Oncology Group
phase II study. J Neurooncol 43:43–47.

113. Lynch TJ, Kalish L, Strauss G, et al. 1994 Phase II study of topotecan in metastatic
non-small-cell lung cancer. J Clin Oncol 12:347–352.

114. Perez-Soler R, Fossella FV, Glisson BS, et al. 1996 Phase II study of topotecan in
patients with advanced non-small-cell lung cancer previously untreated with che-
motherapy. J Clin Oncol 14:503–513.

115. Kindler HL, Kris MG, Smith IE, Slevin ML, Krebs JB. 1997 Continuous infusion
topotecan as first-line therapy in patients with advanced non-small cell lung cancer
(NSCLC): a Phase II study. Proc Am Soc Clin Oncol 16:472.

116. Weitz JJ, Marschke RF, Sloan JA, et al. 2000 A randomized phase II trial of two
schedules of topotecan for the treatment of advanced stage non-small cell lung
cancer. Lung Cancer 28:157–162.



294 Bence and Adams

117. Perez-Soler R, Khuri F, Pisters KM, et al. 1997 Phase II study of topotecan in
patients with squamous carcinoma of the lung previously untreated with chemo-
therapy. Proc Am Soc Clin Oncol 16:450.

118. Mainwaring PN, Nicolson MC, Hickish T, et al. 1997 Continuous infusional
topotecan in advanced breast and non-small-cell lung cancer: no evidence of in-
creased efficacy. Br J Cancer 76:1636–1639.

119. White SC, Cheeseman S, Thatcher N, et al. 2000 Phase II study of oral topotecan
in advanced non-small cell lung cancer. Clin Cancer Res 6:868–873.

120. Creemers GJ, Wanders J, Gamucci T, et al. 1995 Topotecan in colorectal cancer:
a phase II study of the EORTC early clinical trials group. Ann Oncol 6:844–846.

121. Macdonald JS, Benedetti JK, Modiano M, Alberts DS. 1997 Phase II evaluation
of topotecan in patients with advanced colorectal cancer. A Southwest Oncology
Group trial (SWOG 9241). Invest New Drugs 15:357–359.

122. Saltz LB, Schwartz GK, Ilson DH, Quan V, Kelsen DP. 1997 A phase II study of
topotecan administered five times daily in patients with advanced gastric cancer.
Am J Clin Oncol 20:621–625.

123. Benedetti JK, Burris HA, 3rd, Balcerzak SP, Macdonald JS. 1997 Phase II trial of
topotecan in advanced gastric cancer: a Southwest Oncology Group study. Invest
New Drugs 15:261–264.

124. Scher RM, Kosierowski R, Lusch C, et al. 1996 Phase II trial of topotecan in
advanced or metastatic adenocarcinoma of the pancreas. Invest New Drugs 13:
347–354.

125. O’Reilly S, Donehower RC, Rowinsky EK, Ord S, Grochow LB. 1996 A phase II
trial of topotecan in patients with previously untreated pancreatic cancer. Antican-
cer Drugs 7:410–414.

126. Stevenson JP, Scher RM, Kosierowski R, et al. 1998 Phase II trial of topotecan as
a 21-day continuous infusion in patients with advanced or metastatic adenocarci-
noma of the pancreas. Eur J Cancer 34:1358–1362.

127. Asbury RF, Lipsitz S, Graham D, Falkson CI, Baez L, Benson AB 3rd. 2000
Treatment of squamous cell esophageal cancer with topotecan: an Eastern Coop-
erative Oncology Group Study (E2293). Am J Clin Oncol 23:45–46.

128. Macdonald JS, Jacobson JL, Ketchel SJ, et al. 2000 A phase II trial of topotecan
in esophageal carcinoma: a Southwest Oncology Group study (SWOG 9339).
Invest New Drugs 18:199–202.

129. Friedman HS, Kerby T, Fields S, et al. 1999 Topotecan treatment of adults with primary
malignant glioma. The Brain Tumor Center at Duke. Cancer 85:1160–1165.

130. Macdonald D, Cairncross G, Stewart D, et al. 1996 Phase II study of topotecan in
patients with recurrent malignant glioma. National Clinical Institute of Canada
Clinical Trials Group. Ann Oncol 7:205–207.

131. Burch PA, Bernath AM, Cascino TL, et al. 2000 A North Central Cancer Treat-
ment Group phase II trial of topotecan in relapsed gliomas. Invest New Drugs
18:275–280.

132. Rajkumar SV, Reid JM, Novotny PJ, et al. 2000 A randomized phase II and
pharmacokinetic study of dacarbazine in patients with recurrent glioma. J
Neurooncol 49:255–261.

133. Avgeropoulos NG, Batchelor TT. 1999 New treatment strategies for malignant
gliomas. Oncologist 4:209–224.

134. Murphy BA, Leong T, Burkey B, Langer C, Forastiere A. 2001 Lack of efficacy
of topotecan in the treatment of metastatic or recurrent squamous carcinoma of the



Chapter 12 / Clinical Experience With Topotecan 295

head and neck: an Eastern Cooperative Oncology Group Trial (E3393). Am J Clin
Oncol 24:64–66.

135. Smith RE, Lew D, Rodriguez GI, Taylor SA, Schuller D, Ensley JF. 1996 Evalu-
ation of topotecan in patients with recurrent for metastatic squamous cell carci-
noma of the head and neck. A phase II Southwest Oncology Group study. Invest
New Drugs 14:403–407.

136. Robert F, Soong SJ, Wheeler RH. 1997 A phase II study of topotecan in patients
with recurrent head and neck cancer. Identification of an active new agent. Am J
Clin Oncol 20:298–302.

137. Goldschmidt E, Bonneterre J, Fumoleau P, Oberling F, Cupissol D, Misset JL. 1997
A phase II study of topotecan on a daily x 5 schedule as second-line single agent
therapy in patients with advanced breast cancer. Proc Am Soc Clin Oncol 16:598.

138. Levine EG, Cirrincione CT, Szatrowski TP, Canellos G, Norton L, Henderson IC.
1999 Phase II trial of topotecan in advanced breast cancer: a Cancer and Leukemia
Group B study. Am J Clin Oncol 22:218–222.

139. Spaeth D, Bonneterre J, Marty M, Khayat D, Facchini T, Conroy T. 1997 Phase
II studies of two trial regimens of topotecan as second-line single agent therapy in
advanced breast cancer. Proc Am Soc Clin Oncol 16:675.

140. Oberhoff C, Kieback DG, Wurstlein R, et al. 2001 Topotecan chemotherapy in
patients with breast cancer and brain metastases: results of a pilot study. Onkologie
24:256–260.

141. Holloway RW. 2003 Treatment options for endometrial cancer: experience with
topotecan. Gynecol Oncol 90:S28–S33.

142. Wadler S, Levy DE, Lincoln ST, Soori GS, Schink JC, Goldberg G. 2003 Topotecan
is an active agent in the first-line treatment of metastatic or recurrent endometrial
carcinoma: Eastern Cooperative Oncology Group Study E3E93. J Clin Oncol
21:2110–2114.

143. Miller DS, Blessing JA, Lentz SS, Waggoner SE. 2002 A phase II trial of topotecan
in patients with advanced, persistent, or recurrent endometrial carcinoma: a gyne-
cologic oncology group study. Gynecol Oncol 87:247–251.

144. Noda K, Sasaki H, Yamamoto K, et al. 1996 Phase II trial of topotecan for cervical
cancer of the uterus. Proc Am Soc Clin Oncol 15:754.

145. Bookman MA, Blessing JA, Hanjani P, Herzog TJ, Andersen WA. 2000 Topotecan
in squamous cell carcinoma of the cervix: a phase II study of the Gynecologic
Oncology Group. Gynecol Oncol 77:446–449.

146. Abu-Rustum NR, Lee S, Massad LS. 2000 Topotecan for recurrent cervical cancer
after platinum-based therapy. Int J Gynecol Cancer 10:285–288.

147. Muderspach LI, Blessing JA, Levenback C, Moore JL Jr. 2001 A phase II study
of topotecan in patients with squamous cell carcinoma of the cervix: a Gynecologic
Oncology Group study. Gynecol Oncol 81:213–215.

148. Hudes GR, Kosierowski R, Greenberg R, et al. 1995 Phase II study of topotecan
in metastatic hormone-refractory prostate cancer. Invest New Drugs. 13:235–240.

149. Klein CE, Tangen CM, Braun TJ, et al. 2002 SWOG-9510: evaluation of topotecan
in hormone refractory prostate cancer: a Southwest Oncology Group study. Pros-
tate 52:264–268.

150. Janik JE, Miller LL, Korn EL, et al. 2001 A prospective randomized phase II
trial of GM-CSF priming to prevent topotecan-induced neutropenia in chemo-
therapy-naive patients with malignant melanoma or renal cell carcinoma. Blood
97:1942–1946.



296 Bence and Adams

151. Wall JG, Benedetti JK, O’Rourke MA, Natale RB, Macdonald JS. 1997 Phase II
trial to topotecan in hepatocellular carcinoma: a Southwest Oncology Group study.
Invest New Drugs 15:257–260.

152. Chou TC, Motzer RJ, Tong Y, Bosl GJ. 1994 Computerized quantitation of syn-
ergism and antagonism of taxol, topotecan, and cisplatin against human teratocar-
cinoma cell growth: a rational approach to clinical protocol design. J Natl Cancer
Inst 86:1517–1524.

153. Cheng MF, Chatterjee S, Berger NA. 1994 Schedule-dependent cytotoxicity of
topotecan alone and in combination chemotherapy regimens. Oncol Res 6:269–279.

154. Kaufmann SH, Gore SD, Letendre L, et al. 1996 Factors affecting topotecan sen-
sitivity in human leukemia samples. Ann NY Acad Sci 803:128–142.

155. Kaufmann SH, Peereboom D, Buckwalter CA, et al. 1996 Cytotoxic effects of
topotecan combined with various anticancer agents in human cancer cell lines. J
Natl Cancer Inst 88:734–741.

156. Ma J, Maliepaard M, Nooter K, et al. 1998 Synergistic cytotoxicity of cisplatin and
topotecan or SN-38 in a panel of eight solid-tumor cell lines. Cancer Chemother
Pharmacol 41:307–316.

157. Romanelli S, Perego P, Pratesi G, Carenini N, Tortoreto M, Zunino F. 1998 In vitro
and in vivo interaction between cisplatin and topotecan in ovarian carcinoma
systems. Cancer Chemother Pharmacol 41:385–390.

158. Kim JH, Kim SH, Kolozsvary A, Khil MS. 1992 Potentiation of radiation response
in human carcinoma cells in vitro and murine fibrosarcoma in vivo by topotecan,
an inhibitor of DNA topoisomerase I. Int J Radiat Oncol Biol Phys 22:515–518.

159. Bonner JA, Kozelsky TF. 1996 The significance of the sequence of administration
of topotecan and etoposide. Cancer Chemother Pharmacol 39:109–112.

160. Whitacre CM, Zborowska E, Gordon NH, Mackay W, Berger NA. 1997 Topotecan
increases topoisomerase IIalpha levels and sensitivity to treatment with etoposide
in schedule-dependent process. Cancer Res 57:1425–1428.

161. Rowinsky EK, Kaufmann SH, Baker SD, et al. 1996 Sequences of topotecan and
cisplatin: phase I, pharmacologic, and in vitro studies to examine sequence depen-
dence. J Clin Oncol 14:3074–3084.

162. Bolis G, Scarfone G, Villa A, Parazzini F. 2001 Phase II trial of topotecan,
carboplatin, and paclitaxel as front-line therapy in suboptimal advanced epithelial
ovarian cancer. Gynecol Oncol 81:331–333.

163. du Bois A, Luck HJ, Meier W, et al. 1997 Carboplatin/paclitaxel versus cisplatin/
paclitaxel as first-line chemotherapy in advanced ovarian cancer: an interim analy-
sis of a randomized phase III trial of the Arbeitsgemeinschaft Gynakologische
Onkologie Ovarian Cancer Study Group. Semin Oncol 24(Suppl. 15):S15-44–
S15-52.

164. Neijt JP, Engelholm SA, Tuxen MK, et al. 2000 Exploratory phase III study of
paclitaxel and cisplatin versus paclitaxel and carboplatin in advanced ovarian
cancer. J Clin Oncol 18:3084–3092.

165. Pignata S, Deplacido S, Scambia G, et al. 2003 Topotecan vs nihil after response
to carboplatin and paclitaxel in advanced ovarian cancer. Early results of the
MITO-1 (Multicenter Italian Trials in Ovarian Cancer) study [abstract]. Proc Am
Soc Clin Oncol 22:1791.

166. Pfisterer J, Lortholary A, Kimmig R, et al. 2003 Paclitaxel/carboplatin (TC) vs.
paclitaxel/carboplatin followed by topotecan (TC-Top) in first-line treatment of
ovarian cancer FIGO stages IIb-IV. Interim results of a gynecologic cancer inter-



Chapter 12 / Clinical Experience With Topotecan 297

group phase III trial of the AGO Ovarian Cancer Study Group and GINECO
[abstract]. Proc Am Soc Clin Oncol 22:1793.

167. McGuire WP, Hoskins WJ, Brady MF, et al. 1996 Cyclophosphamide and cisplatin
compared with paclitaxel and cisplatin in patients with stage III and stage IV
ovarian cancer. N Engl J Med 334:1–6.

168. Greggi S, Salerno MG, D’Agostino G, et al. 2001 Topotecan and gemcitabine in
platinum/paclitaxel-resistant ovarian cancer. Oncology 60:19–23.

169. Sehouli J, Stengel D, Oskay G, et al. 2002 A phase II study of topotecan plus
gemcitabine in the treatment of patients with relapsed ovarian cancer after failure
of first-line chemotherapy. Ann Oncol 13:1749–1755.

170. Penson RT, Supko JG, Seiden MV, et al. 2001 A Phase I-II study of 96-hour
infusional topotecan and paclitaxel for patients with recurrent Mullerian tumors.
Cancer 92:1156–1167.

171. Hanjani P, Nolte S, Shahin MS. 2002 Phase II evaluation of 3-day topotecan with
cyclophosphamide in the treatment of recurrent ovarian cancer. Gynecol Oncol
85:278–284.

172. Bookman MA. 2002 Developmental chemotherapy in advanced ovarian cancer:
incorporation of newer cytotoxic agents in a phase III randomized trial of the
Gynecologic Oncology Group (GOG-0182). Semin Oncol 29:20–31.

173. Copeland LJ, Bookman M, Trimble E. 2003 Clinical trials of newer regimens for
treating ovarian cancer: the rationale for Gynecologic Oncology Group Protocol
GOG 182-ICON5. Gynecol Oncol 90:S1–S7.

174. Frasci G, Nicolella G, Comella P, et al. 2001 A weekly regimen of cisplatin,
paclitaxel and topotecan with granulocyte-colony stimulating factor support for
patients with extensive disease small cell lung cancer: a phase II study. Br J Cancer
84:1166–1171.

175. Hainsworth JD, Morrissey LH, Scullin DC, Jr., et al. 2002 Paclitaxel, carboplatin,
and topotecan in the treatment of patients with small cell lung cancer: a phase II
trial of the Minnie Pearl Cancer Research Network. Cancer 94:2426–2433.

176. Jacobs S, Jett J, Belani C, et al. 1999 Topotecan and paclitaxel, an active couplet
in untreated extensive disease in small cell lung cancer. Proc Am Soc Clin Oncol
18:470a.

177. Felip E, Rosell R, Domine M, et al. 2003 Sequential dose-dense paclitaxel fol-
lowed by topotecan in untreated extensive-stage small-cell lung cancer: a Spanish
Lung Cancer Group phase II study. Ann Oncol 14:1549–1554.

178. Kelly K. 2000 New chemotherapy agents for small cell lung cancer. Chest
117(Suppl. 1):156S–1562S.

179. Ardizzoni A, Manegold C, Debruyne C, et al. 2003 European organization for
research and treatment of cancer (EORTC) 08957 phase II study of topotecan in
combination with cisplatin as second-line treatment of refractory and sensitive
small cell lung cancer. Clin Cancer Res 9:143–150.

180. Hammond LA, Eckardt JR, Ganapathi R, et al. 1998 A phase I and translational
study of sequential administration of the topoisomerase I and II inhibitors topotecan
and etoposide. Clin Cancer Res 4:1459–1467.

181. Joppert MG, Garfield DH, Gregurich MA, et al. 2003 A phase II multicenter study
of combined topotecan and gemcitabine as first line chemotherapy for advanced
non-small cell lung cancer. Lung Cancer 39:215–219.

182. Rinaldi D, Lormand N, Brierre J, et al. 2001 A phase I-II trial of topotecan and
gemcitabine in patients with previously treated, advanced non-small cell lung
cancer (LOA-3). Cancer Invest 19:467–474.



298 Bence and Adams

183. Rinaldi DA, Lormand NA, Brierre JE, et al. 2002 A Phase II trial of topotecan and
gemcitabine in patients with previously treated, advanced nonsmall cell lung car-
cinoma. Cancer 95(6):1274–1278.

184. Stupp R, Bodmer A, Duvoisin B, et al. 2001 Is cisplatin required for the treatment
of non-small-cell lung cancer? Experience and preliminary results of a phase I/II
trial with topotecan and vinorelbine. Oncology 61(Suppl. 1):35–41.

185. Pujol JL, von Pawel J, Tumolo S, et al. 2001 Preliminary results of combined
therapy with topotecan and carboplatin in advanced non-small-cell lung cancer.
Oncology 61(Suppl. 1):47–54.

186. Beran M, Estey E, O’Brien S, et al. 1999 Topotecan and cytarabine is an active
combination regimen in myelodysplastic syndromes and chronic myelomonocytic
leukemia. J Clin Oncol 17:2819–2830.

187. Kancherla RR, Nair JS, Ahmed T, et al. 2001 Evaluation of topotecan and etoposide
for non-Hodgkin lymphoma: correlation of topoisomerase-DNA complex forma-
tion with clinical response. Cancer 91:463–471.

188. Younes A, Preti HA, Hagemeister FB, et al. 2001 Paclitaxel plus topotecan treat-
ment for patients with relapsed or refractory aggressive non-Hodgkin’s lymphoma.
Ann Oncol 12:923–927.

189. Cortes J, Estey E, Beran M, et al. 2000 Cyclophosphamide, ara-C and topotecan
(CAT) for patients with refractory or relapsed acute leukemia. Leuk Lymph
36:479–484.

190. Lee ST, Jang JH, Suh HC, Hahn JS, Ko YW, Min YH. 2001 Idarubicin, cytarabine,
and topotecan in patients with refractory or relapsed acute myelogenous leukemia
and high-risk myelodysplastic syndrome. Am J Hematol 68:237–245.

191. Vey N, Kantarjian H, Beran M, et al. 1999 Combination of topotecan with
cytarabine or etoposide in patients with refractory or relapsed acute myeloid leu-
kemia: results of a randomized phase I/II study. Invest New Drugs 17:89–95.

192. Crump M, Couban S, Meyer R, et al. 2002 Phase II study of sequential topotecan
and etoposide in patients with intermediate grade non-Hodgkin’s lymphoma: a
National Cancer Institute of Canada Clinical Trials Group study. Leuk Lymph
43158:1581–1587.

193. Mainwaring MG, Rimsza LM, Chen SF, et al. 2002 Treatment of refractory acute
leukemia with timed sequential chemotherapy using topotecan followed by
etoposide + mitoxantrone (T-EM) and correlation with topoisomerase II levels.
Leuk Lymph 43:989–999.

194. Kushner BH, Cheung NK, Kramer K, Dunkel IJ, Calleja E, Boulad F. 2001
Topotecan combined with myeloablative doses of thiotepa and carboplatin for
neuroblastoma, brain tumors, and other poor-risk solid tumors in children and
young adults. Bone Marrow Transplant 28:551–556.

195. Donato ML, Gershenson DM, Wharton JT, et al. 2001 High-dose topotecan,
melphalan, and cyclophosphamide (TMC) with stem cell support: a new regimen
for the treatment of advanced ovarian cancer. Gynecol Oncol 82:420–426.

196. Prince HM, Rischin D, Quinn M, et al. 2001 Repetitive high-dose topotecan,
carboplatin, and paclitaxel with peripheral blood progenitor cell support in
previously untreated ovarian cancer: results of a Phase I study. Gynecol Oncol
81:216–224.

197. Colombo NobotIc. 2000 Randomised trial of paclitaxel (PTX) and carboplatin
(CBDCA) versus a control arm of carboplatin or CAP (cyclophosphamide, doxo-
rubicin, & cisplatin): The Third International Collaborative Ovarian Neoplasm
Study (ICON3). Proc Am Soc Clin Oncol 19:1500.



Chapter 12 / Clinical Experience With Topotecan 299

198. Muggia FM, Braly PS, Brady MF, et al. 2000 Phase III randomized study of
cisplatin versus paclitaxel versus cisplatin and paclitaxel in patients with subop-
timal stage III or IV ovarian cancer: a Gynecologic Oncology Group study. J Clin
Oncol 18:106–115.

199. Eckardt JR. 2001 Feasibility of oral topotecan plus intravenous paclitaxel in ad-
vanced non-small-cell lung cancer. Oncology 61(Suppl. 1):30–34.

200. O’Leary JJ, Shapiro RL, Ren CJ, Chuang N, Cohen HW, Potmesil M. 1999
Antiangiogenic effects of camptothecin analogues 9-amino-20(S)-camptothecin,
topotecan, and CPT-11 studied in the mouse cornea model. Clin Cancer Res
5:181–187.

201. Nakashio A, Fujita N, Tsuruo T. 2002 Topotecan inhibits VEGF- and bFGF-
induced vascular endothelial cell migration via downregulation of the PI3K-Akt
signaling pathway. Int J Cancer 98:36–41.

202. McCrudden KW, Yokoi A, Thosani A, et al. 2002 Topotecan is anti-angiogenic in
experimental hepatoblastoma. J Pediatr Surg 37:857–861.

203. Soffer SZ, Kim E, Moore JT, et al. 2001 Novel use of an established agent:
Topotecan is anti-angiogenic in experimental Wilms tumor. J Pediatr Surg
36:1781–1784.

204. Soffer SZ, Moore JT, Kim E, et al. 2001 Combination antiangiogenic therapy:
increased efficacy in a murine model of Wilms tumor. J Pediatr Surg 36:1177–
1181.

205. Ling YH, Donato NJ, Perez-Soler R. 2001 Sensitivity to topoisomerase I inhibitors
and cisplatin is associated with epidermal growth factor receptor expression in
human cervical squamous carcinoma ME180 sublines. Cancer Chemother
Pharmacol 47:473–480.

206. Erlichman C, Boerner SA, Hallgren CG, et al. 2001 The HER tyrosine kinase
inhibitor CI1033 enhances cytotoxicity of 7-ethyl-10-hydroxycamptothecin and
topotecan by inhibiting breast cancer resistance protein-mediated drug efflux.
Cancer Res 61:739–748.



Chapter 13 / Clinical Development of Lurtotecan 301

Camptothecins in Cancer Therapy
Edited by: V. R. Adams and T. G. Burke © Humana Press Inc., Totowa, NJ

301

13 The Clinical Development
of Lurtotecan
Experience With Water-Soluble and
Liposomal Forms

Keith T. Flaherty, MD,
James P. Stevenson, MD,
Christopher J. Twelves, MD,
and Peter J. O’Dwyer, MD

CONTENTS

INTRODUCTION

WATER-SOLUBLE LURTOTECAN

LIPOSOMAL LURTOTECAN

SUMMARY

REFERENCES

1. INTRODUCTION

Camptothecin (CPT) derivatives have become integral to the manage-
ment of lung and colon cancer. They continue to be the subject of intense
investigation. The parent compound, CPT, was extracted from the leaves of
Camptotheca acuminata by Wall and Wani in 1957. The hydrophilic car-
boxylate salt entered clinical trials in the late 1960s. The lack of efficacy and
unpredictable bone marrow and bladder toxicity halted its clinical develop-
ment (1). When topoisomerase I (TOP-I) was discovered as the target of
CPT class of compounds 1985 (2), there was a resurgence of interest in the
compound.
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TOP-I is a non-energy–dependent enzyme that causes single-stranded
breaks in DNA and allows relaxation of positively and negatively supercoiled
DNA before transcription or replication (3). The CPTs form covalently bound
complexes with TOP-I and DNA. S-phase–specific cytotoxicity results from
replication fork collision of DNA polymerase and the CPT/DNA adduct (4).
CPT-stabilized DNA cleavage complexes are not sufficient for cytotoxic-
ity. The requirement for DNA replication has been shown by the protection
against CPT-induced cytotoxicity by the DNA synthesis inhibitors hydrox-
yurea and aphidicolin (5,6). Repair of TOP-I–mediated DNA damage is
accomplished through ubiquitin/26S proteasome-mediated degradation of
TOP-I (7). Whereas normal tissues such as peripheral blood mononuclear
cells downregulate TOP-I in response to incubation with CPT (8), breast,
colon, and leukemia cell lines do not (9).

Subsequent to initial clinical trials, it was found that the structure of CPT
derivatives is altered in plasma (10). An equilibrium exists between the five-
ring structure and the open E-ring (Fig. 1). The latter form of the drug has
less than 10% of the activity of the closed-ring compound against
topoisomerase in vitro and binds with high affinity to human serum albumin
(11). Although the active and inactive form of the drug exist in a 1:1 ratio
in the plasma of mice, in humans the ratio shifts to 1:9 (12). These findings
led to the generation of CPT derivatives with a lower affinity for albumin.
Substitutions at the 10 and 11 positions on the A-ring have been shown to
increase in vitro activity, provided that there is no steric encroachment on
the 12 position (13). Alteration at the 20 position on the E-ring generally
decreases activity (14), with the exception of substitutions with CH2, Br,
and Cl (15,16). 10,11-ethylenedioxy-camptothecin is more water-soluble
and more potently inhibits TOP-I compared with CPT by creating more
stable TOP-I–DNA cleavage complexes (17,18).

Two CPT derivatives have already shown remarkable antitumor activity
in humans. Topotecan was generated by modifying the ninth and tenth
position of the A-ring (Fig. 2). It was approved by the Food and Drug
Administration for use in women with previously treated ovarian cancer
based on the results of a Phase III trial comparing it with paclitaxel (19).
Irinotecan is a CPT analogue with modifications at the seventh and tenth
position on the A-ring (see Fig. 2). It is approved for use in patients with
colon cancer that have recurred or progressed after 5-Fluorouracil (5-FU)–
based chemotherapy (20,21).

2. WATER-SOLUBLE LURTOTECAN

2.1. Preclinical Studies
Lurtotecan (GI147211, GlaxoSmithKline) was created by the addition of

an ethylenedioxy group bridging the tenth and eleventh position of the A-ring,
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Fig. 1. Picture of camptothecin with rings lettered and positions numbered and
picture of lurtotecan from GSK investigator brochure. (Adapted from Kohn &
Pommier, Annal NY Acad Sci, 2001.)

as well as a 4- methylpiperazinomethylene moiety at the seventh position of
the B ring yielding [7-(4-methylpiperazinomethylene)-10,11-ethylene-
dioxy-20(S)-camptothecin] (22) (Fig. 3). It is more water-soluble than
topotecan or CPT. Topoisomerase-mediated DNA strand breaks, a measure
of topoisomerase activity, are inhibited with more than twofold greater
potency by lurtotecan compared with topotecan. The IC50 for lurtotecan was
significantly lower than topotecan in five human tumor cell lines. The effi-
cacy was not reduced in the multidrug-resistant (MDR)–positive cell line,
SKVLB. In two mouse xenograft models with implanted human colon can-
cer cell lines, lurtotecan showed dose-dependent reduction in tumor vol-
ume, whereas topotecan had only modest tumoristatic effect. Remarkable
activity was also seen in a MX-1 breast cancer xenograft model. Toxicity in
animal models resembled that of topotecan.
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Fig. 2. Chemical structure of camptothecin. Topotecan contains substitutions at
the ninth and tenth position of the A ring . Irinotecan has substitutions at the
seventh and tenth position of the A ring.

Fig 3. Chemical structure of lurtotecan.

2.2. Phase I Clinical Trials
A summary of the phase I clinical trials of water-soluble lurtotecan is

presented in Table 1. In 1996, Gerrits et al. reported the results of a phase
I trial of lurtotecan carried out at the Rotterdam Cancer Institute (23). The
drug was administered intravenously daily for 5 consecutive days every 3
weeks. Nineteen patients with advanced cancer were enrolled in the study;
six had received prior chemotherapy, and nine had colorectal cancer. The
dose was escalated from 0.3 to 1.5 mg/m2/day. Neutropenia and thrombocy-
topenia were dose-limiting. The maximum tolerated dose (MTD) of 1.5 mg/
m2/day was determined by 11 instances of grade 4 neutropenia of 15
evaluable courses of treatment. Seven of 15 courses were complicated by
grade 3 or 4 thrombocytopenia. There were no grade 3 or 4 nonhematologic
toxicities, with mild nausea and vomiting being the most common adverse
event. One patient with colon cancer had a short-lasting partial response and
one patient with leiomyosarcoma had a minor response. Ten other patients
had stable disease. Pharmacokinetic data were collected during the first 4
days of the first course on 18 patients. The area of the time-concentration
curve (AUC) was linearly related to dose. The terminal half-life was 3.54 ±
0.99 hours.
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The following year, Gerrits et al. published the results of a phase I study
using a single dose of oral lurtotecan on day 1, followed by 4 days of
intravenous infusion (24). The intravenous doses were fixed at 1.5 mg/m2/
day, based on the results of the all-intravenous phase I trial. Oral therapy was
given on day 1 of the first two cycles only, because the goal of the study was
to determine the bioavailability of the drug. The oral dose levels were 1.5,
3.0, and 6.0 mg/m2. Nineteen patients were entered into the study. To deter-
mine the interaction between bioavailability and food intake, eight addi-
tional patients were added at the 6.0 mg/m2 level. Grade 3 or 4 neutropenia
or thrombocytopenia was observed in 5 of 30 and 4 of 30 treatments courses,
respectively. Treatment delay secondary to persistent leukopenia occurred
in 5 of 13 patients at the highest dose level. The AUC after a 6.0 mg/m2 oral
dose was 20.3 ng/mL/hour compared to 32.1 ng/mL/hour after an intrave-
nous dose of 1.5 mg/m2/day. The absolute bioavailability was 11.8 ± 4.5%.
The half-life of the oral drug was 6.8 ± 3.1 hours. Seven patients, five of
whom had colon cancer, experienced stable disease.

Another phase I study of intravenous lurtotecan was performed at the
Institute for Drug Development in San Antonio and reported in 1998 (25).
Lurtotecan was administered daily for 5 days every 3 weeks. The dose was
escalated from 0.3 to 1.75 mg/m2/day and was guided by toxicity data avail-
able from the previous phase I trial. Twenty-four patients with advanced
malignancies were enrolled, 11 of whom were minimally pretreated. Dose
reduction for myelosuppression occurred in one patient at the 1.2 mg/m2/
day level and two patients at the 1.75 mg/m2/day level. Although neutrope-
nia was dose-limiting, it was not cumulative after repeated cycles. There
were no dose limiting toxicities (DLTs) among six patients at 1.5 mg/m2/
day. However, at a dose of 1.75 mg/m2/day, three of four patients experi-
enced grade 4 neutropenia. Two of those patients required hospitalization
for febrile neutropenia, one of whom died of respiratory failure secondary
to pneumonia. Grade 4 thrombocytopenia occurred in one patient receiving
1 mg/m2/day, two patients receiving 1.2 mg/m2/day and two patients receiv-
ing 1.75 mg/m2/day. Pharmacokinetic analyses revealed terminal half-lives
of the lactone and total lurtotecan of 7.5 and 9.6 hours, respectively. The
values from day 4 were not significantly higher than the day 1 values.
There were no objective responses.

Paz-Ares et al. conducted a study at the Fox Chase Cancer Center and the
University of Glasgow evaluating the tolerability, pharmacokinetics, and
pharmacodynamics of lurtotecan given by 72-hour continuous infusion
every 4 weeks (26). Forty-four patients with solid tumors were enrolled and
received 124 cycles with doses ranging from 0.25 to 2.5 mg/m2/day. Neu-
tropenia and thrombocytopenia were dose-limiting. Among four heavily
pretreated patients at the 1.5 mg/m2/day level, three experienced grade 4
thrombocytopenia in addition to grade 3 or 4 neutropenia. Thereafter, more



Chapter 13 / Clinical Development of Lurtotecan 307

heavily pretreated patients were enrolled at 1.2 mg/m2/day, which was the
recommended phase II dose for those patients. Among 10 minimally pre-
treated patients treated at 2.0 mg/m2/day, 4 patients had dose-limiting hema-
tologic toxicity. There were three instances of grade 4 neutropenia and four
of grade 3 thrombocytopenia. Therefore, the recommended phase I or II
dose for minimally pretreated patients was 1.75 mg/m2/day. The first five
patients received treatment through peripheral intravenous catheters; all of
them developed phlebitis. The remainder of the patients in the study were
treated through central venous catheters. The mean terminal elimination
half-life was 7.5 ± 3.2 hours. A correlation was observed between steady-
state concentration of lurtotecan and decline in neutrophils and platelets.
Neutrophils were more sensitive with a half-maximal concentration of 0.75
ng/mL compared with 1.4 ng/mL for platelets. Two partial and two minor
responses were observed at doses greater than or equal to 1.5 mg/m2/day in
patients with hepatoma, breast, and colorectal cancer; one partial response
occurred in a woman with ovarian cancer treated with 0.5 mg/m2/day.

In 1999, Stevenson et al. reported a multicenter pharmacokinetic study
of lurtotecan given by prolonged continuous infusion to 38 patients with
advanced malignancy (27). All patients had a central venous catheter placed.
Initially, the duration of infusion was escalated from 7 to 14 to 21 days at
a fixed dose of 0.3 mg/m2/day. For patients at each duration interval, treat-
ment was repeated 2 weeks after the completion of the previous cycle,
assuming that no DLTs were encountered. After five patients were treated
at 0.3 mg/m2/day for 21 days without defining an MTD, the dose of lurtotecan
was escalated to 0.4 and 0.5 mg/m2/day. Thrombocytopenia was the DLT
at 0.5 mg/m2/day. Four of eight patients at that level experienced grade 3 or
4 thrombocytopenia. Two of 14 patients treated with 0.4 mg/m2/day for 21
days had grade 3 thrombocytopenia. Neutropenia was not dose-limiting,
with one patient receiving 0.4 mg/m2/day and two patients receiving 0.5 mg/
m2/day having had grade 3 neutropenia. Five patients developed grade 3
nausea and vomiting, which was controlled with antiemetics for most. Three
patients experienced grade 3 fatigue and one patient had grade 3 diarrhea.
A linear relationship between dose and AUC was observed (r2 = 0.76). Two
partial responses were observed in patients with breast and ovarian cancer.
Two patients, with colorectal and ovarian cancer, had stable disease through
eight cycles of therapy.

These trials provided evidence of predictable and dose-limiting hemato-
logic toxicity. Altering the schedule of administration did not substantially
alter this pharmacodynamic profile. Objective responses were observed in
patients with previously refractory malignancies. Based on these results,
phase II studies were undertaken to further delineate the toxicity and activity
of this drug.
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2.3. Phase II Clinical Trials
Four phase II clinical trials using lurtotecan by 30-minute infusion daily

for 5 days every 3 weeks have been reported (Table 1). The first study was
carried out by Sessa et al. at 16 European cancer centers. Sixty-seven
patients with small-cell lung cancer that had progressed or recurred after
first-line therapy were enrolled. Patients were treated with 1.2 mg/m2/day.
Of the 62 patients who were evaluable for response, 34 had responded to
their initial chemotherapy and relapsed more than 3 months after the comple-
tion of treatment. The others had initially responded, then relapsed within
3 months, had progressive disease after at least one cycle of chemotherapy
or progressed after having stable disease for at least two cycles. Anemia was
the most common toxicity, with 91% of patients having had at least grade
1. Neutropenia and thrombocytopenia were the most common moderate to
severe toxicities. Grades 3 and 4 neutropenia occurred in 16.5% and 9% of
cycles, respectively. Fifteen percent of cycles were complicated by grade 3
thrombocytopenia and 7% by grade 4 thrombocytopenia. The dose was
reduced to 0.9 mg/m2/day in 16 patients (24%) who had grade 4 neutropenia
or thrombocytopenia, and was increased to 1.5 mg/m2/day in five patients
(7.5%) who had no hematologic or nonhematologic toxicity in the previous
cycle. Three patients with refractory disease and eight patients with previ-
ously sensitive disease had partial responses (overall relative risk [RR]
16.6%, 95% confidence interval [CI] 8.5–27.5%). Twenty-one patients
(32%) had stable disease. The median duration of responses was 133 days.
The authors concluded that the toxicity and response data were no better
than topotecan in the second-line treatment of small-cell lung cancer. In
light of the greater expense of the drug, they felt that it did not warrant
further investigation in the water-soluble form.

The three remaining phase II trials using 1.2 mg/m2/day of lurtotecan for
5 days every 3 weeks were carried out independently at several European
cancer centers, but were reported together by Gamucci et al (28). Twenty
patients with pretreated breast cancer, 19 patients with no prior chemo-
therapy for advanced colorectal cancer and 23 patients with untreated non-
small-cell lung cancer were eligible and enrolled in the study. Two hundred
sixty-seven cycles were given and were evaluable for toxicity. Thirty-two
percent of all patients experienced grade 3 neutropenia and 22% had grade
4. Thrombocytopenia was less common, with 20% of patients having either
grade 3 or 4 toxicity. Neutropenic fever occurred in 10 patients (14.5%).
Dose reductions for hematological toxicity occurred in 12% of patients,
dose increases were made in 25% of patients, and treatment was delayed in
20% of patients because of hematological toxicity. Among 64 patients
evaluable for response, 3 patients with breast cancer (RR 13%, 95% CI 0–
26.7%) and 2 patients with non-small-cell lung cancer had partial responses
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(RR 9.1%, 95% CI 0–19.3%). Nine patients with breast cancer, seven pa-
tients with colorectal cancer, and five patients with non-small-cell lung
cancer had stable disease.

Although responses to single-agent lurtotecan were seen, the rates were
not substantially greater than previously reported second- and third-line
regimens. Although the tolerability of lurtotecan appeared to exceed that of
CPT, there was not sufficient evidence of activity to warrant further inves-
tigation as a single agent. While these studies were carried out, attention
turned to the development of a liposomal formulation of lurtotecan. Based
on the application of this carrier to other chemotherapeutics, it was hoped
that liposomal encapsulation of the drug would further increase the thera-
peutic index.

3.LIPOSOMAL LURTOTECAN

3.1. Preclinical Studies
It has been shown that cellular uptake of CPT requires energy-dependent

transporters (29). Resistance is mediated, in part, by overexpression of
adenosine triphosphate-binding cassette proteins such as the mitoxantrone-
resistance half-transporter (30) and MRP2 (31). In an effort to enhance drug
delivery to tumors, minimize exposure to normal tissues, and circumvent
resistance mediated by extrusion of the drug from the intracellular compart-
ment, lurtotecan was encapsulated in liposomes. This approach has been
validated pharmacologically and clinically with doxorubicin and dauno-
rubicin (32). Liposomes stabilize the lactone form of the CPTs (33). For the
more hydrophilic CPT derivatives, the lactone form can be further stabilized
by lowering the pH of the aqueous core of liposomes (94). The opening of
the lactone ring had been shown in vitro to account for at least a 90% loss
of anti-TOP-I activity. The possibility of stabilizing the lactone form of
lurtotecan in human plasma provided the mechanistic basis for optimism
that this formulation would provide greater delivery of active drug to tumor
cells than the water-soluble form.

The first preclinical report of the anticancer activity of liposomal
lurtotecan was made by Colburn et al. in 1998 (35). They were able to entrap
more than 90% of the free drug in liposomes containing a pegylated lipid
along with phosphatidylcholine, cholesterol, and another phospholipid. The
average diameter of the particles was 100 nm. In rats, a 1250-fold increase
in the AUC was seen with liposomal lurtotecan after a single intravenous
bolus compared with a similar dose of the free drug. Toxicity and antitumor
activity of liposomal lurtotecan was evaluated in a mouse xenograft model
of implanted HT-29 colon cancer cells. The dose of liposomal lurtotecan
was adjusted to match the toxicity profile of 20 mg/kg of free lurtotecan. The
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dose of free lurtotecan was determined based on a drug-related death in 1 of
10 animals treated at the higher dose level. There were 7 complete and 1
partial responses among the 10 mice treated with 3 mg/kg of liposomal
lurtotecan compared to only 1 partial response out of 10 animals treated with
20 mg/kg of free lurtotecan. This formulation of liposomal lurtotecan has
not been evaluated in humans.

Another formulation of liposome-encapsulated lurtotecan (NX 211,
Gilead Sciences) was studied in animal models by Emerson et al. and
reported in 2000 (36). The liposomes used in this study were unilamellar
particles averaging 100 nm in size and were composed of phosphatidylcho-
line and cholesterol in a 2:1 ratio. A 1435-fold increase in AUC was seen
with liposomal lurtotecan compared with the free drug. The toxicity and
efficacy of liposomal lurtotecan was compared with free lurtotecan and
topotecan in two mouse xenograft models using ES-2 human ovarian car-
cinoma cells and KB human squamous cell carcinoma cells with and with-
out the MDR phenotype. Using a wide range of doses of each drug, the lethal
dose for 50% of the animals and the dose required for 60% or 80% tumor
growth inhibition were determined. After separately determining the MTD
for each drug in each xenograft model, the efficacy was compared. The
therapeutic index of liposomal lurtotecan was 2.9 in the KB xenografts and
14.4 in the ES-2 xenografts. In the ES-2 xenografts, at a dose of 9 mg/kg of
liposomal lurtotecan, three of eight animals had complete responses, with
no toxic deaths occurring. The lurtotecan and topotecan treated groups had
no complete responses and three toxic deaths each. The time to a fourfold
increase in tumor size was four times longer in the liposomal lurtotecan-
treated groups compared with untreated animals. The KB xenograft mice
also demonstrated greater tumor sensitivity and growth delay when treated
with liposomal lurtotecan compared with free lurtotecan. This result was
seen in the MDR(+) and the MDR(–) KB xenografts. Using radiolabeled
lurtotecan to measure concentration in tissue, tumor uptake of the drug was
increased 9- to 67-fold with liposome encapsulation compared with the free
drug.

Further pharmacokinetic studies in mice have been carried out in tumor-
bearing mice treated with radiolabeled lurtotecan in the encapsulated or free
form (37). A 70-fold increase in concentration of lurtotecan in tumors was
achieved with liposomal lurtotecan. The intratumoral AUC was 17-fold
greater with liposomal lurtotecan compared with free lurtotecan. More than
95% of the radioactivity in tumors was the intact drug. Xenograft models
have subsequently been employed to assess the efficacy of liposomal
lurtotecan against implanted lung, breast, ovarian, renal, sarcoma, glioblas-
toma, and prostate cancer cell lines (38). Response rates ranged from 6% to
43%. This formulation of liposomal lurtotecan has been taken to the clinic.
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3.2. Phase I Clinical Trials
Three phase I clinical trials have been performed with liposomal

lurtotecan and have been reported in abstract form (Table 2). At the 2000
American Society of Clinical Oncology (ASCO) annual meeting, Bos et al.
reported on an ongoing phase I trial of liposomal lurtotecan given by 30-
minute infusion once every 21 days (39). At the time of publication, 15
patients had been enrolled and no dose-limiting toxicities had occurred.
Three patients were treated with 0.4 mg/m2, six with 0.8 mg/m2, three with
1.6 mg/m2, and three with 3.2 mg/m2. The maximum plasma concentration
of the drug increased across the first three dose levels, but the AUC did not.
Accrual continued after this report was prepared. The results of this trial
were updated at the 2001 ASCO meeting. Fourteen additional patients had
been enrolled. An MTD of 4.3 mg/m2 was defined by dose-limiting neutro-
penia and thrombocytopenia in three of five patients at that level. Therefore,
the recommended Phase II dose was 3.8 mg/m2. Objective response data
were not provided in this report.

Rothenberg et al. reported on a multicenter phase I trial at the 2000 ASCO
meeting (40). Two schedules of liposomal lurtotecan were evaluated in
concurrent studies. The first schedule consisted of liposomal lurtotecan
given by 30-minute infusion on days 1 and 8 every 3 weeks; in the second,
liposomal lurtotecan was given on days 1, 2, and 3 every 3 weeks. By the
time of that report, eight patients had been treated using the first regimen at
doses of 0.2, 0.4, 0.8, and 1.6 mg/kg/day. No DLTs had been encountered.
Twenty patients were treated with the second schedule at doses of 0.15,
0.30, 0.6, 1.2, and 1.8 mg/m2/day. Grade 3 thrombocytopenia was observed
in two of four heavily pretreated patients at the highest dose level. Pharma-
cokinetic analysis from both studies showed a maximum AUC of 7.3 mcg/
mL/hour in the 1.2 mg/m2/day group using the second schedule. Taking all
patients into account, the AUC for liposomal lurtotecan was 71-fold greater
than the AUC for lurtotecan seen in prior studies. No objective responses
were reported.

These results were also updated at the 2001 ASCO meeting (41). The
days 1 and 8 every 3 weeks schedule was evaluated in 18 further patients.
An MTD of 3.2 mg/m2/week was reached when two of six patients had dose-
limiting neutropenia and thrombocytopenia. The recommended phase II
dose was 2.4 mg/m2/week for heavily pretreated patients and 2.8 mg/m2/
week for minimally pretreated patients. Based on the improved dose-inten-
sity of this regimen compared with the once every 3 weeks schedule, it was
chosen for further study. The schedule using liposomal lurtotecan on days
1, 2, and 3 every 3 weeks was evaluated in 17 additional patients. During
dose escalation, patients were divided into minimally and heavily pretreated.
An MTD of 1.8 mg/m2/day for heavily pretreated patients was defined by
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dose-limiting thrombocytopenia in two of four patients. The MTD for mini-
mally pretreated patients was greater than 2.1 mg/m2/day, based on dose-
limiting thrombocytopenia in two of nine patients. The recommended Phase
II doses for minimally and heavily pretreated patients was 1.5 mg/m2/day
and 2.1 mg/m2/day. Partial responses were observed in patients with breast
and ovarian cancer.

A fourth schedule was evaluated by Felton et al. at the San Antonio
Institute for Drug Development and preliminary results were reported at the
2001 ASCO meeting. Liposomal lurtotecan was given by 30-minute infu-
sion weekly for 4 weeks every 6 weeks. At the time of the report, nine
patients had been treated with 0.4, 0.8, 1.6, and 2.4 mg/m2/wk. One patient
at the highest dose level experienced dose-limiting grade 4 thrombocytope-
nia. Although large interpatient variability was observed, pharmacokinetic
studies from the first two dose levels yielded results that were consistent
with earlier trials. No objective responses were reported.

4. SUMMARY

The development of novel TOP-I inhibitors continues to be of consider-
able interest. Lurtotecan represents a rationally developed CPT derivative
with improved pharmacokinetics and pharmacodynamics compared with
the parent compound. Early clinical trials of the water-soluble form of
lurtotecan revealed a narrow therapeutic index based on dose-limiting
myelosuppression. Liposome encapsulation has provided a mechanism for
circumventing several of the pharmacokinetic limitations of the free drug.
Animal models and phase I clinical trials have born out the hypothesis that
more drug can be safely delivered with considerably increased tumor drug
concentrations. Phase II clinical trials are under way in patients with refrac-
tory ovarian cancer, advanced head-and-neck cancer, recurrent small-cell
lung cancer, and colorectal cancer. These studies will help to delineate the
antitumor activity of this approach and seek to validate the efforts to engi-
neer a more potent inhibitor of TOP-I.
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1. INTRODUCTION

The principal rationale for synthesizing exatecan (DX-8951f, Daiichi
Pharmaceutical Co., Ltd, Japan) was to exploit physicochemical features of
the camptothecins (CPTs) anticipated to yield an increased therapeutic
advantage compared with currently available CPT analogs such as topotecan
and irinotecan. The overall therapeutic profile sought in these efforts was
greater and broader antitumor activity, decreased toxicity, and intrinsic
activity without requiring metabolic activation, which may accentuate the
fundamentally large interindividual variability in the pharmacologic behav-
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ior of the CPT analogs and consequently in their antitumor and toxicologic
profiles. Exatecan has completed Phase I clinical development on a broad
range of schedules and is currently undergoing more focused disease-directed
Phase II and Phase III evaluations. Additionally, DE-310, a unique polymer
prodrug of exatecan, which was developed to achieve protracted systemic
exposure to the active drug after a single dose, is also undergoing early
clinical development.

2. STRUCTURE

Exatecan (DX-8951f; (1S, 9S)-1-amino-9-ethyl-5-fluoro-1, 2, 3, 9, 12,
15-hexahydro-9-hydroxy-4-methyl-10H, 13H-benzo [de] pyrano [3', 4':6,7]
indolizino[1,2-b]quinoline-10, 13-dione monomethane sulfonate (salt) dihy-
drate is a water-soluble, fluorinated, hexaphilic synthetic derivative of CPT
that, in contrast to irinotecan, has intrinsic activity without undergoing
metabolic activation. The chemical structure of the anhydrous base form of
the drug, referred to as DX-8951, is shown in Fig. 1. The 20S stereoisomeric
form is active, whereas the 20R form is inactive. The chemical structure of
exatecan has been modified to render the molecule water-soluble by adding
a ring structure between rings A (in position 9) and B (in position 7), and a
fluorine in position 11. Similar to all CPT derivatives that inhibit
topoisomerase I (TOP-I), the A-ring of the lactone form of the drug is
hydrolyzed to form an open-ring hydroxy-acid species. The two species
coexist in solution according to a reversible pH-dependent equilibrium,
with an acidic pH favoring the formation of the closed-ring lactone form.

3. PRECLINICAL ACTIVITY

Interest in exatecan was first generated after the agent demonstrated 3
times greater potency than SN-38, the active metabolite of irinotecan, 10
times greater potency than topotecan, and 20 times greater potency than
CPT at inhibiting TOP-I extracted from murine P388 leukemia; IC50 (con-
centration that inhibits 50%) values of 0.975, 2.71, 9.52, and 23.5 μg/mL
were reported for exatecan1f, SN-38, topotecan, and CPT, respectively (1).
The inhibition of human TOP-I by the lactone was approximately 300-fold
greater than that by the hydroxy-acid form. Exatecan was also approxi-
mately five times more potent than SN-38 at inhibiting DNA synthesis.
Furthermore, in a study of the relative antitumor properties of the CPT
analogs against a panel of 32 cell lines derived from human breast, gastric,
colon, ovarian, cervical, lung, and hematopoietic neoplasms, the IC50 val-
ues of exatecan averaged 6- and 28-fold lower than SN-38 and topotecan,
respectively (1,2). A summary of the relative IC50 values of exatecan and the
other CPT analogs according to tumor type is shown in Table 1. In the
human tumor cloning assay, exatecan inhibited the growth of clonogenic
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Fig. 1. Structure of the active exatecan lactone (left) undergoing reversible pH-
dependent hydrolysis to its inactive open-ring form.

Table 1
In Vitro Cytotoxicity Against A Series of 32 Cancer Cell Lines:

Summary According to Tumor Type

IC50 (ng/mL)

 Tumor type Exatecan SN-38 Topotecan CPT

Breaast 2.02 6.57 64.1 12.5
Colon 2.92 15.1 92.5 21.8
Stomach 1.53 15.1 30.6 13.0
Lung 0.87 7.37 35.3 9.99
Others 4.33 36.2 82.9 26.1
Summary 2.09 12.1 89.5 15.3

ID50, drug concentration at which the growth is inhibited by 50%.

cells derived from patients with head and neck, non-small-cell lung, liver,
lung, breast, colon, ovary, and prostate carcinomas in a dose-dependent man-
ner, and exatecan and topotecan were not completely cross-resistant (3).

Exatecan has shown activity against a wide range of human tumor
xenografts in nude mice, including gastric, pancreatic, colon, breast, ovary,
and lung cancers (1,4,5). In addition, the agent demonstrated impressive
antitumor activity against an intracranial xenograft of human RH30 rhab-
domyosarcoma and various other pediatric solid neoplasms, murine lung
and liver metastasis xenograft models, and both early and late stages of
human acute myelogenous leukemia in a severe combined immunodefi-
cient mouse model (5–11). Exatecan also produced notable activity that was
superior to gemcitabine in both orthotopic and traditional xenografts of
human pancreatic cancer (12). Although exatecan treatment resulted in
impressive antitumor activity on both single and divided dosing administra-
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tion schedules, superior efficacy was generally noted against human tumor
xenografts when the agent was administered on divided dosing schedules
(1,4). For example, in studies involving the in vivo homologous Meth A
mouse fibrosarcoma model, a cyclical dosing pattern resulted in superior
antitumor activity at lower doses of exatecan compared with a single dosing
schedule. A comparison of the antitumor effects of exatecan and irinotecan
at equitoxic doses against various human tumor xenografts is depicted in
Table 2.

Several in vitro and in vivo investigations using human tumor cell lines
and drug-resistant variants have demonstrated that exatecan, in contrast to
topotecan and SN-38, is not affected by mechanisms of drug resistance
conferred by overexpression of P-glycoprotein (Pgp) or breast cancer resis-
tance protein, as well as decreased levels of TOP-I mRNA or protein (9,12–
18). In fact, exatecan is not a substrate for the Pgp multidrug transporter that
confers multidrug resistance, whereas both topotecan and SN-38 are weak
substrates for Pgp (9,12–15). The impressive and distinctly different pre-
clinical antitumor spectra of exatecan may, in part, be due to the fact that the
agent is not a substrate for the Pgp multidrug transporter, in contrast to
topotecan, 9-aminocamptothecin, and SN-38, which are weak substrates for
the efflux pump (13–16). The lack of cross-resistance of Pgp-overexpressing
neoplasms to exatecan is indicated by the results of a study in which the
agent exhibited similar antitumor activity against human lung cancer PC-6
and its multidrug resistance Pgp-overexpressing variant, PC-6/vincristine
as shown in Table 3 (9). Similarly, exatecan demonstrated roughly equiva-

Table 2
Comparison of the Antitumor Effects of Exatecan and CPT-11 Against Various

Human Tumor Xenografts

Exatecan total (75 mg/kg) Irinotecan (320 mg/kg)

Tumor type No. of tumors >IR (80%) >IR (58%) >IR (80%) >IR (58%)

Gastric cancer 2 2 (100%) 2 (100%) 1 (50%) 2 (100%)
Colon cancer 6 6 (100%) 6 (100%) 4 (67%) 5 (83%)
Lung cancer 5 4 (80%) 5 (100%) 1 (20%) 2 (40%)
Breast cancer 2 2 (100%) 2 (100%) 2 (100%) 2 (100%)
Renal cancer 1 0 (0%) 0 (0%) 0 (0%) 0 (10%)
Total 16 14 (88%) 15 (94%) 8 (50%) 11 (69%)
p<0.05 p = 0.10

IR, dose at which the specified percentage of tumor growth inhibition is produced by the
drug as a single agent.
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lent potencies against PC-6 and a SN-38–resistant subline characterized by
impaired SN-38 accumulation without Pgp overexpression, and the antitu-
mor activities of exatecan were similar against human pancreatic cancers
SUIT-2 and KP-1N and their respective sublines that had acquired resis-
tance to CPT-11 in vivo and SN-38 in vitro, presumably because of reduced
levels of TOP-I mRNA and protein (8). The magnitude of accumulation of
drug within the cell was demonstrated to be a determinant of sensitivity to
exatecan in vitro, and this phenomenon appears, in part, to be the basis for
differential activity between CPT analogs (8). Exatecan treatment has also
been demonstrated to induce BRCP in vitro, but BRCP overexpression,
which conferred resistance to 9-aminocamptothecin, SN-38, and irinotecan,
was responsible for negligible to no resistance to exatecan (17,18). Simi-
larly, neither overexpression of Pgp, multidrug-resistance protein-1, or lung
cancer–resistance protein conferred resistance to exatecan in a wide array
of experimental human colon and ovarian cancers (19). There is only one
clear model of tumor resistance to exatecan, in which drug resistance relates
to qualitative changes in the expression of TOP-I (9,20). Evidence impli-
cates “modifier” proteins such as ubiquitin, SUMO-1, and others, which
bind to critical domains of TOP-I (16,20). In addition, higher levels of the
DNA repair protein O(6)-methylguanine-DNA methyltransferase have been
demonstrated to be associated with resistance to exatecan and other CPT
analogs, and treatment of drug resistance cells, presumptively because of
increased O(6)-methylguanine-DNA methyltransferase activity, by a non-
toxic O(6)-methylguanine-DNA methyltransferase inhibitor-augmented
drug activity (21).

Table 3
Comparison of the Antitumor Effects and Relative Resistance

of Exatecan and Other Topoisomerase I-Targeting Agents Against Parental
(PC-6) and Pgp Overexpressing (PC-6/Vincristine) Cancer Cell Lines

IC50 (ng/mL)

Agent PC 6 PC-6/Vincristine Resistance ratio

Exatecan 0.089 0.069 0.8
SN-38 0.655 0.751 1.1
Topotecan 1.73 4.36 2.5
Vincristine 0.284 107 380
Cisplatin 13.8 69 0.5

ID50, dose associated with inhibition growth by 50%; Pgp, P-glycoprotein.
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4. PRECLINICAL PHARMACOLOGY

In preclinical pharmacology studies of exatecan in dogs and rodents
using radiolabeled drug (14C-exatecan) and high-performance liquid chro-
matography for differential quantification of lactone and total drug, the half-
life (t1/2) of the lactone ranged from approximately 20 to 30 minutes, and
systemic exposure to the lactone was approximately 50% of total drug
exposure (22–28). In both species, the clearance rates of total drug and
lactone were similar: lactone exposure accounted for approximately 50% of
total exatecan exposure, and the pharmacokinetics of both total drug and
lactone were dose-independent. Tissue distribution studies revealed
exatecan uptake in all tissues; however, drug concentrations in brain were
very low, suggesting that exatecan is not transported across an intact blood-
brain barrier. Exatecan was also shown to be highly bound to plasma pro-
teins in all species, and spectrometric studies indicated that the lactone is
selectively stabilized by albumin under physiologic conditions. In vitro,
plasma proteins were determined to be approximately 93, 86, 96, and 93%
in rats, dogs, monkeys, and humans, respectively.

In rats treated with a single intravenous (iv) dose of 14C-exatecan, urine
and fecal recovery averaged 15% and 78% of the administered dose, respec-
tively (22–25). The majority of exatecan was metabolized to hydroxylated
metabolites. The same hydroxylated metabolites have predominated after
coincubation of exatecan and liver microsomes of multiple species, includ-
ing humans, in vitro. These studies, and other in vitro and in vivo studies,
have indicated that exatecan is highly metabolized to a 4-hydroxymethyl
metabolite (UM-1) and a 3-hydroxy metabolite (UM-2), the structures of
which are shown in Figure 2. The cytochrome P450 microsomal isoen-
zymes CYP3A4 and CYP1A2 are principally involved in metabolism of
exatecan to UM-1 and UM-2, respectively (22–28). The antitumor activities
of both hydroxylated metabolites against P388 and PC-6 cancer cell lines
were demonstrated to be substantially less than exatecan (22,23,25,26,28).
The hydroxylation of exatecan has been demonstrated to be inhibited in
vitro by several known CYP3A substrates, including ketoconazole,
nifedipine, erythromycin, and fentanyl (22). There were no gender-related
differences in exatecan metabolism, but an interindividual variation of
hydroxylation, consisting of a 5.6-fold difference between the lowest and
highest rates of hydroxylation in 29 human liver microsomal samples, was
demonstrated (22,23).

5. PRECLINICAL TOXICOLOGY

The toxicity profile of exatecan has been evaluated in mice, rats, and dogs
before clinical trials (22,25,26). The toxicity profile was consistent across
all animal species. Rapidly proliferative tissues, including hematopoietic
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(neutropenia, thrombocytopenia, anemia, lymphopenia), gastrointestinal
(vomiting diarrhea), lymph nodes, and reproductive tissues, have been most
prone to the toxic effects of exatecan, and noncumulative myelosuppression,
particularly neutropenia, was been the principal dose-limiting effect of
exatecan on both single- and divided-dosing regimens in both rodents and
dogs. In addition to being dose-dependent, hematologic toxicity appeared
schedule-dependent, with more frequent (divided) dosing schedules asso-
ciated with greater toxicity at equivalent doses. Similar to other CPT ana-
logs, there has been considerable interspecies differences in drug tolerance,
with dogs being more susceptible to toxicity than rodents. Therefore, the
human equivalent of one-third of the low toxic dose in dogs was used to
determine the starting dose for each corresponding schedule of administra-
tion in human clinical trials.

6. PHASE I DEVELOPMENT IN PATIENTS
WITH ADVANCED MALIGNANCIES

6.1. Overall Clinical Scheme
The safety, dosing limits, and pharmacokinetics of multiple exatecan

administration schedules were evaluated in phase I clinical evaluations ac-
cording to a parallel and integrated development plan that linked studies in the
United States, Europe, and Japan. The principal objective of this approach
was to select an optimal dosing regimen for subsequent disease-directed
clinical investigations. To achieve this goal, a core protocol was established
to standardize clinical data evaluation including toxicity and efficacy crite-
ria, definitions of unacceptable or dose-limiting toxicity (DLT) and maxi-
mum tolerated dose (MTD), inclusion and exclusion criteria, and supportive
therapy paradigms. Another goal was to readily permit exchange of data in
a timely manner among the three global regions so that all investigators had
ready access to the data for decision making as dose escalation was in

Fig. 2. Structures of the principal metabolites of exatecan 3-hydroxy metabolite
(UM-1) (left) and a 3-hydroxy metabolite (UM-2) (right).
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progress. Data were collected and processed in compliance with the Inter-
national Committee on Harmonization guidelines.

Six phase I studies were initially conducted outside of Japan according
to three schedules of administration and two durations of iv infusion
(25,26,29–36). Two studies were duplicated in Japan; however, these stud-
ies were directed to evaluate the pharmacokinetics of the exatecan lactone
and total exatecan (29,31), whereas the other studies were limited to mea-
surements of total exatecan because of logistical considerations regarding
the analysis of the exatecan lactone.

For each study, the starting dose was chosen as one-third of the toxic dose
low for the corresponding schedule in the dog, which was the most sensitive
species. There was no standardization of the method of dose escalation,
because both modified Fibonacci and modified continual reassessment
methods were employed. Interestingly, there were no significant differ-
ences between the methods in the number of dose escalation steps required
to delineate and recommend phase II doses. However, MTDs were deter-
mined separately for heavily pretreated (HP) and minimally pretreated (MP)
patients because the extent of prior treatment appeared to be a major deter-
minant for the severity of the neutropenia, which was the principal toxicity.
The definitions of HP and MP patients were derived prospectively, largely
based on the results of prior Phase I studies of other TOP-I-targeting agents
and chemotherapeutics in which neutropenia was the principal DLT (37–
39). HP patients were defined as those who had received more than six
courses of alkylating-agent containing chemotherapy (or more than four
courses of carboplatin), radiation therapy to more than 25% of hematopoi-
etic reserves, and two or more courses of mitomycin C or nitrosourea. All
toxic effects were graded according to the National Cancer Institute Com-
mon Toxicity Criteria, version 1.0. DLT was defined as grade 4 neutrope-
nia (absolute neutrophil count [ANC] <500/μL) associated with fever
(�38.4°C) or lasting longer than 5 days), any grade 3 nonhematologic
toxicity (excluding nausea and vomiting), grade 4 vomiting with maximum
supportive care, any grade 3 or higher event requiring intensive care treat-
ment, or the inability to start a second course after a 2-week treatment delay
because of toxicity. The MTD was defined as the highest dose at which no
more than 20% of patients experienced DLT during the first course.

6.2. Overall Pharmacokinetic Scheme
Initial analytical assays to measure plasma and urinary concentrations of

exatecan and metabolites used high-performance liquid chromatography,
but more sensitive liquid chromatographic/mass spectrometry/mass spec-
trophotometry assays were subsequently derived and validated (23–28).
The pharmacokinetics of exatecan were determined in all phase I studies
using standard noncompartmental and compartmental pharmacokinetic
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methods. Compartmental analyses were performed to obtain more robust
estimations of individual pharmacokinetic parameters. Initially, the indi-
vidual data sets in each study were fit with either two- or three-compartment
models using nonlinear least-squares regression (40). The “goodness” of
model fit (i.e. two- versus three-compartment model) was guided by inspec-
tion of the weighted sum of squares, dispersion of the residuals, standard
errors of the fitted pharmacokinetic parameters, and the Akaike information
criterion (41). When the drug was administered on a 24-hour infusion sched-
ule and concentrations were available for 24 hours posttreatment, the qual-
ity of the fit was as good using a two- or three-compartment model.
Therefore, the two-compartment model was selected because of its simplic-
ity. When exatecan was given as a 24-hour infusion and concentrations
available for only 6 hours posttreatment, a single compartment model fit the
data as well as the two- or three-compartment models, which is not surpris-
ing in view of the potential masking of the distribution phase by a 24-hour
infusion schedule and the inability to adequately describe the terminal elimi-
nation phase because of the lack of plasma observations after 6 hours. In
subjects treated with exatecan administered over 30 minutes and concentra-
tions available for 24 hours posttreatment, a three-compartmental model
was demonstrated to be systematically superior in fitting plasma concentra-
tions based on the aforementioned criteria. Pharmacokinetic parameter esti-
mates derived from these fits were then used as prior values for a population
pharmacokinetic analysis, performed using an iterative two-stage method-
ology (IT2S) (42–44). All concentrations were modeled using a weighting
procedure of Wj + 1/Sj

2, where the variance of Sj
2 was calculated for each

observation using the equation Sj
2 = (a + b*Y)2, where a and b are the

intercept and slope of each variance model. The slope is the residual vari-
ability associated with each concentration (i.e., sum of the intraindividual
variability and the sum of all experimental errors), and the intercept is
related to the limit of detection of the analytical assay. Variance parameter
estimates were derived using maximum likelihood analysis (ADAPT-II
Release 4; Biomedical Simulations Resource, University of Southern Cali-
fornia, Los Angeles, CA) (43). These estimates were used as beginning
priors and were updated iteratively during the population pharmacokinetic
analysis  until a stable value was found (43). The parameters derived were:
the macro rate constants 1, 2, and z associated with 1, 2, and z (termi-
nal) phases, respectively; 1–t1/2, 2–t1/2, z–t1/2, calculated as 0.693 divided
by the respective macro constants; and Vss, calculated as the sum of the
central and peripheral volumes of distribution.

Urinary metabolites were detected using both high-performance liquid
chromatography and liquid chromatographic/mass spectrometry/mass
spectrophotometry methods and subsequently isolated, purified, and iden-
tified using nuclear magnetic resonance (23,24,27). In the urine of rats and
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humans, both UM-1 and UM-2 were identified. Mass balance studies in
humans are to precisely determine the extent of metabolite formation and
excretion are ongoing (C. Takimoto, personal communication, September
2003). Furthermore, Phase I and pharmacokinetic studies in patients with
various grades of hepatic or renal dysfunction are also being performed
(C. Takimoto, personal communication, September 2003).

6.3. Clinical Results
6.3.1. TOXICITY

The principal toxicity of exatecan was similar for all schedules of admin-
istration (25,26,29–36). Myelosuppression, particularly neutropenia, was
the principal DLT of exatecan. In HP patients, both neutropenia and throm-
bocytopenia were dose-limiting. On the daily × 5 every 3-week schedule,
the ANC nadir was typically experienced between days 10 and 15, treatment
delays resulting from unresolved neutropenia were uncommon, and there
was no evidence of a cumulative effect of exatecan on the ANC nadirs in
both MP and HP patients (32). However, the relationship between exatecan
dose and effect on neutrophils was steep in the dosing range evaluated. The
steepness of this relationship is illustrated in Fig. 3, which shows that the
percent decrements in ANC sharply increased to nearly 100% as the dose of
exatecan was increased above 0.4 mg/m2/day (32). Severe thrombocytope-
nia and anemia occurred much less frequently than neutropenia, and were
usually noted concomitant with severe neutropenia. These effects were also
more severe in HP patients. Anemia related to exatecan was generally mild
(grade 1) or moderate (grade 2) and cumulative in that it tended to progres-
sively worsen with repetitive dosing.

Nonhematologics; effects consisted primarily of mild to moderate gas-
trointestinal toxicity. Nausea and vomiting were typically mild or moderate
in severity, generally noted in the peritreatment period, and appeared to be
dose-related. Nausea and vomiting were generally prevented or managed
successfully with prochlorperazine or serotonin 5-hydroxytryptophan recep-
tor antagonists, but routine premedication was not instituted because most
events were nausea alone, mild in severity, and sporadic. Delayed emesis
was not common. Mild to moderate diarrhea was also noted in patients, most
of whom had been previously treated with fluoropyrimidine- or irinotecan-
based regimens. Transient and reversible elevations of serum transaminases
or alkaline phosphatase were also observed infrequently, and acute pancre-
atitis occurred in two patients (approximately 1%) in phase I trials. Alopecia
that was dose-related, typically mild, and generally cumulative was also
noted. Other toxicities included stomatitis, malaise, headache, anorexia, or
alkaline phosphatase, altered taste sensation, and dizziness. These effects
were noted across the entire exatecan dosing range and definite temporal



Chapter 14 / Development of Exatecan (DX-8951f) 327

relationships could not be discerned for any of these potential toxicities,
indicating that the underlying malignant process may have contributed.

6.3.2. MAXIMUM TOLERATED DOSE

The MTD and lowest doses associated with consistently intolerable tox-
icity (>MTD) are listed in Table 4. MP patients tolerated higher doses of
exatecan than HP patients except for the single-dose, every-3-week regimen
for which a single MTD was determined for HP and MP patients alike.
However, this study involved only 12 patients, and the MTD was close to
the starting dose. The MTDs for exatecan administered as a 30-minute iv
infusion daily × 5 every 3 weeks were 0.5 and 0.3 mg/m2/day for MP and
HP patients, respectively. Representative concentration versus time curves
are shown in Fig. 4. The number of dose escalation steps in each study

Fig. 3. Scatterplots depicting the effects of the dose of exatecan on (A) absolute
neutrophil count (ANC) nadirs; (B) percentage change in the ANC; (C) platelet
count nadirs; and (D) percentage change in platelet counts. The extent of prior
treatment is also indicated. (�) heavily pretreated; (�) minimally pretreated.



328 Rowinsky

T
ab

le
 4

P
er

ti
ne

nt
 S

in
gl

e-
A

ge
nt

 P
ha

se
 I

 C
lin

ic
al

 T
ri

al
s 

of
 E

xa
te

ca
n

A
dm

in
is

tr
at

io
n

Si
te

N
o.

P
ri

or
M

TD
>

M
TD

P
ri

nc
ip

al
sc

he
du

le
(r

ef
er

en
ce

)
 o

f p
at

ie
nt

s
 tr

ea
tm

en
t

 (
m

g/
m

2 /
da

y)
 (

m
g/

m
2 /

da
y)

D
LT

O
th

er
 to

xi
ci

tie
s

30
 m

in
ut

es
 (

da
y 

1)
IG

R
, F

ra
nc

e 
(3

0)
12

M
P/

H
P

5.
33

7.
1

A
N

C
N

au
se

a,
 v

om
iti

ng
, f

ev
er

,
ev

er
y 

3 
w

ee
ks

al
op

ec
ia

, a
st

he
ni

a,
 a

ne
m

ia
N

C
C

E
, J

ap
an

 (
29

)
15

M
P/

H
P

N
R

N
R

A
N

C
PL

T
30

 m
in

ut
es

 d
ai

ly
 ×

 5
ID

D
, U

SA
 (

32
)

36
M

P
0.

5
0.

6
A

N
C

N
au

se
a,

 v
om

iti
ng

, d
ia

rr
he

a,
ev

er
y 

3 
w

ee
ks

H
P

0.
3

0.
4

A
N

C
, P

L
T

s
liv

er
 f

in
ct

io
ns

, a
ne

m
ia

N
C

H
, J

ap
an

 (
29

)
28

N
R

0.
4

0.
45

A
N

C
, P

L
T

s
N

au
se

a,
 v

om
iti

ng
,

di
ar

rh
ea

, m
al

ai
se

24
-h

ou
r 

C
I

M
D

A
 (

U
SA

) 
(3

3)
22

M
P

2.
4

3.
0

A
N

C
PL

T
s,

 a
ne

m
ia

,
ev

er
y 

3 
w

ee
ks

H
P

<2
.4

3.
0

A
N

C
na

us
ea

, v
om

iti
ng

, d
ia

rr
he

a
24

-h
ou

r 
w

ee
kl

y 
× 

3
M

SK
C

C
 (

U
SA

) 
(3

4)
27

M
P

1.
0

1.
2

A
N

C
, P

L
T

s
N

au
se

a,
 v

om
iti

ng
, d

ia
rr

he
a,

ev
er

y 
4 

w
ee

ks
an

or
ex

ia
, a

st
he

ni
a,

 f
ev

er
,

H
P

<0
.8

0.
8

A
N

C
, P

L
T

s
st

om
at

iti
s,

 a
lo

pe
ci

a,
pa

nc
re

at
iti

s 
(w

ith
 li

pa
se

el
ev

at
io

n)
30

 m
in

ut
es

 w
ee

kl
y 

×
O

xf
or

d/
V

ri
je

35
M

P
2.

75
3.

13
A

N
C

D
ia

rr
he

a,
 a

lo
pe

ci
a,

 m
uc

os
iti

s
ev

er
y 

4 
w

ee
ks

(U
K

/H
ol

la
nd

) 
(3

5)
H

P
2.

06
2.

35
A

N
C

5-
 to

 2
1-

da
y 

C
I

ID
D

 (
U

SA
) 

(3
6)

31
M

P
0.

15
0.

23
A

N
C

A
ne

m
ia

, P
L

T
s

ev
er

y 
4 

w
ee

ks
H

P
0.

15
0.

23
A

N
C

, P
L

T
s

A
N

C
, a

bs
ol

ut
e 

ne
ut

ro
ph

il
 p

oi
nt

l 
C

I,
 c

on
ti

nu
ou

s 
in

fu
si

on
; 

H
P

, h
ea

vi
ly

 p
re

tr
ea

te
d;

 I
D

D
, I

ns
ti

tu
te

 f
or

 D
ru

g 
D

ev
el

op
m

en
t;

 I
G

R
, I

ns
ti

tu
te

 f
or

 G
us

ta
ve

R
ou

ss
y;

 M
D

A
, M

. D
. A

nd
er

so
n 

C
an

ce
r 

C
en

te
r;

 M
P

, m
in

im
al

ly
 p

re
tr

ea
te

d;
 N

C
C

E
, N

at
io

na
l C

an
ce

r 
In

st
it

ut
e 

E
as

t;
 N

R
, n

oo
t r

ep
or

te
d;

 P
L

T
S

, p
la

te
le

ts
.



Chapter 14 / Development of Exatecan (DX-8951f) 329

reflected the MTD/starting dose ratios and was not related to the type of
dose escalation scheme used. It was not possible to evaluate the impact of
the modified continual reassessment method in these studies because of the
small number of patients and early intervention of investigators in modify-
ing the dose levels assigned by the modified continual reassessment scheme
at toxic dose levels.

In a comparison of exatecan clinical and preclinical toxicokinetics, MTD/
toxic dose low (TDL) ratio were similar (dog [2.0] and man [1.5–3.1]) (45).
On the other hand, human toxicokinetics appeared to be schedule-indepen-
dent, whereas toxicokinetics in dogs were schedule-dependent, which might
be explained by differences in metabolic rates between species.

6.3.3. ANTITUMOR ACTIVITY

Major antineoplastic activity was observed in patients with several types
of solid neoplasms in phase I investigations (25,26,29–36) . Partial responses
( 50% reduction in the sum of the bidimensional products of measurable
tumors) were reported in previously treated patients with non–small-cell
lung, extrapulmonary small cell, colorectal, and hepatocellular carcinomas
and sarcoma. Disease stabilization, including minor responses (<50% reduc-
tion in the sum of the bidimensional products of measurable disease) was
observed in patients with colorectal carcinoma, hepatocellular carcinoma,
prostate carcinoma, and carcinoma of unknown primary type involving the
peritoneum. Interestingly, antitumor activity was noted in cancers that were
previously demonstrated to be resistant to other TOP-I-targeting therapeu-
tics such as irinotecan and topotecan (25,26,29–36). The 30-minute iv infu-
sion daily × 5 every 3 week, 30-minute iv infusion weekly × 3 every 4 week,

Fig. 4. Representative plasma total exatecan concentration-time profiles (day 1)
in patients treated with DX-8951f at the 0.3 mg/m2/day (�) and 0.5 mg/m2/day
(�) dose levels.
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and the 5- to 21-day continuous iv infusion every 3–4 week regimens
appeared to be associated with greater activity than the single-dose regi-
men or the 24-hour intermittent regimens, however, the phase I clinical trial
is not the proper setting for generating comparative data regarding sched-
uling. There was no relationship between the number of patients demon-
strating antitumor activity and the dose intensity of the regimens used in
individual studies. The 30-minute daily × 5 every 3 week regimen, which
appeared to be the most active in phase I evaluations, was selected as the
principal regimen in phase II studies, whereas the corresponding MTDs for
MP and HP patients, 0.3 and 0.5 mg/m2/day, were selected as phase II doses.

6.3.4. CLINICAL PHARMACOLOGY

The pharmacokinetics of exatecan were dose-independent within the
dose range evaluated in phase I evaluations, with pharmacokinetic indices
of exposure (e.g., AUC, Cmax) proportionate to dose (25,26,29–36). Simi-
larly, both clearance and Vss were dose-independent. There was no evidence
of drug accumulation in the plasma over from day 1 to day 5 in most patients
treated with exatecan as a 30-minute iv infusion on the daily for 5 days
schedule (32). Table 5 displays the mean pharmacokinetic parameters of
exatecan in phase I evaluations, and plasma concentration curves for total
exatecan in representative patients treated with 30-minute iv infusions are
shown in Fig. 5. Both total exatecan and its lactone form were measured only
in the 30-minute single iv dose every 3 week study conducted in Japan (29).
The AUC of the lactone was approximately 30% of the AUC of total
exatecan, and the plasma AUC of UM-1 was 4% of the total exatecan AUC.
Twenty-five percent of the administered dose of exatecan was recovered in
the urine, and there was a 2:1 ratio between the UM-1 metabolite and
unmetabolized exatecan (25,29,31).

Table 5
Mean Pharmacokinetic Parameters in Phase I Evaluations of Exatecan

Pharmacokinetic
Pharmacokinetic analytical method

parameter  Noncompartmental Population compartmental

Clearance (L/hour/m2) 1.87 (67%) 1.63 (64%)
Urinary excretion (%) Not applicable 9.9 (60%)
Volume of distribution Not applicable 6.4 (28.7%)

(central) (L/m2)
Volume of distribution 17 (39%) 17.65 (28.9%)

(steady-state) (L/m2)
Terminal half-life (hours) 9.1 (54%) 12.3 (60%)

Note:Represent mean value (coefficient of variation).
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Because there was no evidence of nonlinear drug elimination, auto-induc-
tion, or inhibition of drug clearance based on visual inspection of individual
plasma concentration-versus-time curves in the phase I studies, linear phar-
macokinetic models were evaluated for quality of fit. The compartmental
pharmacokinetic models developed in individual studies were very adequate
in explaining the observed plasma concentrations and excreted urinary
amounts of exatecan. In study PRT002, in which exatecan was administered
as a 30-minute iv infusion on a daily × 5 every 3-week schedule, a two-
compartment model consistently missed peak plasma concentrations and a
three-compartment model was systematically superior in fitting all plasma
concentration-time data sets for total exatecan on both days 1 and 5 (25,32).
Therefore, pharmacokinetic parameters derived from the triexponential
model were used to develop a population pharmacokinetic model using an
IT2S approach. A representative patient’s plasma concentration data fit to
this population model are shown in Fig. 5. Pertinent pharmacokinetic param-
eters for total exatecan derived from this model were nearly identical to those
derived using noncompartmental methods, with mean (coefficient of varia-
tion) clearance, and terminal half-life values of 1.64 L/hour/m2 (57) and
15.8 hours (65), respectively. Mean values for the central and steady-state
volumes of distribution, were 2.40 L/m2 (30), respectively (25,32) .

The relationships between the both the AUC and Cmax values for total
exatecan and the percentage decrements in neutrophils were consistently
described by sigmoidal Emax models, as shown in Fig. 6A,B, which depicts
scatterplots of individual data in study PRT002 and sigmoidal Emax models
fitting the data (32). With these models, the AUC and Cmax values predicted
to yield a 50% decrement in neutrophils (AUC50 and Cmax-50) were 115 mg/
hour/L and 31 mg/L, respectively. The relationships between pertinent
pharmacokinetic parameters for total exatecan and platelet counts, as depicted
in the scatterplots in Fig. 6C,D could be described adequately by neither linear
nor nonlinear models. Within particular dose levels, pharmacokinetic
parameters reflecting total exatecan exposure were generally greater in
those patients who experienced dose-limiting myelosuppression during
their first course, but the relatively small numbers of both dose-limiting
events and patients at each dose level has limited the statistical power of
such analyses. Such models may be very useful clinically as they may be
able to predict which exatecan dosing regimens and doses would minimize
decrements in blood cell counts.

7. DISEASE-DIRECTED (PHASE II–III) EVALUATIONS

Disease-directed evaluations of exatecan are currently being performed
in both North America and Europe in patients with advanced carcinomas of
the pancreas (first and second line), colon/rectum (second line, no prior CPT
analog), ovary (relapsed after taxanes and platinum; no more than two prior
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regimens), uterine cervix (first or second line), lung (non-small cell; first
line), liver (first or second line), biliary duct (first or second line), hormone-
refractory prostate, head and neck (first line), and breast (relapsed after
taxane and anthracycline; up to three prior regimens) (25,46–56). In the
majority of these trials, exatecan is being administered as a 30-minute iv
infusion daily × 5 every 3 weeks. Starting doses for MP and HP patients have
been 0.4–0.5 and 0.3 mg/m2/day, respectively. To ascertain information
about the relative activity of various schedules of exatecan, patients with
advanced ovarian cancer are being randomized to treatment with exatecan
administered iv over 30 minutes on either a daily × 5 every 3 week schedule

Fig. 6. Scatterplots depicting the relationships between percentage decrements
in absolute neutrophil count during the first course of exatecan and total exatecan
AUC (A) and Cmax (B), and between percentage decrements in platelets during
the first course and AUC (C) and Cmax (D). The extent of prior treatment, as
defined in the Patients and Methods section, is also indicated. (�) heavily
pretreated; (?) minimally pretreated. The solid lines represent fits of sigmoidal
Emax models to the data when appropriate.
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(starting dose, 0.3 mg/m2/day) or weekly × 3 every 4 week schedule (starting
dose, 2.1 mg/m2/day) in a randomized phase II evaluation.

Perhaps the most intriguing and unique activity with exatecan to date has
been noted in patients with advanced adenocarcinomas of the pancreas,
biliary track, gallbladder, and liver (49–53). At this juncture, the most
advanced results are available from a Phase II study of exatecan in patients
with advanced adenocarcinoma of the pancreas (48–50). A single,
multicenter trial of exatecan administered as a 30-minute infusion at a dose
of 0.5 mg/m2/day × 5 every 3 weeks was conducted in 39 patients with
metastatic adenocarcinoma of the pancreas and a subset of 23 patients who
had not received prior chemotherapy has been analyzed. Three patients
(13%) had confirmed partial responses lasting 2.8, 4.3, and 10.1 months.
The median survival time for the 23 previously untreated patients was 9.3
months. The 6-, 12-, and 24-month survival times were 70%, 39%, and 5%,
respectively. Toxicity was primarily myelosuppression and fatigue. A phase
I study of exatecan in combination with gemcitabine, conducted in patients
with advanced solid malignancies, yielded phase II/III doses of exatecan of
2.0 mg/m2 and gemcitabine 1000 mg/m2 when both drugs were adminis-
tered on a weekly × 3 every 3 week schedule (51). The toxicity profile was
similar to exatecan as a single-agent exatecan with the exception of appar-
ently more severe thrombocytopenia. In the study, 7 of 31 patients with
advanced pancreatic cancer who had received the regimen as additional
therapy experienced major responses, including one complete and six par-
tial responses. The median duration of response was 8 months and the median
survival time was 8 months. The 6-, 12-, and 24-month survival times were
55%, 39%, and 19%, respectively. These results to two large-scale random-
ized trials in the North America and Europe, which have completed their
accrual targets. In the North American study, a combination of exatecan and
gemcitabine was compared with gemcitabine alone and in the European
study, exatecan as a single-agent was compared with gemcitabine alone
(60,61). However, preliminary results from both studies indicate that no
survival benefits were conferred.

A multicenter phase II study of exatecan 0.5 mg/m2/day × 5 every 3
weeks has also been conducted in patients with advanced biliary and gall-
bladder carcinomas who received a maximum of one prior chemotherapy
regimen (52). Of 41 patients able to be evaluated for efficacy, 21 (50%) of
whom had had prior chemotherapy, 2 (4.9%) had partial responses, 4 (9.8%)
had minor responses, and 12 (29.3%) had stable disease as their best
response. The median overall survival was 7.8 months and the 6- and 12-
month survival rates were 61% and 32%, which will serve as the foundation
for future combination studies in biliary and gallbladder carcinomas. In a
phase II study involving 43 patients with hepatocellular carcinoma who had
received a maximum of one prior chemotherapy regimen, exatecan was
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administered at a dose of 0.5 mg/m2/day × 5 every 3 weeks (53). Two
patients had partial responses, whereas 6 had minor responses, and 14 had
stable disease as their best response. The median time to progression was 3.3
months and median survival time was 7.4 months, with respective 6- and 12-
month survival rates of 61% and 35%. Despite its modest activity as a
single-agent activity, it was felt that the results provided a sufficient foun-
dation for the development of relatively nontoxic exatecan-based multiagent
regimens for hepatocellular carcinoma.

Exatecan administered as a 30-minute iv infusion at a dose of 0.5 mg/m2/
day × 5 every 3 weeks demonstrated no significant activity in a phase II
study in patients with metastatic colorectal cancer who had received no prior
treatment with CPT derivatives (48). Similarly, negligible activity has been
reported with exatecan 0.5 mg/m2/day for 5 days every 3 weeks in previ-
ously untreated patients with advanced non–small-cell lung cancer (54).
The major response rate was 5.1% and median times to progression and
survival were 88 and 262 days, respectively. Moderate activity was observed
in patients with advanced breast cancer who had experienced resistance or
progressive disease after chemotherapy that included anthracyclines and
taxanes (55). Of 39 patients able to be evaluated, 3 (7.7%) experienced
partial responses and 20 (51.3% had either a minor response or stable dis-
ease. Approximately 20% of patients had stable disease for at least 6 months.
To characterize the activity of exatecan in patients with advanced ovarian
cancer who were either refractory to or relapsed after both platinum agents
and taxanes, patients were randomized to one of two dosing schedules:
(Arm A) daily × 5 every 3 weeks, starting dose 0.3 mg/m2/day, or (Arm B)
weekly × 3 every 4 weeks, starting dose 2.1 mg/m2 weekly (47). In a pre-
liminary report involving 47 patients (Arm A, n = 31; and arm B, n = 16) and
including 23 patients who were able to be evaluated for response, two
patients (both on Arm A) had partial responses and five subjects had stable
disease as their best response. In a study of exatecan 0.5 mg/m2/day × 5
every 3 weeks in previously untreated patients with non-small-cell lung
cancer, partial responses were reported in 3 (18%) of 16 of patients who
were able to be evaluated for response and 5 patients had stable disease as
their best response (51). Many other disease-directed studies in a wide array
of adult solid malignancies are ongoing.

The potential utility of exatecan in pediatric malignancies is also being
studied, beginning with a phase I study of exatecan as a 30-minute iv infu-
sion daily × 5 every 3 weeks in pediatric patients with solid malignancies
(starting dose, 0.25 mg/m2/day). Furthermore, evaluations of exatecan in
adult acute leukemias are also under way (56). In a phase I study, doses of
exatecan were escalated from 0.6 to 1.35 mg/m2/day as a 30-minutes iv
infusion daily × 5 every 3 weeks. Severe stomatitis was consistently noted
at the 1.35 mg/m2/day dose level. On the 30-minute infusion daily × 5
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schedule, the 1.2 mg/m2/day dose level appears tolerable, and increasing the
duration of treatment from 5 to 7 days at the 0.9 mg/m2/day dose level has
not been associated with prohibitive toxicity. Antileukemic activity, prima-
rily reductions in circulating blasts and bone marrow cellularity, has also
been consistently noted across all dose levels in HP patients.

8. DE-310, A MACROMOLECULAR CARRIER
OF DX-8951

DE-310 is a novel drug construct consisting of exatecan linked to a bio-
degradable carrier, carboxymethyldextran poly alcohol, via a peptide spacer.
This macromolecular polymer drug deliver system was designed to enhance
the antitumor efficacy of exatecan. The slow release of exatecan from the
carrier in the tumor provides for a sustained level of localized active agent.
The relatively greater acidic environment of malignant neoplasms com-
pared with normal tissues may hypothetically favor the presence of the
active lactone species in malignant neoplasms, potentially resulting in
greater specificity. The supporting rationale for the development of DE-310
is that the molecule will accumulate and be retained preferentially in tumor
tissue by the enhanced permeability and retention effect. The enhanced
permeability into tumor tissue is due to leaky vascular architecture of the
tumor blood vessels and pathophysiological mediators such as cytokines or
vascular permeability factors. The retention effect is based on the lack of
effective lymphatic clearance of macromolecules in tumor tissue. Thus
macromolecules such as DE-310 may readily leak into tumor tissue through
more permeable tumor blood vessels and may be retained in tumor tissue for
a longer period. DE-310 is designed for iv administration. The macromo-
lecular carrier used in the drug gradually depolymerizes within the body to
be excreted in the urine. The peptide spacer serves as the DE-310 enzymatic
cleavage site to give a low and sustained release of exatecan into tumor
tissue, without prematurely releasing the drug into the systemic circulation.
As a result, the number of required dosages may be reduced significantly
when compared with other CPT derivatives in current use. Two phase I and
pharmacokinetic studies of DE-310 administered as a single short infusion
every 4 or 6 weeks have recently begun (5,57). DLT on both schedules
appear to be late myelosuppression, and transaminitis has been observed at
doses above the MTD (6 and 7.5 mg/m2 in HP and MP patients, respec-
tively). Both conjugated exatecan and free exatecan concentrations increased
linearly with dose and plasma drug concentrations were sustained for several
weeks. The pharmacokinetic results from both studies were similar. In the
every-4-week study, the mean (CV%) Cmax for DE-310 in the form of con-
jugated exatecan was 4120 (21.2) ng/mL and the apparent terminal plasma
half-life (t1/2) was 208.8 (78.9) hours. The Cmax of free exatecan was 5.8
(53.4) ng/mL and the t1/2 was 175.1 (9.0) hours.
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9. CONCLUSION

Exatecan was developed to exploit physicochemical properties that may
result in superior antitumor activity, less toxicity and interindividual vari-
ability, and greater clinical feasibility than TOP-I–targeting agents in cur-
rent clinical use. The agent was specifically selected for clinical development
because of its relatively high potency and impressive activity against a
broad range of human tumor cell lines and xenografts, including malignan-
cies resistant to other CPT analogs and other classes of anticancer agents.
Furthermore, unlike topotecan, 9-aminocamptothecin, and SN-38, exatecan
is not a substrate for multidrug transporter Pgp, and retains activity against
both tumor cell lines and xenografts with acquired multidrug resistance
conferred by Pgp overexpression. Another hypothetical advantage of
exatecan is that it is an intrinsically active compound and not a prodrug,
which reduces concerns about interindividual variability in prodrug activa-
tion that could increase the fundamentally large interindividual variability
in the toxicologic, pharmacokinetic, and antitumor profiles of the CPT
analogs. Although schedule-dependence was not as prominent with exatecan
in preclinical studies as with other CPT analogs, the cumulative results of
these investigations indicate that maximal antitumor activity is achieved
with divided dosing schedules, and these observations have served, in part,
as the rationale for broad disease-directed evaluation of exatecan on a 30-
minute infusion daily × 5 every 3 week schedule. In addition, exatecan
demonstrated a safe and predictable toxicity profile when administered on
the daily × 5 schedule, with manageable neutropenia being the principal
DLT. Thrombocytopenia and anemia may be associated with neutropenia,
particularly in HP patients treated at doses that approach the MTD.
Nonhematologic toxicity has been less frequent and generally moderate.
Exatecan also demonstrated dose-independent and predictable pharmaco-
kinetics in the dose range evaluated and antitumor activity was consistently
observed, including that against tumors that had been previously treated
with topotecan or irinotecan. Although the ultimate clinical activity of
exatecan will be defined only in appropriate phase II/III trials, exatecan’s
specific pattern of myelotoxicity, its relative paucity of nonhematologic
toxicity, and its activity against a several types of neoplasms in early clinical
evaluations, warranted broad disease-directed evaluations of exatecan on
this administration schedule, which are nearing completion, as well as fur-
ther developmental evaluations of DE-310, particularly in exatecan-sensi-
tive tumor types, to maximize activity and optimize the therapeutic index.

REFERENCES

1. Mitsui I, Kumazawa E, Hirota Y, et al. 1995 A new water-soluble camptothecin
derivative, DX-8951f, exhibits potent antitumor activity against human tumors in
vitro and in vivo. Jpn J Cancer Res 86:776–782.



338 Rowinsky

2. Okamoto R, Park JS, Hanaoka H, Nishiyama M. 1999 DX-8951f, a novel
camptothecin derivative: critical determinants of the action and synergistic com-
bination against gastrointestinal cancer cells [abstract]. Proc Am Assoc Cancer
Res 40:712.

3. Lawrence RA, Izbicka E, DeJager R, et al. 1999 Comparison of DX-8951f and
topotecan effects on tumor colony formation from freshly explanted adult and
pediatric human tumor cells. Anti-Cancer Drugs 10:655–661.

4. Kumazawa E, Jimbo T, Ochi Y, Tohgo A. 1998 Potent and broad antitumor effects
of DX-8951f, a water-soluble camptothecin derivative, against various human
tumors xenografted in nude mice. Cancer Chemother Pharmacol 42:210–220.

5. Kumazawa E, Tohgo A. 1998 Antitumor activity of DX-8951f: a new camptothecin
derivative. Exp Opin Invest Drugs 7:625–632.

6. Gonzales P, Marty J, Stringer SD, et al. 2000 In vivo antitumor activity of DX-
8951f against an intracranial sarcoma tumor model [abstract]. Proc Am Assoc
Cancer Res 41:1349.

7. Takiguchi S, Kumazawa E, Shimazoe T, Tohgo A, Kono A. 1997 Antitumor effect
of DX-8951, a novel campotothecin analog, on human pancreatic tumor cells and
their CPT-11-resistant variants cultured in vitro and xenografted into nude mice.
Jpn J Cancer Res 88:760–769.

8. Joto N, Ishii M, Minami M, et al. 1997 DX-8951f, a water-soluble camptothecin
analog, exhibits potent antitumor activity against a human lung cancer cell line and
its SN-38-resistant variant. Int J Cancer 72:680–686.

9. Nomoto T, Nishio K, Ishidia T, Mori M, Saijo N. 1998 Characterization of a human
small-cell lung cancer cell line resistant to a new water-soluble camptothecin
derivative, DX-8951f. Jpn J Cancer Res 89:1179–1186.

10. Weitman S, DeJager R, Marty J, et al. 1999 Preclinical evaluation of DX-8951f
against pediatric solid tumors [abstract]. Proc Am Soc Clin Oncol 18:762.

11. Vey N, Giles FJ, Kantarjian H, et al. 2000 The topoisomerase I inhibitor DX-8951f
is active in a severe combined immunodeficient mouse model of human acute
myelogenous leukemia. Clin Cancer Res 6:731–736.

12. Sun FX, Tohgo A, Bouvet M, et al. 2003 Efficacy of camptothecin analog DX8951f
(exatecan mesylate) human pancreatic cancer in an orthotopic metastatic model.
Cancer Res 63:80–85.

13. Hendricks CB, Rowinsky EK, Grochow LB, et al. 1992 Effect of P-glycoprotein
expression on the accumulation and cytotoxicity of topotecan (SK &F 104864), a
new campothecin analogue. Cancer Res 52:2268–2278.

14. Chen AY, Yu C, Potmesil M, et al. 1991 Camptothecin overcomes MDR1-medi-
ated resistance in human KB carcinoma cells. Cancer Res 51:6039–6044.

15. Tsuruo T, Matsuzaki T, Matsushita M, et al. 1988 Antitumor effect of CPT-11, a
new derivative of camptothecin, against pleotropic drug resistant tumors in vitro
and in vivo. Cancer Chemother Pharmacol 21:71–74.

16. Mattern MR, Hofmann GA, Polsky RM, et al. 1993 In vitro and in vivo effects of
clinically important camptothecin analogues in multi-drug resistant cells. Oncol
Res 5:467–474.

17. van Hattum AH, Hoogsteen IJ, Schluper HM, et al. 2002 Induction of breast cancer
resistance protein by the camptothecin derivative DX-8951f is associated with
minor reduction of antitumour activity. Br J Cancer 87;665–672.

18. Ishii M, Iwahana M, Mitsui I, et al. 2000 Growth inhibitory effect of a new
camptothecin analog, DX-8951 on various drug resistant sublines including BCRP-
mediated camptothecin derative-resistant variants derived from the human lung
cancer cell line PC-6. Anticancer Drugs 11:353–362.



Chapter 14 / Development of Exatecan (DX-8951f) 339

19. van Hattum AH, Pinedo HM, Schluper HM, Erkelens CA, Tohgo A, Bov E. 2002
The activity profile of the hexacyclic camptothecin derivative DX-8951f in experi-
mental human colon cancer and ovarian cancer. Biochem Pharm 64:1267–1277.

20. Liu L, Desai S, Sun M, et al. 2000 Mechanism of action of topoisomerase I and its
inhibitors. Ann NY Acad Sci 922:1–10.

21. Okamoto R, Takano H, Okamura T, et al. 2002 O(6)-methylguanine-DNA
methyltransferase (MGMT) as a determinant of resistance to camptothecan deriva-
tives. Jpn J Cancer Res 93:93–102.

22. Daiichi Pharmaceutical Corporation. DX-8951f for injection. Investigators Bro-
chure. Edition No. 2. Fort Lee, New Jersey, 1998.

23. Oguma T, Ohshima Y, Nakaoka M. 2000 Sensitive and high-performance liquid
chromatographic method for the determination of the lactone plus hydroxy forms
of the new camptothecin derivative DX-8951 in human plasma using fluorescence
detection. J Chromatogr B Biomed Sci Appl 740:237–245.

24. Oguma T, Konno T, Inaba A, Nakaoka M. 2001 Validation study of assay method
for DX-8951 and its metabolite in human plasma and urine by high-performance
liquid chromatography/atmospheric pressure chemical ionization tandem mass
spectrometry. Biomed Chromatogr 2:108–115.

25. DeJager R, Cheverton P, Tamanoi K, et al. 2000 DX-8951f: summary of phase I
clinical trials. Ann NY Acad Sci 922:260–273.

26. Verschraegen CF, Royce M, Hammond L, Rowinsky EK. 2000 Exatecan. Curr
Opin End Met Invest Drugs 2:1631–1638.

27. Oguma T, Konno T, Inaba A, Nakaoka M. 2001 Validation study of assay method
for DX-8951 and its metabolite in human plasma and urine by high-performance
liquid chromatography/atmospheric pressure chemical ionization tandem mass
spectrometry. Biomed Chromatogr 15:108–115.

28. Oguma T, Yamada M, Konno T, Inukai K, Nakaoka M. 2001 High-performance
liquid chromatographic analysis of lactone, an hydroxy acid of new antitumor
drug, DX-8951 (exatecan), in mouse plasma. Biol Pharm Bull 24:176–180.

29. Minami H, Fujii H, Igarashi T, et al. 2001 Phase I study and clinical pharmacology
of DX-8951f, a new camptothecin derivative, infused over 30 minutes every three
weeks [abstract]. Clin Cancer Res 7:3056–3064.

30. Boige V, Raymond E, Faivre S, et al. 2000 Phase I and pharmacokinetic study of
the camptothecin analog DX-8951f administered as a 30-minute infusion every 3
weeks in patients with advanced cancer. J Clin Oncol 18:3986–3992.

31. Kamiya Y, Yamamoto N, Yamada Y, et al. 1999 Phase I and pharmacokinetic (PK)
study of DX-8951f, a novel camptothecin analog, given as a 30 minute infusion
daily x 5 days [abstract]. AACR NCI EORTC Mol Targets Cancer Ther Suppl
A:327.

32. Rowinsky EK, Johnson TR, Geyer CE Jr, et al. 2000 DX-8951f , a hexacyclic
camptothecin analog, on a daily-times-five schedule: a phase I and pharmacokinetic
study in patients with advanced solid malignancies. J Clin Oncol 18:3151–3163.

33. Royce ME, Hoff PM, Dumas P, et al. 2001 Phase I and pharmacokinetic study of
exetacan mesylate (DX-8951f): a novel campothecin analog. J Clin Oncol
19:1493–1500.

34. Sharma S, Kemeny N, Schwartz GK, et al. 2001 A phase I study of topoisomerase
I inhibitor exatecan mesylate (DX-8951f) given as weekly 24-hour continuous
infusions three of every four weeks. Clin Cancer Res 7:3963–3970.

35. Braybrooke JP, Boven E, Bates NP, et al. 2003 Phase I and pharmacokinetic study
of the topoisomerase I inhibitor, exatecan mesylate (DX-8951f), using a weekly



340 Rowinsky

30-minute intravenous infusion, in patients with advanced solid malignancies.
Ann Oncol 14;913–921.

36. Garrison MA, Hammond LA, Geyer CE, et al. 2003 A phase I and pharmokinetic
study of the hexacyclic camptothecin analog exatecan mesylate (DX-8951F)
administered as a protracted infusion in patients with advanced solid malignan-
cies. Clin Cancer Res 9:2527–2537.

37. Rowinsky EK, Grochow LB, Sartorius SE, et al. 1996 Phase I and pharmacologic
study of high doses of the topoisomerase I inhibitor topotecan with granulocyte
colony-stimulating factor in patients with solid tumors. J Clin Oncol 14:1224–1235.

38. Rowinsky EK, Kaufman SH, Baker SD, et al. 1996 Sequences of topotecan and
cisplatin: phase I, pharmacologic, and in vitro studies to examine sequence depen-
dence. J Clin Oncol 14:3074–3084.

39. Rowinsky E, Grochow L, Hendricks C, et al. 1992 Phase I and pharmacologic
study of topotecan : a novel topoisomerase I inhibitor. J Clin Oncol 10:647–656.

40. Metzler CM. 1987 Extended least squares (ELS) for pharmacokinetic models. J
Pharm Sci 76:565–571.

41. Yamaoka K, Nakagawa T, Uno T. 1978 Application of Akaike’s information
criterion (AIC) in the evaluation of linear pharmacokinetic equations. J Pharma-
cokinet Biopharm 6:165–175.

42. Lalonde RL. Pharmacodynamics. In: Applied pharmacokinetics: principles of
therapeutic drug monitoring. 3rd ed. Evans WE, Schentag JJ, Jusko WJ, eds.
Applied Therapeutics, Washington, 1992, 4-1–4-33.

43. D’Argenio DZ, Schumitzky A. ADAPT-II users manual. Biomedical Simulation
Resource, University of Southern California, 1997.

44. Collins DG, Forrest A. IT2s user’s guide. State University of New York Buffalo,
1995.

45. Jager RD, Oguma T, Kajimura T, et al. 1999 Comparison of DX8951f clinical and
preclinical toxicokinetics (TK) [abstract]. Proc Am Soc Clin Oncol 18:178A.

46. Kudelka A, Verschraegen CF, Vincent M, et al. 2000 Phase II study of intravenous
DX-8951f in patients (Pts) with advanced ovarian, tubal, or peritoneal cancer
refractory to platinum, taxane, and topotecan [abstract]. Proc Am Soc Clin Oncol
19:392A.

47. Calvert P, Jayson G, Atkinson R, et al. 2000 Phase II clinical and pharmacoki-
netic study of exatecan mesylate (DX-8951f) in patients with advanced ovarian
cancer, refractory to, or relapsed after platinum and taxane [abstract]. Ann Oncol
11(Suppl. 4):84.

48. Royce, M, Saltz L, Rowinsky E, et al. 2003 A phase II study of intravenous
exatecan mesylate (DX-8951f) administered daily for five days every three weeks
to patients with advanced or metastatic adenocarcinoma of the colon or rectum.
Invest. New Drugs. 22:53–61.

49. D’Adamo D, Hammond L, Donehower R, et al. 2001 Final results of a phase II study
of DX-8951f (exatecan mesylate, DX) in advanced pancreatic cancer [abstract] Proc
Am Soc Clin Oncol 37:134a.

50. O’Reilly EM, Hammond L, Sharma S, et al. 2000 A phase II study of exetecan
mesylate (DX-8951f, DX) in advanced pancreatic cancer [abstract]. Proc Am Soc
Clin Oncol 19:299a.

51. Talbot DC, White S, Jones P, et al. 2000 Phase II study of exatecan mesylate (DX-
8951f) in advanced NSCLC [abstract]. Proc Am Soc Clin Oncol 19:549a.



Chapter 14 / Development of Exatecan (DX-8951f) 341

52. O’Reilly EM, Lenzi R, Mani S, et al. 2002 Phase I study of DX-8951f (exatecan
mesylate, DX) and gemcitabine (gem) in advanced solid malignancies [abstract].
Proc Am Soc Clin Oncol 21:99A.

53. Abou-Alfa GL, O’Reilly EM, Rowinsky EK, et al. 2002 Final results of a phase
II study of DX-8951f (DX, exatecan mesylate) in biliary tree cancers. Proc Am Soc
Clin Oncol 21:561.

54. Patt YZ, Rowinsky E, O’Reilly E, et al. 2002 Phase II trial of DX-8951f (exatecan
mesylate) in hepatocellular carcinoma (HCC): a final analysis [abstract]. Proc Am
Soc Clin Oncol 21:139a..

55. Braybrooke JP, Ranson M, Manegold C, et al. 2003 Phase II study of exatecan
mesylate (DX-8951f) as first-line therapy for advanced non-small cell lung cancer.
Lung Cancer 41:215–219.

56. Eteva FJ, Rivera E, Cristofanilli M, et al. 2003 A phase II study of intravenous
exatecan mesylate (DX-8951f) administered daily for 5 days every 3 weeks to
patients with metastatic breast cancer. Cancer 98:900–907.

57. Giles FJ, Cortes JE, Thomas DA, et al. 2002 Phase I and pharmacokinetic study
of DX-8951f (exatecan mesylate), a hexacyclic campothecin, on a daily-time-five
schedule in patients with advanced leukemia. Clin Cancer Res 8:2134–2141.

58. Takimoto CHM, Forero L, Schwartz GH, et al. 2003 A phase I and pharmacoki-
netic study of DE-310 administered as a 3 hour infusion every 4 weeks (wks) to
patients (pts) with advanced solid tumors or lymphomas [abstract]. Proc Am Soc
Clin Oncol 22:130.

59. De Jonge M, Sparreboom, A, De Bruijn P, et al. 2003 Phase I and PK study of DE-
310 (D) given once every 2 or 6 wks (w) in pts with solid tumors [abstract]. Proc
Am Soc Clin Oncol 22:130.

60. Cheverton P, Friess H, Andras C, et al. 2004 Phase III results of exatecan (DX-
8951f) versus gemcitabine (Gem) in chemotherapy-naive patients with advanced
pancreatic cancer (APC). Proc Am Soc Clin Oncol 23:314s.

61. O’Reilly EM, Abou-Alfa GK, Letourneau R, et al. 2004 A randomized phase III trial
of DX-8951f (exatecan mesylate; DX) and gemcitabine (GEM) vs. gemcitabine
alone in advanced pancreatic cancer (APC). Proc Am Soc Clin Oncol 23:315s.



Chapter 15 / Camptothecins in the Treatment of Primary Brain Tumors 343

Camptothecins in Cancer Therapy
Edited by: V. R. Adams and T. G. Burke © Humana Press Inc., Totowa, NJ

343

15 Camptothecins in the
Treatment of Primary Brain
Tumors

Clinton F. Stewart, PharmD,
Markos Leggas, PhD,
and Henry S. Friedman, MD

CONTENTS

INTRODUCTION

CAMPTOTHECIN ANALOGS ARE TOPOISOMERASE

I-INTERACTIVE AGENTS

PRECLINICAL STUDIES OF CAMPTOTHECIN ANALOGS

IN PRIMARY BRAIN TUMORS

CLINICAL TRIALS OF CAMPTOTHECIN ANALOGS

IN PRIMARY BRAIN TUMORS

SUMMARY

REFERENCES

1. INTRODUCTION

The number of new cases of primary malignant brain tumors diagnosed
in 2003 more than double the number of diagnosed cases of Hodgkin’s
disease, approximately 13,100 deaths were estimated to have occurred as a
result of primary cancer of the central nervous system (CNS). Metastases to
the brain from a systemic primary cancer are even more common. One
estimate suggests that more than 100,000 patients per year die with symp-
tomatic intracranial metastases. In addition, if benign cases are considered,
approximately 36,000 brain tumors would have been diagnosed in 2002.
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The age- and sex-adjusted incidence of primary tumors of the CNS is esti-
mated to be approximately 19 per 100,000 persons per year (11.8 per 100,000
for symptomatic tumors and 7.3 per 100,000 for asymptomatic tumors) (1).

In adults, malignant astrocytomas, which include anaplastic astrocytoma
and glioblastoma multiforme, are the most common glial tumors, with an
annual incidence of 3 to 4 per 100,000 population (1). Glioblastomas
account for approximately 80% of all gliomas (2). The peak age at onset
for anaplastic astrocytomas is in the fourth or fifth decade, whereas glioblas-
tomas usually present in the sixth or seventh decade.

The incidence of primary brain tumors is different in children, with astro-
cytoma still the most common type but followed by primitive neuroectoder-
mal tumors (PNET). The astrocytomas may be divided into low grade,
anaplastic, and glioblastoma multiforme, with the latter the most prevalent
astrocytoma diagnosis. The second most common tumors are represented
by the PNET, and medulloblastoma is the most common of this group;
followed third by supratentorial PNET, and the newest category, atypical
teratoid malignant rhabdoid. The remaining categories include ependy-
moma, oligodendroglioma, mixed glioma, and germ cell tumors. The peak
incidence of malignant CNS disease is within the first decade of life, and
thereafter the incidence trends downward.

In adults, the treatments for anaplastic astrocytoma and glioblastoma
multiforme are the same. The initial intervention is gross total excision,
where every effort is made to remove as much tumor as possible, followed
by involved-field radiotherapy. The addition of radiotherapy doses up to of
60 Gy significantly prolongs survival (1). Individual randomized, controlled
studies of chemotherapy in addition to radiation therapy have demonstrated
no significant improvement in median survival; however, meta-analysis of
these data has noted a significant increase in survival. Although a contro-
versy may exist regarding the use of chemotherapy, most agree that admin-
istration of chemotherapy will increase the proportion of long-term
survivors. However, this increase in survival is modest, from less than 5%
to less than 20%, leading some investigators to question the clinical rel-
evance of chemotherapy when considering the permanent side effects asso-
ciated with this treatment modality. Nevertheless, the potential for long-term
survival in a population of these patients exceeds, in our belief, the antici-
pated toxicities, and we favor the use of adjuvant chemotherapy in adults
with newly diagnosed malignant glioma.

Treatment of infants and children with CNS tumors presents a significant
clinical challenge. As with adults, surgery and radiation are the two primary
therapies, but for reasons unique to children, chemotherapy is often used. In
both infants and children, chemotherapy plays a primary role in treatment
because of the toxicities and late effects observed with radiotherapy. As
indicated previously, medulloblastoma is the second most common pediat-
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ric CNS tumor type, and because it often disseminates throughout the
neuraxis, chemotherapy and radiotherapy are the most appropriate therapy.

Despite aggressive therapy, the majority of patients—both adults and
children—with brain tumors have poor prognosis and have brief survival
periods. Thus, the development of new therapies for the treatment of pri-
mary and metastatic tumors of the CNS is needed. This review will focus on
the results of preclinical studies and clinical trials that have evaluated
camptothecin (CPT) analogs in the treatment of CNS tumors.

2. CAMPTOTHECIN ANALOGS ARE TOPOISOMERASE
I-INTERACTIVE AGENTS

The antitumor activity of 20(S)-camptothecin, a naturally occurring alka-
loid that was originally isolated from the Chinese tree Camptotheca acuminata
(Nyssaceae), has been recognized since the 1960s (3,4). Results of clinical
trials conducted in China that showed antitumor activity with CPT were not
replicated in the United States, and, in fact, the US clinical trials were
unfortunately associated with severe and unpredictable toxicities (5–8),
including primarily hemorrhagic cystitis. Figure 1 depicts the pentacyclic
structure of CPT with a -hydroxylactone system in the E-ring, which under-
goes a reversible pH-dependent hydrolysis forming an anionic hydroxy-acid
moiety. The major limitations of the natural alkaloid were its poor solubility
in aqueous media and the rapid hydrolysis of the lactone ring at physiologi-
cal pH.

The development of CPT analogs as clinical agents began in earnest after
it was discovered that CPT exerted its antitumor activity via topoisomerase
I (TOP-I) (9). The approaches to improve on the parent CPT molecule have
been to increase solubility and stabilize the labile lactone ring. Several CPT
derivatives have been developed and evaluated in clinical and preclinical
trials. These agents include 9-nitrocamptothecin (rubitecan) (10–13), 9-
amino-20(S)-camptothecin (9-AC) (14–16), lurtotecan (GI 147211) (17),
9-dimethylaminomethyl-10-hydroxycamptothecin (topo-tecan), and 7-
ethyl-10-(4-[1-piperidino]-1-piperidino)-carbonyloxycampto-thecin
(irinotecan) (seeFig. 1). However, only topotecan (Hycamptin) and irinotecan
(Camptosar) have Food and Drug Administration approval for clinical use.
The former is approved as second-line therapy for ovarian and small-cell
lung cancer, and the latter for secondary or combination therapy for colon
cancer.

CPT analogs are unique in their mode of action because they bind to and
stabilize the normally transient DNA–TOP-I complex during the S-phase of
the cell cycle (18–20). After DNA ligation and unwinding, the drug-stabi-
lized enzyme is unable to perform the religation step, resulting in a DNA
single-strand break. Subsequently, collision of the replication “machinery”
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Fig. 1. As depicted in this figure, camptothecin analogs are pentacyclic struc-
tures, which vary by substitutions on the 7, 9, or 10 positions.
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with this drug-stabilized complex can stall the replication fork and poten-
tially result in the generation of DNA double-strand breaks, which may
signal cells to initiate apoptosis. Consequently, considering CPTs’ cell-
cycle dependence, one can anticipate that their antitumor activity will
depend both on drug concentration and duration of exposure. Results of
preclinical studies show that the antitumor activity of the CPT analogs is
clearly schedule- and systemic exposure–dependent (21–24). This effect is
consistent with the S-phase–specific cytotoxic action of these agents. Our
preclinical xenograft data show that in many tumor models, the dose-
response relationship for these agents is very steep. Below some minimal
daily systemic exposure, virtually all antitumor activity is lost. Therefore,
maximal efficacy requires that the duration of therapy be protracted while
a crucial daily systemic exposure is maintained. In general, the relationship
between systemic exposure and tumor response to the CPT analogs remains
poorly defined for most human cancers. However, we have investigated
these relationships for irinotecan and topotecan in several models of human
pediatric and adult malignancies.

3. PRECLINICAL STUDIES OF CAMPTOTHECIN
ANALOGS IN PRIMARY BRAIN TUMORS

3.1. Topotecan
In preclinical trials, the CPT analogs have shown considerable promise

in the treatment of primary and metastatic CNS tumors, and a number of
studies have addressed their distribution in brain tissue and cerebrospinal
fluid (CSF). Rodent models have been used to determine the distribution of
topotecan in the CNS. The brain extracellular fluid (ECF) distribution of
CPT and topotecan lactone after a single intravenous (iv) bolus injection
was studied in an awake, freely moving rat model using microdialysis tech-
niques (25). The CPT brain ECF to plasma ratio was greater than that for
topotecan, but the topotecan lactone ECF concentrations were greater than
the CPT concentrations. Straathof and colleagues studied the accumulation
of topotecan in brain tumor tissue and adjacent normal tissue in rats bearing
9L glioma (26). After an iv bolus of topotecan, the mean total topotecan
concentration in brain tumor tissue was approximately 20-fold higher than
in normal brain tissue. Moreover, dexamethasone pretreatment did not alter
topotecan uptake into either tumor or normal brain tissue. In a study of
intratumoral infusion of topotecan, Pollina and colleagues showed that
topotecan significantly prolonged the survival of animals implanted with
U87 glioma cells (27). They also showed that after intratumoral
topotecan infusions, cytotoxic topotecan concentrations could be mea-
sured up to 4.5 mm from the site of infusion.
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Blaney and colleagues conducted a study in the nonhuman primate model
of the pharmacokinetic behavior of topotecan in both plasma and CSF to
measure the degree of CSF penetration (28). Three nonhuman primates with
indwelling Ommaya reservoirs received 10 mg/m2 iv topotecan adminis-
tered as a 10-minute infusion. Frequent plasma and CSF samples were
assayed by reverse phase high-performance liquid chromatography (HPLC)
to measure the concentration of topotecan lactone and total. Peak plasma
topotecan concentrations ranged from 0.27 to 0.45 μM, and peak CSF
topotecan concentrations occurred 30 minutes after drug administration,
ranging from 0.044 to 0.074 μM. The mean ratio of the area under the CSF
concentration-time curve to that in plasma was 0.32 (range 0.29–0.37). The
mean CSF penetration of topotecan exceeds 30%, which is significantly
greater than the penetration of most structurally similar chemotherapeutic
agents.

Zamboni and colleagues used a nonhuman primate model to define the
duration of topotecan iv infusion necessary to attain a cytotoxic exposure for
medulloblastoma cells throughout the neuraxis (29). Initially they used
human medulloblastoma cell lines (Daoy, SJ-Med3) to estimate the length
and extent of topotecan systemic exposure associated with inhibition of
tumor cell growth or the exposure duration threshold. Results of the in vitro
studies defined an exposure duration threshold as a topotecan lactone con-
centration of >1 ng/mL for 8 hours (IC99) daily for 5 days. Topotecan sys-
temic and CSF disposition was evaluated in rhesus monkeys that received
topotecan 2.0 mg/m2 as a 30-minute or 4-hour infusion. Plasma and CSF
samples were assayed for topotecan lactone by HPLC, and the CSF expo-
sures were compared with the estimated exposure duration threshold.
Topotecan systemic clearance, penetration into fourth ventricle (%CSF4th),
and lumbar space (%CSFLUM) were similar for the 30-minute and 4-hour
infusion. At a topotecan lactone AUCP of 140 ng/mL/hour, a 4-hour infu-
sion achieved the desired topotecan exposure throughout the neuraxis (lat-
eral and fourth ventricles and lumbar space), whereas a 30-minute infusion
failed to achieve it in the lumbar space. In conclusion, prolonging topotecan
infusion from 30 minutes to 4 hours at a targeted AUCP achieves the expo-
sure duration threshold throughout the neuraxis.

In preclinical trials, the CPT analogs have shown considerable promise
in the treatment of primary and metastatic CNS tumors. However, preclini-
cal studies have shown that the antitumor activity of topotecan is extremely
schedule-dependent. Pawlik and colleagues examined the effect of various
schedules of topotecan exposure in vitro on the production of TOP-I–DNA
complexes. The schedule that maximized complex formation in vitro was
then evaluated in a mouse xenograft assay; the results showed that an effective
intermittent schedule of administration could be identified. However, the
exact schedule may depend on the tumor type and the host sensitivity (30,31).
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3.2. Irinotecan
Blaney and colleagues evaluated the plasma and CSF disposition of the

CPT analogs, irinotecan and its active metabolite SN-38, in a nonhuman
primate model to determine their CSF penetration (32). Irinotecan, 4.8 mg/
kg (96 mg/m2) or 11.6 mg/kg (225 mg/m2), was infused over 30 minutes and
plasma and CSF samples were obtained over 24 hours. Irinotecan and SN-
38 lactone and total were measured by reverse-phase HPLC. For irinotecan,
the AUCCSF:AUCP ratio was 14 ± 3%. CSF SN-38 lactone and carboxylate
could not be measured (< 1.0 nM), thus the AUCCSF:AUCP ratio for SN-38
lactone was estimated to be 8%. Therefore, despite the structural similarity
between topotecan and irinotecan, the CSF penetration of topotecan is sub-
stantially greater than that of irinotecan or SN-38.

Irinotecan was evaluated against a panel of human tumor xenografts
derived from adult (high-grade glioma) and pediatric CNS malignancies
(high-grade gliomas, medulloblastomas, ependymomas) (33). Irinotecan
was administered at 40 mg/kg intraperitoneally (ip) on days 1–5 and 8–12
and produced significant growth delays in all subcutaneous xenografts
evaluated, including those sublines resistant to busulfan, cyclophospha-
mide, procarbazine, and melphalan. After treatment with irinotecan, statis-
tically significant increases in survival were demonstrated in the two
intracranial xenografts: D341 EP (73% increase) and D-456 MG (114%
increase).

Vassal and colleagues conducted a study to evaluate the antitumor activ-
ity of irinotecan in five advanced stage subcutaneous medulloblastoma
xenografts, using different schedules of administration (34). With a 5-day
schedule, the highest iv dose tested (40 mg/kg/day) induced complete
regressions in four of five xenografts. Two xenografts, IGRM11 and
IGRM33, were highly sensitive, and even at the lower dosage (27 mg/kg/
day), animals survived tumor-free beyond 120 days after treatment.
Irinotecan was significantly more active than cyclophosphamide, thiotepa,
and etoposide against the three xenografts evaluated. To study the schedule
dependency of its antitumor activity, CPT-11 was given iv at the same total
doses over the same period (33 days) using either a protracted or a sequential
schedule in IGRM34-bearing mice. With a dose of 10 mg kg/day given on
days 0–4, days 7–11, days 21–25, and days 28–32 (total dose, 200 mg/kg),
three of six animals were tumor-free on day 378. However, the same total
dose given with a sequential schedule failed to induce complete regression.

Friedman and colleagues evaluated the combination of irinotecan and
carmestine (BCNU) in a murine xenograft model of the glioma D-54 MG
(35). Previous studies showed this combination to have synergistic antitu-
mor activity against D-54 MG, but the optimal schedule for the combination
had not been determined. Athymic mice were transplanted with human
glioma xenografts and were treated with two schedules of BCNU and
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irinotecan. The regimen in which BCNU (50 mg/m2 ip on day 1) was admin-
istered 5 hours before irinotecan (30 mg/m2 ip on days 1–5 and 8–12) dem-
onstrated superior anticancer activity to regimens in which a single dose of
BCNU was given after the irinotecan therapy. The investigators also re-
ported that delaying irinotecan for 2 or 4 days after the initial BCNU dose
reduces the activity of the combination. The mechanism of this schedule-
dependent activity of BCNU and irinotecan remains to be elucidated, but it
is hypothesized that O6 adduct of guanine produced by BCNU is required
for enhancement of irinotecan antitumor activity.

The combination of irinotecan with three different alkylating agents—
1,3-bis(2-chloroethyl)-1-nitrosourea, busulfan, and cyclophosphamide—
was evaluated against a panel of human tumor xenografts derived from CNS
malignancies, including adult high-grade gliomas (D-54 MG, D-245 MG)
and a childhood ependymoma (D-612 EP) (36). In replicate experiments,
the alkylating agents were given on day 1 in doses varying from 10% to 75%
of the dose lethal to 10% of the animals, and irinotecan was given on days
1–5 and 8–12 in doses varying from 10% to 100% of the dose lethal to 10%
of the animals. The antitumor effects of the various combinations ranged
from less than additive (irinotecan and cyclophosphamide in D-54 MG) to
statistically significant (p < 0.001) supra-additive effects (18.8 days above
additive with 0.5 CPT-11 + 0.5 1,3-bis(2-chloroethyl)-1-nitrosourea in D-54
MG). These studies show that the combination of the topoisomerase inhibitor
CPT-11 and alkylating agents may increase the antitumor effect and not
increase host toxicity (0/10 deaths in both experiments cited previously).

The activity of temozolomide combined with irinotecan was evaluated
against eight independent xenografts (four neuroblastoma, three rhab-
domyosarcoma, and one glioblastoma) (37). In all studies, temozolomide
was administered orally daily for 5 consecutive days per cycle, because this
was determined to be the optimal administration schedule during prelimi-
nary studies. Irinotecan was administered iv for 5 days for 2 consecutive
weeks per cycle. Treatment cycles were repeated every 21 days for a total
of three cycles over 8 weeks. In combination, temozolomide and irinotecan
induced complete responses in four neuroblastomas, two rhabdomyosarco-
mas, and the glioblastoma line. The activity of the combination was signifi-
cantly greater than the activity of either agent administered alone in four
tumor lines. Of interest, the interaction appeared independent of tumor O6-
Methylguanine-DNA methyltransferase expression or mismatch repair
phenotype, suggesting the mechanism of synergy may be independent of
O6-methylation by temozolomide. Pharmacokinetic studies indicated no
detectable interaction between these two agents. Further, coadministration
of irinotecan appeared to reduce the toxicity of temozolomide in tumor-
bearing mice. However, results of a more recent study by Pommier and
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colleagues have shown that alkylating agents such as N-methyl-N’’-nitro-
N-nitrosoguanidine that covalently link alkyl groups at the 6 position of
guanines in DNA lead to an 8-fold to 10-fold enhancement of Top1 cleavage
complexes (38). Presumably this will render the cell more sensitive to the
effect of a TOP-I–interactive agent, accounting for the enhanced antitumor
activity observed with the combination of temozolomide and irinotecan and
with temozolomide and topotecan.

3.3. Other CPT Analogs
3.3.1. 9-AMINOCAMPTOTHECIN

The plasma and CSF pharmacokinetics of 9-AC were studied in a
nonhuman primate model to determine CSF penetration. 9-AC, 0.2 mg/
kg (4 mg/m2) or 0.5 mg/kg (10 mg/m2), was infused intravenously over 15
minutes (32). Plasma and CSF samples were obtained over 24 hours, and
lactone and total drug forms of 9-AC were measured by reverse-phase
HPLC. 9-AC lactone CSF concentrations peaked 30–45 minutes after the
dose (0.5 mg/kg dose) at 11–21 nM, and the ratio of the areas under the CSF
and plasma concentration-time curves (AUCCSF:AUCP) was only 3.5 ±
2.1%. As with irinotecan and SN-38, 9-AC has much less CSF penetration
than the structurally similar CPT analog topotecan.

3.3.2. KARENITECIN

In a recent study the efficacy of Karenitecin, a novel highly lipophilic
CPT derivative, was evaluated against a panel of human tumor xenografts
derived from adult (high-grade glioma) and pediatric CNS malignancies
(high-grade gliomas, medulloblastomas, ependymomas) (39). Karenitecin
was administered at 1.0 mg/kg via ip injection over 10 consecutive days; at
this dosage, statistically significant growth delays were observed in all
subcutaneous xenografts tested. This also included several sublines that
were resistant to procarbazine and busulfan. Growth delays ranged from
12.1 days to more than 90 days. Karenitecin also had a favorable result in
animals bearing intracranial xenografts, with a statistically significant
increase observed in survival of animals bearing D-341 MED (69% increase)
and D-456 MED (62% increase).

3.3.3. 20(S)-CAMPTOTHECIN

The antitumor activity of 20(S)-camptothecin, a plant alkaloid isolated
from Camptotheca acuminata, has been recognized for more than 20 years.
A recent study reported the use of a microdialysis system coupled to a
microbore HPLC assay to measure the disposition of unbound CPT in brain
ECT after iv injection (40). Within 10 minutes of injection, unbound CPT
could be measured in brain ECF.
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3.3.4. 7-SILYLCAMPTOTHECINS AND HOMOCAMPTOTHECIN

7-Silylcamptothecins, which represent a class referred to as silatecans,
exhibit improved blood stability, potent inhibition of TOP-I, and sufficient
lipophilicity to favor blood–brain barrier penetration (41). Homocampto-
thecin contains an expanded seven-member -hydroxylactone in place of
the six-member -hydroxylactone ring found in CPT (42). Studies have
shown that BN-80927, a novel homocamptothecin, is both a TOP-I- and
TOP-II–interactive agent, and that the -hydroxylactone ring stabilizes the
TOP-I-DNA complexes retaining antitumor activity (43–45).

4. CLINICAL TRIALS OF CAMPTOTHECIN ANALOGS
IN PRIMARY BRAIN TUMORS

4.1. Topotecan
Topotecan has been evaluated in several Phase I studies to determine the

dose-limiting toxicity (DLT) and maximum tolerated dose (MTD) at differ-
ent administration schedules. A recent study evaluated topotecan adminis-
tered as an ambulatory iv infusion for 21 days every 28 days, or after toxicity
resolution, in 15 children with relapsed solid tumors (46). The starting and
maximum tolerated dose was 0.4 mg/m2/day. At the MTD, equal number of
patients (n = 3 each) experienced grade 4 neutropenia and grade 4 throm-
bocytopenia. Nonhematological toxicities were manageable. Objective
responses were observed in two patients with ependymoma: one with
rhabdomyosarcoma, and one with retinoblastoma metastatic to the brain.

In children with primary CNS tumors, we conducted a study of topotecan
CSF disposition to describe the CSF penetration of topotecan lactone and
hydroxy acid, to describe the effect of infusion length on CSF penetration,
and to compare topotecan penetration into ventricular CSF and lumbar space
(47). Simultaneous plasma and CSF pharmacokinetic studies were per-
formed on 24 patients enrolled in phase I or phase II trials of topotecan. The
drug was administered as either a 30-minute infusion or a 24- or 72-hour
continuous infusion. Serial plasma samples were collected and at selected
times CSF samples were obtained from either a ventricular reservoir in
patients with a ventricular-peritoneal shunt or from a lumbar puncture.
Plasma and CSF samples were assayed for topotecan lactone and hydroxy
acid by HPLC as described previously (48,49). A three-compartment model
was fit simultaneously to topotecan lactone and hydroxy-acid concentra-
tions in the plasma and CSF. The AUC was numerically calculated from the
final estimated parameters, and topotecan CSF penetration was defined as
the CSF to plasma AUC ratio. In a small group of patients receiving
topotecan by a 24-hour continuous infusion, the average CSF penetration
was 44 ± 15% for topotecan lactone. We then compared the CSF penetration
of topotecan lactone among three groups of children receiving topotecan by
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various length infusion (i.e., 30 minutes or 24 or 72 hours). The average CSF
penetration was similar among the three groups (approximately 40%), and
although slightly greater in the 72-hour group (approximately 58%) the
difference was not statistically significant because of wide interpatient
variability (Fig. 2). In a small number of patients, we were able to obtain
simultaneous ventricular and lumbar CSF samples, and we found that
topotecan CSF penetration in the lumbar space was approximately half that
of the ventricular CSF, or approximately 20%.

Another recent phase I clinical trial in 40 children with refractory solid
tumors was conducted to determine the MTD and DLT for topotecan admin-
istered by a 30-minute infusion for 5 consecutive days (50). Among these
patients, 9 were diagnosed with neuroblastoma and 10 with brain tumors.
The starting and maximum tolerated dose was 1.4 mg/m2/day. The DLT was
thrombocytopenia and neutropenia. Grade 4 hematopoietic toxicity of brief
duration was seen at all dose levels. Antitumor responses were seen in three
patients with neuroblastoma and stable disease with continued therapy (>6
months) was seen in four patients, including one patient with anaplastic
astrocytoma.

A phase I clinical trial was conducted of escalating topotecan dosages in
association with a fixed systemic exposure of carboplatin with or without
filgrastim in children (51). Two separate cohorts of patients with solid tumors
were studied: (1) patients with refractory or recurrent disease and (2) patients
with no prior myelosuppressive therapy or newly diagnosed tumors for

Fig. 2. CSF penetration of topotecan lactone was similar among three groups of
children receiving topotecan by various length infusions (i.e., 30 minutess or 24
or 72 hours).
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which there was no standard chemotherapy. Carboplatin was given on day
1 at an AUC of 6.5, followed by topotecan as a 72-hour continuous infusion;
the starting topotecan dosage was 0.50 mg/m2/day, and cycles were re-
peated every 21 days. Filgrastim was given at a dose of 5 μg/kg/day starting
on day 4. Forty-eight of 51 patients were assessable for toxicity. In group 1,
dose-limiting myelosuppression persisted despite de-escalation of topotecan
to 0.3 mg/m2/day and use of filgrastim. In group 2, the maximum-tolerated
topotecan dosage was 0.5 mg/m2/day for 3 days, and 0.6 mg/m2/day for 3
days with filgrastim. No significant nonhematologic toxicities were ob-
served. Among 46 patients assessable for response, 1 had complete response
and 5 had a partial response, including 1 patient with an ependymoma and
1 patient with a PNET. Stable disease was observed in 18 patients, with 5
astrocytomas (range 1–195 days), 1 GBM (77+ days), 3 ependymomas (range
16–167 days), and 1 paraganglioma (113+ days). Although this combina-
tion possesses antineoplastic activity in pediatric solid tumors, hematologic
toxicity precluded any meaningful dosage escalation, and filgrastim addi-
tion did not alter this. The potential for preservation of activity and diminu-
tion of toxicity with alternative sequences and schedules of administration
(topoisomerase followed by alkylating or platinating agents) should be
evaluated.

Kushner and colleagues studied a novel myeloablative regimen that
consisted of topotecan, thiotepa, and carboplatin in 21 patients with poor-
prognosis tumors (52). The topotecan dosage was 2 mg/m2 given iv on
days –8, –7, –6, –5, –4; thiotepa 300 mg/m2 by 3-hour iv infusion on days
–8, –7, and –6; and carboplatin by 4-hour iv infusion on days –5, –4, and
–3 targeted to an AUC of 7 mg/mL/minute (approximately 500 mg/m2/
day). Stem cell rescue was on day 0. Complete remissions were observed in
18 patients, and early toxicities included severe mucositis and erythema in
all patients. Toxicities observed included a seizure, hypertension, and renal
insufficiency followed by veno-occlusive disease. Posttransplant therapy
included radiotherapy alone (n = 4) or biological agents for a subset of other
patients. Event-free survivors include four of five patients with primary
brain tumors (second partial recovery or complete recovery). These inves-
tigators suggest that this regimen results in favorable disease control with
manageable toxicity.

Topotecan has been evaluated in numerous tumor types in phase II stud-
ies using different schedules as a single agent and in combination therapy.
In a phase II clinical trial of 63 adult patients with malignant glioma, 25 were
newly diagnosed and 38 had recurrent disease (53). Topotecan was admin-
istered as a 2.6 mg/m2 continuous infusion over 72 hours weekly. Toxicity
was limited to infrequent grade 3 myelosuppression, with 17 of 38 patients
requiring a dose reduction secondary to grade 3 thrombocytopenia. No other
nonhematological toxicities were reported. In newly diagnosed patients,
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partial responses were noted in 2 of 14 evaluable patients with glioblastoma
multiforme and in 1 of 8 evaluable patients with anaplastic astrocytoma.
Three of 10 evaluable patients with recurrent anaplastic astrocytoma had a
partial response. The authors noted that topotecan given in this schedule and
dosage has modest activity, but they also noted that frequent use of
anticonvulsants in their patients raises the possibility of subtherapeutic
topotecan systemic exposure. This is based on a study by Zamboni and
colleagues that showed the concomitant administration of phenytoin with
topotecan increased the topotecan lactone clearance by approximately 45%
(54). Concomitant phenytoin also increased the plasma AUC of N-desmethyl
topotecan approximately twofold. The other concern raised by Friedman
and colleagues was that the schedule that was used (i.e., 72-hour infusion)
may have been suboptimal, because preclinical studies have indicated that
protracted exposure to the TOP-I-interactive agents is associated with
greater antitumor effect.

The NCIC Clinical Trial Group conducted a phase II clinical trial of
topotecan in patients with malignant glioma (55). Adults with malignant
glioma and recurrent contrast enhancing measurable disease were eligible.
Topotecan 1.5 mg/m2 iv was given daily for 5 days every 3 weeks. Response
and toxic effects were assessed at the end of each cycle. Thirty-one patients
were entered onto the study: 15 had glioblastoma, 16 had anaplastic astro-
cytoma, all had prior radiation, 15 had prior chemotherapy, and all were
assessable for response and toxicity. Two patients (6%) responded: one had
a complete radiographic response, but died with neutropenic sepsis, and the
second had a prolonged partial response (>97 weeks). Twenty-one patients
(68%) had stable disease for 5 to 86 + weeks (median 19) and eight (26%)
had progressive disease after one cycle. Toxicity was primarily hemato-
logic; 18 (58%) had grade 4 neutropenia (<0.5 × 109/1), usually brief, and
three (10%) grade 4 thrombocytopenia (<25,000/1). Twelve of 109 cycles
(11%) were given at reduced dose. Topotecan in this dose and schedule has
only modest activity in recurrent glioblastoma and anaplastic astrocytoma.

A recent phase II clinical trial of topotecan was conducted in 33 patients
who developed evidence of progressive glioma after definitive radiation
therapy (56). Patients were treated with topotecan 1.5 mg/m2 iv daily for 5
consecutive days repeated every 3 weeks or with 1.25 mg/m2 if they had
previously received nitrosourea-containing chemotherapy. However, the
study showed that topotecan was not effective at this dose and schedule in
patients with recurrent glioma. Hematological toxicities were observed in
16 patients. Grade 4 leukopenia in seven patients and grades 3 and 4 throm-
bocytopenia in nine patients. Two of the patients experiencing leukopenia
did not survive infection-related complications. The majority of the patients
experiencing toxicities were not on anticonvulsants (14 of 16). Only one
patient experienced a partial response and the median survival time was
approximately 20 weeks.
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Nitschke and colleagues conducted a phase II clinical trial of a daily × 5
regimen of topotecan in 144 children with recurrent and progressive solid
tumors (57). Topotecan 2 mg/m2/day was administered iv over 30 minutes
for 5 days every 3 weeks. Three patients had complete responses (neuroblas-
toma n = 2; PNET), 2 patients had partial responses (Ewing’s sarcoma;
retinoblastoma), and 24 patients had minor responses or stable disease. The
striking observation about the patients with stable disease was the duration
of the resolution of the symptoms (median time on study for patients with
stable disease was 8.5 months). Myelosuppression was the most prominent
toxicity; however, only one patient died (on day 15 after the first course of
therapy from sepsis). Nonhematological toxicities were mild and consisted
primarily of nausea, vomiting, and rash.

In another phase II clinical trial, topotecan was administered as a 72-hour
continuous infusion to 85 children with recurrent or refractory solid tumors
(58). Treatment was started at 1.0 mg/m2/day and was escalated to 1.3 mg/
m2/day on subsequent cycles if the patient did not experience any dose-
limiting toxicities on the first cycle. One patient with neuroblastoma had a
complete response and one patient in the Ewing’s sarcoma/PNET stratum
had a partial response. Myelosuppression was the primary toxicity, and the
primary nonhematological toxicity was mild nausea and vomiting. Despite
the poor response rate the investigators suggested that, based on results of
preclinical studies, consideration should be given to evaluating more pro-
longed schedules of topotecan administration in pediatric patients.

A phase II clinical trial of topotecan administered as a 24-hour infusion
was performed to assess the activity of topotecan against childhood brain
tumors (59). Forty-five children with either a previously treated primary
brain tumor that was refractory to standard therapy or an untreated brain
stem glioma or glioblastoma multiforme received topotecan administered
as a 24-hour iv infusion every 21 days. The initial dose was 5.5 mg/m2 with
escalation to 7.5 mg/m2 on the second and subsequent doses in patients who
did not experience dose-limiting toxicity. No complete or partial responses
were observed in the patients with high-grade glioma (n = 9), medulloblas-
toma (n = 9), or brain stem glioma (n = 14). One of two patients with a low-
grade glioma had a partial response lasting more than 17 months, three
patients with a brain stem glioma had stable disease for 12 to 28 weeks, and
one patient with a malignant neuroepithelial tumor and 1 patient with an
optic glioma had stable disease for 41 weeks and 22 weeks, respectively.
Dose escalation from 5.5 mg/m2 to 7.5 mg/m2 was well tolerated in the first
11 patients enrolled in this study who had not received prior craniospinal
radiation therapy. The starting dose was subsequently increased to 7.5 mg/
m2 for patients without prior craniospinal radiation. Topotecan adminis-
tered as a 24-hour infusion every 21 days is inactive in high-grade gliomas,
medulloblastomas, and brain stem tumors.



Chapter 15 / Camptothecins in the Treatment of Primary Brain Tumors 357

A phase II clinical trial of topotecan given as a 72-hour continuous infu-
sion in 88 children with recurrent or progressive CNS tumors was recently
reported (60). Treatment was begun at 1.0 mg/m2/day and was escalated to
1.25 mg/m2/day after the first six patients tolerated the initial dosage with
minimal toxicities. No complete or partial responses were noted in these
patients. The investigators expressed concern that topotecan efficacy might
have been compromised by allowing patients to receive concomitant anti-
convulsant therapy; however, a majority of patients (51/88) had one or more
episodes of grade 3 or 4 neutropenia, suggesting that these patients received,
at least, moderate dose intensity.

Topotecan has been evaluated in a phase II clinical trial in children with
newly diagnosed high-risk medulloblastoma (61). The hypothesis of the
clinical trial was that pharmacokinetically guided topotecan dosing would
attain a desired plasma AUC, yielding an appropriate CSF exposure as
defined by preclinical models (30). The objective of the study was to assess
the antitumor efficacy of pharmacokinetically guided topotecan dosing in
previously untreated patients with medulloblastoma and supratentorial
PNETs. After maximal surgical resection, 44 children with high-risk
medulloblastoma were enrolled, of which 36 were able to be evaluated for
response. The topotecan window consisted of two cycles, administered
initially as a 30-minute infusion daily × 5 days lasting 6 weeks. Pharmaco-
kinetic studies were conducted on day 1 to attain a topotecan lactone AUC
of 120–160 ng/mL/hour. After 10 patients were enrolled, the infusion
was modified to 4 hours, but the dosage was still individualized. Of 36
patients able to be evaluated, 4 (11.1%) had a complete and 6 (16.6%)
showed a partial response, and disease was stable in 17 patients (47.2%).
Toxicity was mostly hematological with only one patient having treatment
delay. The desired CSF topotecan exposure was achieved in seven of eight
pharmacokinetic studies when the topotecan plasma AUC was within the
target range. Topotecan, when pharmacokinetically guided to attain a target
systemic exposure of 120–160 ng/mL/hr, is an effective agent against
pediatric medulloblastoma in patients who have received no therapy other
than surgery.

A phase I clinical trial was conducted by the Radiation Therapy Oncol-
ogy Group to determine the maximum tolerated topotecan dosage that could
be safely combined with standard cranial radiation for glioblastoma
multiforme (62). A secondary objective was to document the acute and late
toxicities of this combination of chemotherapy and radiation. Forty-seven
patients with histologically confirmed glioblastoma multiforme were entered
into this phase I trial. Three cycles of topotecan were administered at 21-day
intervals commencing at day 1 of cranial radiotherapy (60 Gy/30 fractions).
Each cycle consisted of daily 30-minute iv infusions for 5 days. The
topotecan dosage was escalated in three-dose increments from 0.5 mg/m2/
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day to 1.0 mg/m2/day to 1.5 mg/m2/day in different patient groups. The
majority of patients were older than age 50. Three dose levels of topotecan
were tested. Fifteen patients accrued to level 1 (topotecan dose 0.5 mg/m2/
day). No grade 4 toxicities were seen. Sixteen patients accrued to level 2
(topotecan dose 1.0 mg/m2/day), five of whom had brief episodes of grade
4 neutropenia. Seventeen patients accrued to level 3 (1.5 mg/m2/day). Six
of these patients had brief episodes of grade 4 neutropenia and four devel-
oped grade 3 thrombocytopenia. No serious nonhematologic or late toxici-
ties were seen. Median survival for all patients was 9.7 months. No apparent
difference was noted in survival based on topotecan dose schedule. Toxicity
was acceptable at an iv topotecan dose of 1.5 mg/m2/day administered daily
for 5 days every 21 days for three cycles. A phase II trial has been performed
using this dose of topotecan.

In another study of topotecan added to radiation therapy, the change in
quality of life and toxicity profiles was studied in a multicenter trial in patients
that had histologically proven glioblastoma multiforme (63). Including the
pilot phase, 60 patients (41 male and 19 female; age range 26–76 years) were
treated. Conventional fractionated conformal radiotherapy was performed
with daily doses of 2.0 Gy to a total dose of 60 Gy. Topotecan (0.5 mg
absolute dose) was administered intravenously 1 hour before irradiation for
30 doses or a cumulative dose of 15 mg. In addition to hematological and
nonhematological toxicity, quality of life was assessed by the Karnofsky
and Spitzer indices. Additionally, local control and survival time were
recorded. Fifty-seven patients completed the combined therapy. Median
administered dose of radiation was 60 Gy (16–76 Gy). Median cumulative
topotecan dose was 15 mg (7.5–18.5 mg). Grade 3 toxicity was found in six
cases (two hematological, two motoric disorder, one infection, one nausea)
and grade 4 toxicity in three cases (one esophagitis, one motoric disorder,
one mental disorder). Two patients died of septic disease most likely caused
by steroid-induced immunosuppression. Mean Karnofsky index and Spitzer
index initially, at the end of therapy, and 6 weeks after therapy showed
values of 87%, 81%, and 80% and 19 points, 18 points, and 19 points,
respectively. Median survival time was 15 months. This multimodal approach
for patients with glioblastoma multiforme is well tolerated. Quality of life
remains preserved and outpatient treatment is possible. The relatively long
median survival time even for patients bearing macroscopic tumors is
promising.

The Children’s Cancer Study Group conducted a phase I clinical trial of
daily topotecan administered as a 30-minute infusion along with fraction-
ated radiotherapy for children with intrinsic pontine gliomas (64). All
patients received 50.4 Gy to the initial tumor volume with a 1.5 cm margin
followed by a 9-Gy boost to the tumor volume plus a 1-cm margin. External
beam radiotherapy was administered in a 1.8 Gy/fraction; patients were
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treated daily, 5 days per week. Topotecan was administered on the days of
planned radiotherapy and was completed 30–60 minutes before initiation of
radiotherapy. The starting topotecan dosage was 0.3 mg/m2/day, and was
escalated in standard fashion. Seventeen children were enrolled on this
study; 16 completed protocol treatment (10 male and 6 female; age range
<1–14 years). The DLT was hematological (neutropenia) and occurred at a
topotecan dosage of 0.5 mg/m2/day. No significant nonhematological tox-
icities were observed. The actuarial median survival time is 15 months (95%
confidence interval [CI], 9.6–19 months) and the 1-year survival is 53%.
The recommended safe MTD for daily topotecan for further Phase II studies
is 0.4 mg/m2 for 33 days, or a total dosage of 13.2 mg/m2.

In a recently published study, 32 children with recurrent high-grade
glioma received injectable formulation of topotecan administered orally
once daily at a starting dosage of 0.4 mg/m2 (64a). In 19 evaluable patients,
the maximum tolerated dosage was 0.9 mg/m2/day, and the dose-limiting
was hematological. Objective responses were observed in 2 of 13 evaluable
patients that lasted for 2.5 and 9 months, respectively.

4.2. Irinotecan
Based on the highly promising preclinical activity of irinotecan in the

xenograft model, several schedules and dosages of irinotecan have been
evaluated in patients with primary CNS tumors. Friedman and colleagues
conducted a phase II study of irinotecan in adults with recurrent or progres-
sive malignant glioma to determine the antitumor activity, toxicity profile,
and pharmacokinetics (65). Patients with progressive or recurrent malig-
nant gliomas were enrolled into this study and given irinotecan as a 90-
minute iv infusion at a dose of 125 mg/m2 once weekly for 4 weeks followed
by a 2-week rest, which was considered one course. Plasma concentrations
of irinotecan and its metabolites, SN-38 and SN-38 glucuronide, were
determined in a subset of patients. All 60 patients who enrolled (36 males,
24 females) were treated with irinotecan and were evaluated for toxicity,
response, and survival. Nine patients (15%; 95% CI, 6–24%) had a con-
firmed partial response, and 33 patients (55%) achieved stable disease last-
ing more than two courses (12 weeks). Toxicity observed during the study
was limited to infrequent neutropenia, nausea, vomiting, and diarrhea.
Pharmacokinetic data were available in 32 patients. Irinotecan, SN-38, and
SN-38 glucuronide area under the plasma concentration-time curves through
infinite time values in these patients were approximately 40%, 25%, and
25%, respectively, of those determined previously in patients with meta-
static colorectal cancer not receiving enzyme-inducing anticonvulsants or
chronic dexamethasone treatment. Response results document that irinotecan,
given with a standard starting dosage and treatment schedule, has activity
in patients with recurrent malignant glioma. However, the low incidence of
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severe toxicity and low systemic exposure of irinotecan and SN-38 achieved
in this patient population suggest that concurrent treatment with anticon-
vulsants and dexamethasone enhances drug clearance.

The safety, tolerability, and efficacy of irinotecan given once every 3 weeks
have been evaluated in the treatment of adults with malignant glioma (66).
These patients received irinotecan as a 90-minute iv infusion at a dose of 300
mg/m2 once per week every 3 weeks. If after two courses the patient did not
have grade 3/4 toxicity, the irinotecan dosage could be increased to 350 mg/
m2. Dose adjustments were made for toxicities. Fourteen patients were
enrolled (11 males, 3 females) and were assessable for survival, response,
and toxicity. The majority of patients (86%) had prior surgery. Two patients
had a confirmed partial response and two patients (14%) had stable disease.
Median survival was 24 weeks, and median time to tumor progression was
6 weeks. The primary hematological toxicity was grade 3/4 neutropenia,
which was observed in 14% of patients. Infrequent grade 3/4 nonhemato-
logical toxicity was observed, possibly because of the concomitant use of
enzyme-inducing anticonvulsants, which have been shown to alter
irinotecan and SN-38 disposition by other investigators (67). These inves-
tigators suggest that irinotecan has activity against recurrent malignant
glioma using a dosing regimen of 300 mg/m2 every 3 weeks, with limited
toxicity.

In a phase I study, the MTDs and DLTs of a short course (daily × 5) of
iv irinotecan was evaluated in children with refractory solid tumors (68).
Thirty-five children received 146 courses of irinotecan daily for 5 days
every 21 days, in dosages ranging from 30 to 65 mg/m2/day. Myelosup-
pression was the primary DLT in heavily pretreated patients (i.e., two prior
chemotherapy regimens, no prior bone marrow transplantation, and no
radiation to the spine, skull, ribs, or pelvic bones), and diarrhea was the
DLT in less-heavily pretreated patients. The MTD in the heavily pretreated
patient group was 39 mg/m2, and the MTD in the less-heavily pretreated
patients was 50 mg/m2. A partial response was observed in one patient with
neuroblastoma and in one patient with hepatocellular carcinoma. Stable
disease (4–20 cycles) was observed in seven patients with a variety of
malignancies including neuroblastoma, pineoblastoma, glioblastoma,
brainstem glioma, osteosarcoma, hepatoblastoma, and a CNS rhabdoid
tumor.

A phase II study of irinotecan (CPT-11) was conducted in children with
high-risk malignant brain tumors (69). A total of 22 children were enrolled
in this study, including 13 with histologically verified recurrent malignant
brain tumors (4 with glioblastoma multiforme [GBM], 1 anaplastic astrocy-
toma, 5 ependymoma, 3and medulloblastoma/PNET), 5 with recurrent dif-
fuse pontine glioma, and 4 with newly diagnosed GBM. All patients with
recurrent tumor had prior chemotherapy or irradiation. Each course of
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irinotecan consisted of 125 mg/m2 per week given iv for 4 weeks followed
by a 2-week rest period. Patients with recurrent tumors received therapy
until disease progression or unacceptable toxicity. Patients with newly
diagnosed tumors initially received three cycles of treatment to assess
tumor response and then were allowed radiotherapy at physician’s choice;
patients who demonstrated a response to irinotecan before radiotherapy
were allowed to continue the drug after radiation until disease progression
or unacceptable toxicity. A 25–50% dose reduction was made for grade 3–
4 toxicity. Responses were assessed after every course by gadolinium-
enhanced magnetic resonance image of the brain and spine. Twenty-two
patients received a median of two courses of CPT-11 (range 1–16). Responses
were seen in four of nine patients with GBM or anaplastic astrocytoma (44%;
95% CI, 11–82%) (complete response in two patients with recurrent GBM
lasting 9 months and 48+ months; partial response in one patient with a
newly diagnosed midbrain GBM lasting 18 months before radiotherapy;
and partial response lasting 11 months in one patient with recurrent anaplas-
tic astrocytoma), one of five patients with recurrent ependymoma (partial
response initially followed by stable disease lasting 11 months), and zero of
five patients with recurrent diffuse pontine glioma. Two of three patients
with medulloblastoma/PNET had stable disease for 9 and 13 months. Tox-
icity was mainly myelosuppression, with 12 of 22 patients (50%) suffering
grade 3/4 neutropenia. Seven patients required dose reduction secondary to
neutropenia. CPT-11, given in this schedule, appears to be active in children
with malignant glioma, medulloblastoma, and ependymoma with accept-
able toxicity. Ongoing studies will demonstrate if activity of CPT-11 can be
enhanced when combined with alkylating agents, including carmustine and
temozolomide.

In a multicenter phase II clinical trial, the antitumor efficacy of irinotecan
was evaluated in chemotherapy-naive patients either before (Group A) or
after (Group B) relapse following radiation therapy (70). Fifty-two patients
(25 in Group A and 27 in Group B) received a total of 191 cycles of irinotecan
(350 mg/m2 as a 90-minute infusion every 3 weeks). To minimize the poten-
tial for an interaction with enzyme-inducing anticonvulsant drugs, patients
were recommended to use valproic acid or carbamazepine for 2 weeks
before irinotecan. Of the 52 patients, 46 (22 in Group A and 24 in Group B)
able to be evaluated for response, and of these one partial response (Group
B), 7 minor responses (3 in Group A and 4 in Group B), and 12 patients with
stable disease (7 in Group A and 5 in Group B) were noted. The median time
to progression for Group A was 9 weeks compared with 14.4 weeks for
Group B. The 6-month progression-free survival rates were 26% and 43%
for Groups A and B, respectively. The primary toxicity was myelosuppres-
sion (neutropenia) occurring in 12.5% and 25.9% of the patients in Groups
A and B, respectively. Grade 3/4 diarrhea occurred in less than 10% of the
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patients in either group. The investigators performed pharmacokinetic stud-
ies but because of limited numbers were unable to establish any statistical
relation between SN-38 systemic exposure and outcome (e.g., toxicity,
efficacy). Although they did note that the irinotecan clearance was lower
in the two patients not receiving anticonvulsants than in patients receiving
either valproic acid or enzyme-inducing anticonvulsants, the observation
only confirms the earlier observations of Crews and colleagues (67).

4.3. Other Camptothecin Analogs
In a phase II study, the antitumor activity of 9-AC was evaluated in a

group of adults with high-grade astrocytomas (71). 9-AC was administered
as a 72-hour continuous infusion every 2 weeks to a total of 99 adults, 51
with newly diagnosed glioblastoma multiforme (before radiation therapy)
and 48 patients with high-grade astrocytomas treated at time of tumor recur-
rence. The initial 9-AC dosage was 850 μg/m2/day, but because of concomi-
tant therapy with enzyme-inducing anticonvulsants, the dosage was escalated
to a new MTD of 1776 μg/m2/day for previously untreated patients and 1611
μg/m2/day for previously treated patients. In the 38 assessable patients
treated at the MTD, the overall response was 0 of 38. Furthermore, only one
partial response was observed in the group of patients that received dosages
less than the MTD, yielding an overall response rate of 2%. These data
suggest that 9-AC lacks substantial antitumor activity in patients with newly
diagnosed or recurrent high-grade astrocytoma.

5. SUMMARY

Treatment of patients with CNS tumors represents a significant clinical
challenge because of the limited efficacy of traditional therapies and the
potentially negative impact of available modalities. One factor that contrib-
utes to the ineffectiveness of current therapies is the unique physiology of
the blood–brain barrier and the blood–CSF barrier that tightly regulates the
transport of ions, nutrients, peptides, and drugs across these barriers and into
the brain. The physiological regulation of these barriers and the specificity
for controlling drug transport is not well understood. This likely contributes
to the limited number of therapeutic agents that are effective in treating brain
tumors. The CPT analogs topotecan and irinotecan are both used to treat
patients with malignant brain tumors, but the distribution of these drugs into
the brain is widely different. It was previously believed that drug distribu-
tion profiles in the CSF were controlled by passive diffusion and by physi-
cochemical properties, but the discovery of P-glycoprotein (P-gp) and other
ATP-binding cassette transport proteins in the brain has challenged that
view. Thus it is highly likely that we have obtained the maximum therapeu-
tic benefit from the CPTs using this empirical approach. Perhaps the only
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way to recognize the full antitumor potential promised from in vitro studies
is to develop a more complete understanding of the regulation of the blood–
brain barrier and the blood–CSF barrier and how CPT analogs are controlled
with the CNS. Armed with this knowledge, the clinician could select the
appropriate CPT, route, and dosage for the particular CNS malignancy to
maximize the likelihood of an antitumor response.
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1. INTRODUCTION

Since 1987 lung cancer has been the leading cause of cancer death in both
men and women. In 2003 an estimated 171,900 new cases of lung cancer
were diagnosed in the United States, and an estimated 157,200 deaths
occurred from the disease. The incidence rate of lung cancer is declining
in men, from a high of 102.1 per 100,000 in 1984 to 81.1 per 100,000 in
1999. In the late 1990s the incidence of lung cancer seen in women, which
had been steadily rising, leveled off to the current incidence rate of 52.4 per
100,000. Overall, the 1-year survival rates for lung cancer have increased
from 34% in 1975 to 42% in 1998, mainly because of improvements in
surgical techniques. However, the 5-year relative survival rate for all stages
is only 15% (1).
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Approximately 80% of lung cancer patients have non-small-cell lung
cancer (NSCLC); small-cell lung cancer (SCLC) accounts for the remaining
20%. Most of the patients with NSCLC have advanced disease at onset, with
35% presenting with TNM stage III and 40% with stage IV disease. Unfor-
tunately, less than 20% of these patients are candidates for curative surgery.
Patients with unresectable disease have an extremely poor survival, with an
average 5-year survival rate of less than 5%.

For SCLC a much simpler staging system is used, consisting of limited-
stage disease (LD-SCLC) and extensive stage disease (ED-SCLC). Limited
stage is defined as disease confined to one hemithorax that can be included
in a single radiation field; patients with disease extending beyond one radia-
tion portal are considered to have ED (approximately 60–70% of all SCLC
cases). Patients with ED-SCLC are treated with systemic chemotherapy;
those with LD-SCLC are treated with a combination of chemotherapy and
radiation therapy. The median survival with the current chemotherapeutic
regimens in extensive disease is only 7 to 12 months despite an overall
response rate (ORR) of 60–80%. The dismal statistics are highlighted by the
fact that more than 90% of patients with ED-SCLC will not survive beyond
2 years. The outcome is somewhat better in LD-SCLC, with a response rate
of approximately 80–90% and a median survival of 12 to 16 months (2).
However, over the past 20 years, no major advances have been made in the
treatment of SCLC (3). Given such poor statistics, there is a pressing need
to develop better systemic treatments for lung cancer.

Camptothecins, a new class of chemotherapeutic agents that act by inhib-
iting the topoisomerase I (Topo-I) enzyme, have shown activity in many
cancers, including NSCLC and SCLC. In particular, two drugs from this
class of agents, topotecan (Hycamtin, GlaxoSmithKline) and irinotecan
(CPT-11; Camptosar, Pfizer) have been studied extensively and have shown
promising results. Topotecan and irinotecan are the two camptothecins being
used in the treatment of lung cancer in clinical practice, though several more
agents are being evaluated in clinical and preclinical studies. Because of the
current clinical utility of topotecan and irinotecan, in this chapter, we will
address the use of these two agents in the treatment of lung cancer.

2. TOPOTECAN IN SMALL-CELL LUNG CANCER

Topotecan is approved by Food and Drug Administration (FDA) for use
in patients with SCLC-sensitive disease after failure of first-line chemo-
therapy. Sensitive disease was defined as disease responding to chemo-
therapy but thereafter progressing at least 60 days (in the phase III study) or
at least 90 days (in the phase II studies) after chemotherapy. The recom-
mended dose of topotecan is 1.5 mg/m2 by intravenous (iv) infusion over 30
minutes daily for 5 consecutive days, starting on day 1 of a 21-day course
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(4). In the absence of tumor progression, a minimum of four cycles are
recommended. It is also being studied as a first-line agent in SCLC. Several
studies have been conducted in patients with SCLC using topotecan as a
second-line therapy, both as a single agent and in combination with other
drugs.

2.1. Topotecan as a Single Agent in the Second-Line
Treatment of SCLC

Several studies have been performed to look at the efficacy of topotecan
as a single agent in SCLC (Table 1). We have reviewed a few of these
studies. The dose of topotecan in the majority of studies is 1.5 mg/m2/day
for 5 days every 3 weeks.

A study published by Perez-Soler et al. tested the efficacy of topotecan
as a single agent in patients refractory to etoposide (defined as a lack of
response or relapse within 3 months of last dose of etoposide and cisplatin).
Topotecan was given at 1.25 mg/m2/day during 30-minute infusions for 5
days every 21 days. Of 28 patients enrolled, partial responses (PRs) were
observed in 11% (durable for 7, 8, and 19 weeks), minor response (MR) in
7%, stable disease (SD) in 17%, and progressive disease (PD) in 65%. The
overall survival duration was 20 weeks. Grade 3/4 granulocytopenia and
thrombocytopenia occurred in 70% and 31% of cycles, respectively. The
study demonstrated that topotecan has modest activity against refractory
SCLC, with myelosuppression being a common limiting toxicity. Notably,
topotecan produced a response in these patients despite a prior exposure to
etoposide; hence, the authors concluded that resistance to etoposide (a Topo-
II inhibitor) does not confer resistance to topotecan (5).

In a similar work, Depierre et al. studied patients with relapsed SCLC.
This trial included refractory (progressed in <3 months of stopping treat-
ment, n = 48) and sensitive (progressed >3 months after treatment, n = 71).
Topotecan was given at 1.5 mg/m2/day for 5 days over 30 minutes every 3
weeks. Ninety-eight patients were able to be evaluated. A response was seen
in eight (8.1%) sensitive patients and one (1%) refractory patient. The
median overall survival was 21.6 weeks (sensitive 25.7 weeks; refractory
16.3 weeks). Grade 3/4 neutropenia was seen in 88.7 and 69.6%, respec-
tively. Nine patients in this study had central nervous system disease and
there were four PR, three SD, and one CR (with radiation therapy) in this
subgroup. Thus this study also reiterated that topotecan has modest activity
in the relapsed patients with SCLC (6).

Ardizzoni et al. performed a trial in patients with relapsed SCLC, includ-
ing both refractory (relapsed in less than 3 months of chemotherapy) and
sensitive patients (relapsed after 3 months of chemotherapy). Topotecan
was given at the same dose as in the previous study, 1.5 mg/m2/day for 5 days
over 30 minutes every 3 weeks. Of the 92 patients enrolled, 47 were in the
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refractory arm and 45 in the sensitive arm. There were two PRs and one
complete response (CR) reported in the refractory group, with an ORR of
6.4%. In this group, the median survival was 4.7 months versus 6.9 months
in the sensitive group (p = 0.002). In the sensitive group there were 7 CRs
and 13 PRs, with the regimen showing an ORR of 21.7%. The median
survival of the responding patients was 12.5 months. The authors reported
a high incidence of hematological toxicities, with grade 3/4 leukopenia seen
in 28% and 46.8% of cycles, respectively, whereas nonhematological tox-
icities were mild (7).

Topotecan is also investigationally available in an oral form, making it
an attractive drug because of the ease of administration. von Powel et al.
have recently studied this formulation in a phase II trial. They compared oral
topotecan and iv topotecan in chemosensitive SCLC (relapsed at least 90
days after chemotherapy). Fifty-two patients were given oral topotecan 2.3
mg/m2/day for 5 days every 21 days, and 54 were given iv topotecan at 1.5
mg/m2/day for 5 days every 21 days. Data analysis demonstrated that oral
topotecan had similar efficacy compared with the iv form. There were 1 CR
and 11 PRs in the oral arm, with an ORR of 23.1%. In the iv arm, there were
two CRs and six PRs, with the ORR being 14.8%. After accounting for all
of the prognostic factors in a logistic regression model, the oral topotecan
group was 1.6 times more likely to respond than the iv group (95% confi-
dence interval [CI] for the odds ratio 0.50–5.15). The median duration of
response was also higher in the oral group: 18 weeks versus 14 weeks in the
iv group. The time to progression was 15 weeks in the oral and 13 weeks in
the iv group, with the risk ratio being oral:iv of 0.98 (95% CI 0.63–1.54).
Median survival was also higher in the oral group: 32 weeks in the oral arm
and 25 weeks in the iv arm. After accounting for the prognostic factors the
risk ratio oral:IV of survival was 0.90 (95% CI: 0.55–1.47). Both formula-
tions of topotecan were well tolerated. The main reported toxicity was neu-
tropenia though it was less common in the oral arm. Grade 4 neutropenia
occurred in 35.3% patients in the oral group and 67.3% in the iv arm (p =
0.001). The incidence of fever and infections (grade � 2) associated with
grade 4 neutropenia was 5.1% in the oral arm and 3.3% in the iv topotecan
arm. The incidence of severe thrombocytopenia and grade 3/4 anemia was
similar in both groups. The main nonhematological toxicities seen were
vomiting and nausea. Vomiting was observed in 36.5% of patients in the
oral group and 31.5% in the iv group; the incidence of nausea was 26.9% and
40.7% in the oral and iv arms, respectively (8). The results of this phase II
study demonstrate that in this cohort of patients oral topotecan is as effica-
cious as the iv form. Gralla et al. recently presented the results of an interna-
tional phase III study of oral versus iv topotecan administration in
chemosensitive patients with SCLC (9). The median survival of both groups
was approximately 9 months, and quality of life outcomes were also similar.
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Because the oral form is better tolerated than the iv formulation and does not
require venipuncture, its usage is attractive in practice.

Another single-agent topotecan schedule with growing appeal is weekly
scheduling. Greco et al. recently presented preliminary results of a Phase II
trial of weekly topotecan in the second-line treatment of SCLC (10). Of 17
patients enrolled to date, 9 of 11 patients with sensitive relapse had a PR, and
1 of 6 patients with resistant relapse also responded. The regimen was quite
tolerable, with fatigue as the major nonhematologic toxicity.

2.1.1. PHASE III COMPARATIVE STUDY OF TOPOTECAN

WITH CYCLOPHOSPHAMIDE, DOXORUBICIN, AND VINCRISTINE

The effects of topotecan in the relapsed patients were best illustrated in
a phase III study conducted by von Powel et al. that compared topotecan to
the then-standard cyclophosphamide, doxorubicin, and vincristine (CAV)
in recurrent SCLC (Table 2). They treated 211 patients with SCLC who had
relapsed 60 days after treatment with a first-line agent. Patients received 1.5
mg/m2 of topotecan as a 30-minute infusion daily for 5 days every 21 days
(n = 107) or CAV, which consisted of cyclophosphamide at 1000 mg/m2,
doxorubicin at 45 mg/m2, and vincristine at the dose of 2 mg, all given on
day 1 every 21 days (n = 104). In the topotecan group, 24.3% patients had
a PR (none achieved a CR), and in the CAV group, 18.3% had an objective
response (CR 1%, PR 17.3%; p = 0.285). The median survival in the
topotecan group was 25 weeks and 24.7 weeks in the CAV group (p =
0.795). The median time to progression in the topotecan group was 13.3
weeks and 12.3 weeks in the CAV group. However, more patients in the
topotecan group had an improvement of symptoms, in particular of dyspnea,
fatigue, anorexia, hoarseness, and interference with daily activity. Grade 4
neutropenia was more common in the CAV group (51.4%) as compared
with the topotecan group (37.8%); grade 4 thrombocytopenia and grade 3–
4 anemia were more common in the topotecan arm (11). The study con-
cluded that topotecan is at least as effective as CAV in recurrent SCLC, thus
establishing a definite role of topotecan in this group of patients.

2.2. Topotecan in Combination With Other Agents
in Second-Line Treatment of SCLC

Most of the currently adopted regimens for the treatment of SCLC exploit
the synergistic effects of a combination of drugs (Table 3). Using the same
model, topotecan is being studied in combination with other drugs for SCLC.

Agelaki et al. reported phase I data of escalating doses of topotecan with
epirubicin. The rationale behind this combination is to exploit the synergism
between Topo-I and Topo-II inhibitors. Epirubicin is a semisynthetic de-
rivative of doxorubicin with single-agent activity in SCLC that acts by
stabilizing Topo-II–DNA complexes. Epirubicin has less hematologic,
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nonhema-tologic, and cardiac toxicity than doxorubicin. This study enrolled
27 patients with SCLC who had previously been treated with etoposide and
cisplatin. Patient cohorts were given escalating doses of topotecan starting
from 0.5 mg/m2/day as a 30-minute infusion for 5 days, along with escalating
doses of epirubicin starting from 40 mg/m2 as a 10-minute infusion on day
8 given every 28 days. Seventy-three courses were given, and the reported
MTD were 0.90 mg/m2/day for topotecan and 40 mg/m2 for epirubicin.
Neutropenia was the DLT; grade 3/4 neutropenia was seen in 30% courses
and grade 3–4 anemia in 10% courses. Seven courses were associated with
fever, and there was one neutropenic septic death. There was some sug-
gestion of response in this regimen—of the 20 patients able to be evaluated,
1 had complete response, 4 had disease stabilization, and 15 progressed. The
median time to progression was 24 weeks; the median overall survival was
22 months (12).

Frasci et al. reported results of a phase I trial encompassing a combination
of topotecan, cisplatin, and paclitaxel with G-CSF (granulocyte-colony
stimulating factor) in SCLC (n = 25) and ovarian cancer (n = 19). Of the 25
patients with SCLC, 9 were chemotherapy-naive and 16 had previously
been treated. Topotecan was given along with cisplatin and paclitaxel in a
weekly regimen along with G-CSF given from days 3 through 5 of each
week. The MTDs were topotecan at 2.25 mg/m2/week, cisplatin at 40 mg/
m2/week, and paclitaxel at 85 mg/m2/week (as a 1-hour infusion). Grade 3–
4 neutropenia, thrombocytopenia, and anemia were reported in 36 cycles,
15 cycles, and 5 cycles, respectively. Severe vomiting and diarrhea was seen
in seven and four patients, respectively. Peripheral neuropathy was observed
in 11 patients (42 cycles). An objective response was observed in 11 of 19
(58%) ovarian cancer and 11 of 25 (44%) SCLC patients; 3 patients in the
SCLC group had a complete response. Of the 9 chemotherapy-naive pa-
tients with SCLC, 7 (78%) responded. This triplet combination appears
tolerable and has activity in pretreated as well as chemotherapy-naive SCLC
patients (13).

Thompson et al. examined a combination of topotecan, paclitaxel, and
carboplatin in a phase I study with or without growth factor support. The
recommended doses for the phase II trial were topotecan at 0.75 mg/m2 days
1–3, paclitaxel at 135 mg/m2 on day 1, and carboplatin at AUC 5 (area under
the curve) on day 1, all given every 21 days. They had 15 patients with
SCLC; 8 of these 15 patients (53%) responded, including 1 CR. All of these
patients had previously been treated with carboplatin and etoposide, and 2
had also been given paclitaxel. DLT was myelosuppression including grade
3/4 thrombocytopenia; however, only 2 of 100 courses were complicated by
febrile neutropenia. A phase II trial is under way to evaluate the activity of
this regimen (14).
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2.3. Topotecan in SCLC as a First-Line Agent
Many trials have been conducted studying topotecan as a single agent and

in combination with other agents in the first-line setting.

2.4. Single-Agent Topotecan in First-Line Treatment of SCLC
Schiller et al. published a phase II Eastern Cooperative Oncology Group

study of 48 previously untreated ED-SCLC patients treated with topotecan
at 2.0 mg/m2/day for 5 days (Table 4). The first 13 patients were treated
without G-CSF, and the remaining 35 patients received G-CSF 5 mcg/m/kg
for 10–14 days starting on day 6. Cycles were repeated every 3 weeks for
a maximum of four cycles. Patients who had a PR after four cycles, SD after
two cycles, or PD at any time received salvage chemotherapy with cisplatin
and etoposide. Of the 48 patients, none had a CR and 19 had a PR, for an
overall objective response rate of 39%. The median response duration was
4.8 months, the median survival was 10.0 months, and the 1-year sur-
vival was 39%. Eight of 34 patients (24%) who received salvage chemo-
therapy responded. Four of the 17 patients who did not respond to topotecan
responded to salvage chemotherapy. Hematological toxicities were com-
mon: 92% of patients without G-CSF developed grade 3/4 neutropenia as
compared with 29% in the G-CSF group (15).

2.5. Topotecan in Combination With Paclitaxel as First-Line
Agent in SCLC

Traditionally SCLC has been treated with drug combinations, and
paclitaxel is emerging as one of the active agents in this disease (Table 5).
Topotecan has been evaluated in combination with paclitaxel in many stud-
ies, and the data are summarized in the accompanying table. Of the five
studies tabulated, four have demonstrated advantageous results.

2.5.1. PHASE II DATA

Jett et al. presented the preliminary report of a phase II trial of a combi-
nation of topotecan and paclitaxel with G-CSF in 1997. In this study, 12
patients able to be evaluated, previously untreated patients with ED-SCLC
were treated with topotecan at a dose of 1 mg/m2 over 30 minutes for 5 days
along with paclitaxel 135 mg/m2 iv over 24 hours on day 5, followed by G-
CSF administration. In this study, the first three patients were given a higher
dose of topotecan (1.25 mg/m2/day); however, two patients developed life-
threatening toxicity (grade 4), and one had a fatal infection at this dose.
Accordingly, the dose of topotecan was decreased to 1 mg/m2 for the rest of
the group. They reported a CR in 2 (17%), PR in 9 (75%), and 1-yr survival
of 50% (95% CI 20–74%) and 2-year survival of 25% (95% CI 4–55%). This
early small trial showed that combination of topotecan and paclitaxel was
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active against chemotherapy-naive SCLC patients exhibiting a response
rate similar to other regimens used in SCLC (16).

Tweedy et al. confirmed the results of Jett et al (16); here, however,
paclitaxel was administered over 3 hours as opposed to 24 hours. Of 15
chemotherapy-naive patients with ED-SCLC treated, high response rates
were observed, with a CR in 10 (66%) and PR in 5 (33%). Although prophy-
lactic cranial irradiation was not permitted, only 1 of 15 patients had devel-
oped brain metastasis at the time of reporting (17).

Jacobs et al. presented their data in 1999 from a study that included 29
patients with no prior treatment for ED-SCLC. The starting doses were
topotecan at 1.25 mg/m2/day over 30 minutes for 5 days and paclitaxel at
135 mg/m2 over 24 hours on day 5 followed by G-CSF. Cycles were
repeated every 28 days. As reported by Jett et al. (16), the dose of topotecan
in this study required dose reduction to 1.0 mg/m2/d after grade 4
myelosuppression was seen in the first three patients with one septic death.
Seventeen patients (60%) in this study had a response, including 6 (21%)
CR and PR in 11 (39%). The median survival was 54 weeks (95% CI, 39–
72 weeks) with the 1- and 2-year survival probabilities of 50% and 15%,
respectively (18).

In 2000, Lynch et al. reported preliminary results of Cancer and Leuke-
mia Group B 9430 trial. This trial began as a three-arm randomized phase
II trial of novel doublets in untreated ED-SCLC to compare newer regimens
to the standard combination of etoposide and cisplatin. One arm of the trial
that used topotecan at 1.0 mg/m2/day × 5 days and paclitaxel at the dose of
225 mg/m2 on day 1 with G-CSF was closed early because of very high
toxicity (3 toxic deaths among the first 13 patients). In its place, a fourth arm
was opened with topotecan at 1.0 mg/m2/day for 5 days and paclitaxel at 175
mg/m2 over 3 hours on the first day of the cycle, along with G-CSF. Of the
34 ED-SCLC patients able to be evaluated, 1 (2%) had complete response
and 22 (61%) had partial response, with the overall response of 68% (95%
CI, 49–83%). The median overall survival was 9.44 months. Failure-free
survival was 5.08 months and 1-year survival was estimated at 26.5%.
These results were very comparable to the standard cisplatin and etoposide
combination. As reported in previous studies, neutropenia was the most
frequent toxicity: 24% had grade 3 and 29% had grade 4 neutropenia. This
study did not demonstrate any advantages of topotecan and paclitaxel
combination as compared with standard therapy with etoposide and
cisplatin (19).

Jett et al. recently published the results of a phase II trial of untreated
patients with ED-SCLC. In this trial, a rather complicated schedule of
etoposide and cisplatin (EC) alternating with topotecan and paclitaxel (TP)
was used. Etoposide (100 mg/m2 iv) and cisplatin (30 mg/m2 iv) were admin-
istered on days 1, 2, and 3 of cycle 1, 3, and 5 topotecan (1.0 mg/m2/day for
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5 days) and paclitaxel (200 mg/m2 iv day 5) with G-CSF starting on day 6
of cycles 2, 4, and 6. EC or TP was given every 21 days. The physicians were
allowed to give radiation to the brain or chest at their discretion. Sixty-five
patients received all six cycles and 78% received four cycles. Of 46 patients
able to be evaluated, 4 (8%) patients had CR and 31 (67%) had PR. Median
time to progression was 7 months (95% CI, 5.5–7.8) and the median survival
was 10.5 months (95% CI, 7.8–11.7). The most frequently observed toxicity
was myelosuppression: EC caused more grade 3–4 neutropenia than did TP
(82% versus 64%), but less thrombocytopenia (13% versus 36%). This
alternating schedule of EC and TP appears to have good activity against
SCLC, with reasonable side effects (20).

2.5.2. PHASE III DATA

The Eastern Cooperative Oncology Group conducted a phase III trial of
405 untreated ED-SCLC patients, the largest number of patients reviewed
in any trial by us. This study consisted of two steps. In the first step, all
patients were given four cycles of cisplatin at 60 mg/m2 iv on day 1 and
etoposide 120 mg/m2 iv on days 1, 2, and 3 every 3 weeks. In the second step,
patients who had stable disease or responding disease were then randomized
to either observation or four cycles of topotecan 1.5 mg/m2/day for 5 days
every 3 weeks. The response rates of step one (induction etoposide and
cisplatin) were CR 3% and PR 30%. With topotecan there were additional
CR of 2% and PR of 5%. The median overall survival was 9.5 months.
Progression-free survival in the topotecan group was 3.4 months compared
with 2.3 months in the observation group (p = 0.0001). However, overall
survival in the two arms was not significantly different: the observation
group had a median survival of 8.7 versus 9.0 months in the topotecan arm
(p = 0.71). Grade 4 neutropenia occurred in 50% of the step 1 group and 58%
in the topotecan group in step 2. This study demonstrated that four cycles
of cisplatin and etoposide followed by topotecan does not improve survival
in ED-SCLC, but it does modestly improve the progression-free survival.
The investigators concluded that four cycles of standard cisplatin and
etoposide is an appropriate first-line treatment in good performance status
(PS 0 to 2) ED-SCLC patients. This study showed that giving topotecan
after a standard course of chemotherapy, in the hope that it would consoli-
date the gains of the prior treatment, has no impact on the overall survival.
However, it could be argued that the model used in this study was not a
suitable setting for maximizing the effects of topotecan (21).

2.6. Topotecan in Combination With Other Agents
as First-Line Regimens for the Treatment of SCLC

Work in this field is still in the early stages; several trials have been
conducted to study the interaction between topotecan and other chemo-
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therapeutic agents in SCLC (Table 6). Most of these studies are small and
have been primarily for dose and schedule finding of drugs.

Murren et al. evaluated the combination of topotecan and cyclophospha-
mide with G-CSF in a phase II study in previously untreated ED-SCLC and
SCLC patients in sensitive relapse (>3 months of progression-free sur-
vival). Prior treatment with cyclophosphamide or camptothecins was not
permitted. Seventeen patients were able to be evaluated; the doses used were
topotecan at 1 mg/m2/day for 5 days and cyclophosphamide at 600 mg/m2.
The investigators reported an ORR of 29% with CR in two (11%) and PR
in three (17%); stable disease was seen in four (23%) patients. Dose reduc-
tion was needed in three patients and one patient died from neutropenic
sepsis. Myelosuppression was the most frequently observed toxicity (22).
This regimen appears to be active in SCLC though the data are quite early.

Smith et al. conducted a phase I trial to determine the MTD of topotecan
in combination with a different alkylating agent, ifosfamide, in SCLC. This
study was carried out in two steps: in the first step, all patients received
topotecan and ifosfamide; thereafter chemotherapy-naive patients who had
achieved an objective response after three cycles were treated with
carboplatin at AUC of 6 and etoposide at 100 mg/m2/day for 3 days. They
enrolled 9 chemotherapy-naive patients and 4 patients who had previously
received one prior chemotherapeutic regimen. Patients were initially given
a fixed dose of ifosfamide at 2.5 mg/m2 over 30 minutes on day 1 followed
immediately by topotecan at different dose levels (0.68, 0.85, 1.05, and 1.3
mg/m2/day for 3 days). The MTD of topotecan was determined to be 1.3 mg/
m2/day. Intravenous hydration and MESNA were given on day 1, and each
cycle was repeated every 3 weeks. They reported one (7%) CR and four
(28%) PR. Neutropenia was a common side effect in this study (23). This
Phase I study shows that topotecan can be combined with ifosfamide and the
MTD of topotecan has been obtained. However, whether this model has
significant clinical efficacy remains to be determined.

Preclinical studies show that combinations of Topo-I and Topo-II inhibi-
tors might have an additive effect in tumor cells (24). Cells that have acquired
resistance to a certain class of drugs often develop hypersensitivity to another
class of drugs; this phenomenon can be exploited by combining drugs from
different classes (25). With regard to camptothecins, it has been suggested
that cells that have developed resistance to topotecan by downregulating
Topo-I enzyme compensate for it by upregulating Topo-II, which could be
an easy target for inhibitors of the Topo-II (26). This rationale has been
exploited in the studies reviewed in this section.

Etoposide, a Topo-II inhibitor, is commonly used in combination regi-
mens in the treatment of SCLC. O’Neill et al. published results of a Phase
I study of a 5-day schedule of iv topotecan and etoposide. They administered
a 5-day course of topotecan as 30-minute infusions at dose levels of 0.5 and
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0.75 mg/m2/day followed by 1-hour infusions of fixed dose of etoposide at
60 mg/m2/day. Of 19 patients enrolled with previously untreated SCLC, 18
(95%) patients responded (14 PRs and 4 CRs), and the median survival was
10 months. Neutropenia was commonly seen, although no toxic deaths were
reported (27).

The concept of combined Topo-I and Topo-II inhibition has been further
explored in a trial of topotecan with etoposide in SCLC patients (28). Using
this approach, Reck et al. recently reported that of 28 patients able to be
evaluated, a 50% response rate was observed (13 PRs and 1 CR). Further-
more, the regimen did not have any grade 4 hematological or nonhema-
tological toxicity. Given that etoposide is a commonly used agent in SCLC,
this combination of agents might have promise and needs to be explored
further.

Sorenson et al. studied topotecan with cisplatin, another commonly used
drug in SCLC. They enrolled previously untreated patients in a phase I
study. Fifteen patients had LD-SCLC and six had ED-SCLC. This study
consisted of giving two cycles alternately, cycle A and B, for a total of six
cycles. Cycle A consisted of topotecan given on days 1–5 with cisplatin at
the dose of 50 mg/m2 on day 5. Cycle B included teniposide, carboplatin,
vincristine, and cisplatin. The dose of topotecan was increased to dose levels
of 0.75, 1.0, 1.25, and 1.5 mg/m2/day. The MTD of topotecan in this study
was determined as 1.5 mg/m2/day with cisplatin 50 mg/m2 on day 5 (29).

The combination of topotecan and fractionated cisplatin without G-CSF
was further reported by Dediu et al. in a phase I/II study. They administered
topotecan at 0.60 mg/m2 and cisplatin at 20 mg/m2 both on days 1–4; this
cycle was repeated every 21 days. Until the time of presentation of the
abstract, they had enrolled eight patients, with a PR in seven (88%) patients.
After a median follow-up of 5 months, there had been two relapses in the
central nervous system. However, there were no reported cases of grade 3–
4 myelotoxicity. The investigators concluded that the absence of CR and the
high relapses along with the low toxicity observed suggest that a higher dose
of drugs might be needed for optimum efficacy (30).

2.7. Topotecan in Triplet Combinations
for the First-Line Treatment of SCLC

Topotecan has been studied in triple combinations with other drugs that
have demonstrated activity against SCLC (Table 7). The drugs that have
been used include paclitaxel, etoposide, and carboplatin. All of these drugs
have been found to have activity in SCLC either individually or in various
combinations.

Faucette et al. presented the data of a phase I trial that studied a combi-
nation of carboplatin, topotecan, and etoposide. Specifically, the investiga-
tors examined the effect of sequencing of carboplatin with regard to its
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myelosuppressive effect. They enrolled 12 untreated ED-SCLC patients
and divided the group in two cohorts. The first cohort received carboplatin
on day 1 immediately before topotecan; in the second cohort, carboplatin
was given on day 5, just after the fifth dose of topotecan. The doses used
were carboplatin AUC 5 mg/min/mL on day 1 or 5, topotecan AUC 15 ± 5
ng/hr/mL days 1 to 5, and etoposide 100 mg/m2/day orally days 6, 7, and 8.
In the first cohort, 64% had grade 3/4 neutropenia and 71% had thrombocy-
topenia. The incidence of these toxicities was much lower in the second
cohort, with only 41% experiencing neutropenia and 20% having thromb-
ocytopenia. Surprisingly, the mean topotecan AUC in cohort 1 was actually
lower than in cohort 2 (11.7 ± 2.4 versus 18.6 ± 1.8 ng/hr/mL, p < 0.0001).
Thus giving carboplatin on day 1 before topotecan appears to be associated
with a higher incidence of myelosuppression. The authors concluded that
this disparity between the systemic dose of topotecan and the incidence of
myelosuppression compels one to think that there are other mechanisms
apart from mere sequencing of these three agents to account for this differ-
ence (31).

Gillenwater et al. evaluated the maximum tolerated systemic exposure of
topotecan with etoposide 100 mg/m2 orally for 3 days and carboplatin AUC
5 in 28 untreated ED-SCLC patients. The maximum tolerated systemic
exposure of topotecan was being determined at the time of reporting of this
data, with AUC varying from 15 to 80. As expected in this study, the toxicity
profile varies widely. The group with topotecan at AUC of 45 on days 1–3
had grades 3/4 neutropenia in 83%, thrombocytopenia in 50%, and anemia
in 33%. On the other hand the group with a lower dose of topotecan, AUC
15 on days 1–3, had grades 3/4 neutropenia in 30%, thrombocytopenia in
15%, and anemia in 15%. The authors have thus recommended that this
schedule of topotecan on days 1, 2, and 3; carboplatin on day 3; and etoposide
on days 4, 5, and 6 be explored further (32).

Frasci et al. published a phase II study of a weekly regimen consisting of
cisplatin, paclitaxel, and topotecan in 37 chemotherapy-naive ED-SCLC
patients. All patients received paclitaxel at 85 mg/m2 as a 1-hour infusion
followed by cisplatin at 40 mg/m2 and topotecan at 2.25 mg/m2 as a 30-
minute infusion every week. G-CSF was administered on days 3, 4, and 5
of each week for at least six cycles. The patients that had clinical CR or PR
received six more cycles. Those who did not have any response were instead
given a combination of cyclophosphamide, doxorubicin, and etoposide.
Thirty-three patients completed at least six cycles and were assessed for
response. The authors reported 8 (22%) CR and 22 (59%) PR. Six of the
complete responses were achieved after six cycles. In the two remaining
patients with CR, tumor was present in liver and lung after six cycles that
disappeared by the twelfth cycle. In five of eight patients who had a CR, the
liver was the main site of disease. Twenty-six of 30 responders received 12
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cycles. Seven of 10 patients with brain metastasis had a major response after
six cycles, though these never completely regressed. At a 13-month median
follow-up (range 4–26 months), the actuarial estimation of median failure-
free survival was 8 months and the overall survival was 12.5 months. The
projected 1-year and 2-year survivals in this study were 55% and 21%,
respectively. Interestingly, patients with an increased serum lactate dehy-
drogenase (LDH) at the time of diagnosis had a median survival of only 7.5
months as compared with 14 months in the others. The patients with brain
metastasis had median survival of 10 months as compared with 13 months
seen in others. They did not report any toxic deaths. Grade 3 and 4 neutro-
penia was seen in 27% and 16% of patients, respectively. Only 17% had
grade 3 thrombocytopenia, and none had grade 4 thrombocytopenia. Ane-
mia was the most common toxicity seen in this study, with a drop in hemo-
globin below 11 gm/L in all patients, with 19% of patients requiring
transfusion. The response data in this study, as in many other studies, are
modest, although this study does demonstrate a better survival outcome as
compared with previous studies that have shown a survival of about 12
months in similar patients. From this study, it does appear that topotecan,
paclitaxel, and cisplatin with G-CSF support can be given to ED-SCLC
patients on a weekly basis with good safety data and that it results in good
response and survival times (33).

Hainsworth et al. published a phase II study of a combination of paclitaxel,
carboplatin, and topotecan. One hundred and five previously untreated
patients with LD-SCLC or ED-SCLC were enrolled in this trial. Patients
were given paclitaxel at 135 mg/m2 as a 1-hour infusion on day 1, carboplatin
AUC 5 on day 1, and topotecan 0.75 mg/m2 iv on days 1, 2, and 3. This cycle
was repeated every 21 days for a total of four cycles. Those responding at
the end of four cycles were then given three courses of etoposide 50 mg
alternating with 100 mg orally from days 1 to 10 every 21 days. Patients with
LD-SCLC received 45 Gy chest radiotherapy (1.8 Gy fractions/day), begin-
ning concurrently with the third cycle of chemotherapy. Responses oc-
curred in 88% of patients with extensive disease and in 93% of those with
limited disease. ED-SCLC patients had a median survival of 8.2 months,
and the median survival of patients with LD-SCLC was 17.2 months. Al-
though toxicities were acceptable for patients with good performance sta-
tus, toxicity was more pronounced in patients with Eastern Cooperative
Oncology Group performance status of 2, with 5 of 12 patients (42%) hav-
ing deaths from septic causes (34). This study also demonstrated that the
combination of paclitaxel, topotecan, and a platinum agent has activity
against SCLC. Strictly speaking, the results of the these two studies cannot
be compared, yet a noticeable point is the shorter median survival in the ED-
SCLC patients in this study of 8.2 months compared with 10.9 months in the
previous one.
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3. TOPOTECAN IN NON-SMALL-CELL LUNG CANCER

NSCLC is a difficult disease to treat because the current options for this
cancer fall far short, necessitating a search for more active drugs. Although
topotecan is approved by the FDA for use in relapsed SCLC, it has been
demonstrated to have activity against NSCLC. It is actively being studied
both as a single agent and in combination with many other drugs.

3.1. TOPOTECAN IN NSCLC AS A SINGLE AGENT

Several studies have been conducted in stage IIIB and IV (unresectable
stages) NSCLC using topotecan as a single agent (Table 8). In most of the
studies, topotecan has been administered at 1.5 mg/m2/day during 30-
minute infusions for 5 days every 21 days, although it has also been studied
as a continuous iv infusion over 21 days and in oral form as well.

Two phase II studies were published by Perez-Soler et al. studying
topotecan in NSCLC. In the first study, 40 patients able to be evaluated with
advanced NSCLC (stages IIIB and IV) were treated with topotecan at 1.5
mg/m2/day during 30-minute infusions for 5 days every 21 days. Of the 40
patients, 19 had adenocarcinoma, 14 squamous carcinoma, and 7 had poorly
differentiated carcinoma. Topotecan had modest activity in this group, as 6
of 40 patients (15%) had a PR with the duration being 8, 14, 18, 28, 56, and
61 weeks. Four had a minor response, 10 had stable disease, and 20 pro-
gressed. Interestingly, response was best seen in the squamous cell group
with 5 of 14 patients (36%) having a PR. The overall survival in this study
was 38 weeks, with a 1-year survival of 30%. Grade 3 and 4 granulocytope-
nia and thrombocytopenia were seen in 67% and 10% of courses, respec-
tively (35). Extending the results of the previous study, Perez-Soler et al.
next studied topotecan in patients with untreated and unresectable stage IIIB
and IV squamous-cell lung cancer. Of 29 assessable patients, 7 (24.1%) had
a partial response, 2 (6.9%) had a minor response, 4 (13.8%) had stable
disease, and 16 (55.2%) progressed. The overall survival of 40 weeks was
similar to what was observed in the previous study (36).

Lynch et al. had observed very different results in a phase II trial in
untreated patients with stage IIIB and IV NSCLC in which topotecan was
administered at a dose of 2 mg/m2/day as 30-minute infusions for 5 days
every 21 days. This trial ended prematurely because of a lack of observed
response in the first 20 patients, despite marked myelosuppression. Grade
3 and 4 leukopenia was seen in 50% and 45% of patients, and Grade 3 and
4 thrombocytopenia was seen in 10% and 5%, respectively. Lethal febrile
neutropenia was seen in one patient. The median overall survival was 7.6
months (37). The lack of clinical responses to topotecan at 2.0 mg/m2/day,
a dose substantially higher than the that suggested by Rowinsky et al. in a
previous Phase I study of 1.5 mg/m2/day (38), was surprising.
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Disappointing results were also obtained when topotecan was studied as
a 21-day continuous iv infusion every 28 days. Kindler et al., in a phase II
study of topotecan in patients with untreated stage IIIB and IV NSCLC,
administered 86 cycles of continuous infusion topotecan to 26 patients. One
patient had a PR, 6 had stable disease, and 19 patients had progressive
disease. They reported a median survival of 9 months, time to progression
of 2 months, and a 1-year survival of 39%. However, the study regimen
seemed to have less myelosuppression than other studies with topotecan.
Grade 4 neutropenia and thrombocytopenia were seen in only 4% and 8%
of patients, respectively. Although no patients experienced febrile neutro-
penia, 16 of 86 courses of topotecan in this study were complicated by
catheter related infections, a reflection of the prolonged handling of cath-
eters (39). Since the publication of this early work, few researchers have
pursued this mode of delivery of topotecan because of the better responses
seen with the 5-day course.

Another study looked at the mode of delivery of topotecan by comparing
the 5-day course to a 72-hour infusion. In this trial, Weitz et al. studied 75
patients with untreated stage IIIB and IV NSCLC. Thirty-eight patients
were given the traditional dose of topotecan at 1.5 mg/m2/day over 30 min-
utes for 5 days every 21 days (arm A) and 37 were given topotecan at 1.3 mg/
m2/day by continuous iv infusion over 72 hours every 4 weeks (arm B).
Although more responses were observed in arm A (16% in arm A as opposed
to 8% in arm B), there was no statistically significant difference in time to
progression and overall survival between the two arms. In arm A, the median
time to progression was 101 days and the median survival time was 257
days; in arm B, the median time to progression was 63 days (p = 0.83) and
the median survival time was 179 days (p = 0.75). There was more toxicity
associated with the continuous infusion arm with grade 3 or 4 thrombocy-
topenia occurring in 37.8% versus 15.8% in arm A (40).

Similar to the work using the oral formulation of topotecan in SCLC, oral
topotecan has been investigated in NSCLC. In a phase II study, White et al.
gave oral topotecan starting at the dose of 2.3 mg/m2/day for 5 days (first
cycle) every 21 days for up to 6 cycles unless progression or unacceptable
toxicity was seen. Dose modification was permitted from the second cycle
onward based on drug tolerability. There were no CRs or PRs seen in this
study. Of the 29 patients enrolled, 13 (43.3%) had stable disease; the median
time to progression was 12.3 weeks, median survival was 39.9 weeks, and
the 1-year survival was 33.3%. A total of 125 cycles were given, and 40%
were associated with grade 3 or 4 neutropenia, 16.6% with grade 3 or 4
anemia, 1.6% with grade 3 or 4 thrombocytopenia, and 13% with grade 3
nausea and vomiting (41). This study questions the utility of oral topotecan
in NSCLC, although it would be imprudent to negate its use based on few
studies.
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3.2. Topotecan in Combination Regimens
NSCLC responds poorly to the commonly available chemotherapeutic

agents (Table 9). As shown in the previous section, several studies have
demonstrated modest activity of topotecan as a single agent in NSCLC, and
it is conceivable that it might have a more efficacious response in combina-
tion with other drugs. Accordingly, topotecan is being studied in combina-
tion with other agents with demonstrated activity against NSCLC. Though
work in this field is still preliminary, in this section we have reviewed a few
studies.

Alkylating agents such as cisplatin have been used in various regimens
in lung cancer. It has been suggested that topotecan might enhance the
effects of these agents by inhibiting the repair of damaged DNA caused by
alkylating agents. Using this rationale, Raymond et al. conducted a phase I
study of topotecan with fixed dose of cisplatin in untreated NSCLC patients.
Escalating doses of topotecan were given starting from 0.75 mg/m2/day as
30-minute infusions for 5 days along with a fixed dose of cisplatin at 75 mg/
m2 on day 1 every 21 days. In this study, topotecan was given 90 minutes
before cisplatin. Fourteen patients were assessable, and marked myelo-
suppression with severe thrombocytopenia and neutropenia were seen even
at the lowest dose of topotecan and cisplatin planned in this study; as a result,
this dose was not recommended for phase II studies (42). In a very similar
study, Bildat et al., in a phase I trial, gave escalating doses of topotecan at
0.5, 0.75, and 1.0 mg/m2/day as 30-minute iv infusions on days 1–5 with a
fixed dose of cisplatin at 25 mg/m2 as a 30-minute iv infusion on days 1, 3,
and 5, with cycles repeated every 22 days. Here topotecan was given 3 hours
before cisplatin. The MTD of topotecan was reached at 0.75 mg/m2/day; at
this dose, the DLT was grade 4 neutropenia, observed in three of six (50%)
patients. In this trial, four of nine patients achieved partial response (43).
This study demonstrated that a combination of topotecan and cisplatin is
feasible at this dose level in advanced NSCLC, although with a very high
degree of myelosuppression.

Wiesenfeld et al. conducted a randomized phase II trial which compared
topotecan with cisplatin versus topotecan and paclitaxel; G-CSF support
was used in both treatment arms. Arm A included topotecan at 1.25 mg/m2

days 1–5 with cisplatin at 75 mg/m2 on day 1; arm B consisted of topotecan
at 1.0 mg/m2 days 1–5 with paclitaxel at 190 mg/m2 on day 1. G-CSF was
given in both arms and the cycles were repeated every 28 days. Twenty-
two patients were enrolled in arm A and 61 in arm B. Arm A was closed early
because of a lack of response and severe toxicity—there was one septic
death and another death from renal causes in this arm. The response rate was
14% in arm A and 24% in B with the Kaplan-Meier estimates of median time
to progression of 115 days and 93 days in arms A and B, respectively. The
median survival was 225 days in arm A and 184 days in arm B. As stated



Chapter 16 / Camptothecins in the Treatment of Lung Cancer 393

T
ab

le
 9

T
op

ot
ec

an
 in

 C
om

bi
na

ti
on

 W
it

h 
O

th
er

 A
ge

nt
s 

in
 N

SC
LC

A
ut

ho
r

R
es

po
ns

e
M

ed
ia

n
(R

ef
er

en
ce

)
P

ha
se

N
um

be
r

P
ri

or
 R

x
R

eg
im

en
(%

)
su

rv
iv

al

R
ay

m
on

d
(4

2)
I

14
N

on
e

T
op

ot
ec

an
 0

.7
5 

m
g/

m
2 /

da
y

× 
5 

da
ys

 q
 2

1 
da

ys
P

R
 3

0.
7

38
 w

ee
ks

C
is

pl
at

in
 7

5 
m

g/
m

2  
on

 d
ay

 1
B

il
da

t (
43

)
I

9
N

on
e

T
op

ot
ec

an
 0

.7
5 

m
g/

m
2 /

da
y

× 
5 

da
ys

 q
 2

2 
da

ys
P

R
 4

4
40

 w
ee

ks
C

is
pl

at
in

 2
5 

m
g/

m
2  

on
 d

ay
s 

1,
 3

, a
nd

 5
S

D
 3

3
W

ie
se

nf
el

d
(4

4)
II

83
N

on
e

A
rm

 A
 (

n 
=

 2
2)

O
R

 1
4

22
5 

da
ys

T
op

ot
ec

an
 1

.2
5 

m
g/

m
2 /

da
y

× 
5 

da
ys

C
is

pl
at

in
 7

5 
m

g/
m

2  
da

y 
1+

 G
-C

S
F

A
rm

 B
 (

n 
=

 6
1)

O
R

 2
4

18
4 

da
ys

T
op

ot
ec

an
 1

.0
 m

g/
m

2 /
da

y
× 

5 
da

ys
P

ac
li

ta
xe

l 1
90

 m
g/

m
2  

on
 d

ay
 1

 +
 G

-C
S

F
R

in
al

di
(4

7)
I/

II
18

Y
es

T
op

ot
ec

an
 0

.7
5 

m
g/

m
2 /

da
y

× 
5 

da
ys

P
R

 1
8

40
 w

ee
ks

G
em

ci
ta

bi
ne

 4
00

 m
g/

m
2  

da
ys

 1
 a

nd
 5

S
D

 3
2

G
ua

ri
no

(4
8)

I
25

N
on

e
C

is
pl

at
in

 2
0 

m
g/

m
2  

da
ys

 1
, 8

, a
nd

 1
5

P
R

 2
4

26
 w

ee
ks

G
em

ci
ta

bi
ne

 1
00

0 
m

g/
m

2  
da

ys
 1

 a
nd

 1
5

S
D

 6
0

T
op

ot
ec

an
 0

.5
–2

 m
g/

m
2  

da
ys

 1
, 8

, a
nd

 1
5 

q 
28

 d
ay

s

R
x,

 tr
ea

tm
en

t;
 P

R
, p

ar
ti

al
 r

es
po

ns
e;

 S
D

, s
ta

bl
e 

di
se

as
e;

 G
-C

S
F

, g
ra

nu
lo

cy
te

-c
ol

on
y 

st
im

ul
at

in
g 

fa
ct

or
; O

R
, o

ve
ra

ll
 r

es
po

ns
e.



394 Kumar et al.

previously, the incidence of toxicity was higher in arm A: 62% had severe
leukopenia and 76% had significant thrombocytopenia as opposed to 22%
severe leukopenia and 1.6% significant thrombocytopenia in arm B. Arm A
was also associated with a higher incidence of nonhematological toxicity.
The authors concluded that neither arm was shown to have better results
than the regimens available hitherto. Hence, neither arm was recommended
for further studies (44).

Topotecan has also been studied with gemcitabine. Gemcitabine is a
pyrimidine analog that acts by inhibiting ribonucleotide reductase and by
competing with deoxycytidine triphosphate for inclusion in the DNA mol-
ecule, resulting in premature chain termination. Gemcitabine has been
approved for use in advanced pancreatic cancer and in advanced NSCLC.
A phase II trial had demonstrated activity of gemcitabine as a single agent
in NSCLC (45), and a phase III trial has elucidated activity of gemcitabine
with cisplatin in advanced NSCLC (46). A phase I/II study was conducted
by Rinaldi et al. to find the MTD and DLT of topotecan and gemcitabine.
This study enrolled 17 patients with advanced NSCLC who had previously
received chemotherapy. In this trial, both drugs were given iv over 30 min-
utes; topotecan was given for 5 consecutive days and gemcitabine was given
on days 1 and 5 only. The MTD of these drugs were 0.75 mg/m2 for topotecan
and 400 mg/m2 for gemcitabine. The DLTs were neutropenia and thromb-
ocytopenia. At this dose level, 2 and 1 patients of a total of 10 had grade 3/
4 neutropenia and thrombocytopenia, respectively. Partial response was
seen in 3 of 17 patients (18%) and the median survival in this study was 10
months. This combination appears to be well-tolerated and appears to have
activity against advanced NSCLC (47).

Guarino et al. reported the results of an ongoing trial of weekly topotecan,
cisplatin and gemcitabine in NSCLC. They enrolled 25 evaluable patients
in this trial and gave fixed doses of cisplatin at 20 mg/m2 over 30 minutes
and gemcitabine at 1000 mg/m2 over 30 minutes and escalating doses of
topotecan over 30 minutes on days 1, 8, and 15 every 28 days. After the first
cohort, gemcitabine was given on days 1 and 15 only because of marked
thrombocytopenia. The MTD of topotecan was not reached but authors did
not recommended a dose higher than 2 mg/m2 of topotecan. After the change
in the schedule of gemcitabine, 89% treatments were given as planned;
grade 3 and 4 leukopenia was seen in two courses and one course, respec-
tively; and none of the patients had febrile neutropenia. There were eight
cases of grade 3 thrombocytopenia and no grade 4 thrombocytopenia (48).

4. IRINOTECAN IN SMALL-CELL LUNG CANCER

Irinotecan is a Topo-I inhibitor that acts by forming a Topo-I–DNA-
cleavable complex. Yakult Honsha Co., Ltd. in 1983 first synthesized
Irinotecan, also known as CPT-11, in Japan. Thus it is not surprising that
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many pioneering studies of Irinotecan have been conducted in Japan.
Irinotecan is actively being investigated for the treatment of both NSCLC and
SCLC.

As mentioned previously, SCLC is a chemosensitive disease. Although
current chemotherapy regimens in extensive stage disease produce an ORR
of 60–80%, the median patient survival is only 7–12 months. In limited-
stage disease, the response rate is approximately 80–90%, with a median
survival of 12–16 months (2). Despite initial high response rates, a great
many of these patients relapse. In the past 20 years, no major advances have
been made in the treatment of SCLC (3). This leaves ample room for inves-
tigating new agents. A review of irinotecan in SCLC clearly demonstrates
that it has substantial activity in this cancer.

4.1. Single-Agent Irinotecan in SCLC
In an early phase I study, it was found that irinotecan given once in 3

weeks at the dose of 200 to 250 mg/m2 caused substantial side effects (49),
and it was observed that a weekly regimen of irinotecan was better tolerated
(50) (Table 10). Accordingly, in most of the trials, it has been studied in a
weekly dose.

Negoro et al. performed a phase II study of irinotecan in patients with
previously untreated or previously treated non-small-cell carcinomas and
small-cell carcinomas. In this study, irinotecan was given at a dose of 100
mg/m2 iv infusion once per week for weeks or more. Among the patients
with SCLC, the reported response rate was 37.1% (13 of 35 patients). Leu-
kopenia and diarrhea were the DLTs (51). Masuda et al. presented phase II
data in refractory or relapsed patients, 5 had LD and 10 had ED. In this study,
irinotecan was given at 100 mg/m2 iv infusion once per week. Partial response
was observed in 47% of patients (3 of 5 patients with LD and 4 of 10 patients
with ED). The median duration of response was 58 days and the median
survival was 187 days in the whole group. The main toxicities observed
were leukopenia, anemia, diarrhea, nausea and vomiting, and pulmonary
toxicity (52).

Le Chevalier et al. studied irinotecan at the dose of 350 mg/m2 given
every 3 weeks. All patients had previously received an etoposide and
cisplatin-based regimen. Five patients of 32 (16%) had an objective response,
including one CR in a patient with brain metastasis. The median duration of
response was 131 days and the overall survival was 125 days (53).

DeVore et al. conducted a multicenter phase II trial in the United States
and evaluated irinotecan in 44 patients with prior treatment. Irinotecan was
given to SCLC patients with sensitive relapse (n = 17) and refractory relapse
(n = 27). Patients who had previously achieved PR or CR and relapsed more
than 3 months after completion of initial therapy were considered to have
sensitive relapse. All other patients were considered refractory. The dose of
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irinotecan was 125 mg/m2 given over 90 minutes weekly for 4 weeks, fol-
lowed by a rest period of 2 weeks; the cycle was repeated until disease
progression. Their results were as follows: n = 44 patients, CR = 1 (2.3%),
and PR = 6 (13.6%) for an overall intent-to-treat response rate of 15.9%
(95% CI: 5.0–26.2). In this study, the median duration of response was 3
months, time to progression was 2.3 months, and the median survival was
4.8 months (54).

4.2. Irinotecan-Based Combinations
for the Treatment of SCLC

Irinotecan is being investigated in combination with other drugs in SCLC
(Table 11). The combination of irinotecan and cisplatin in particular has
been proven to be very effective, as demonstrated in the following section.
It is also being studied with carboplatin, etoposide, and gemcitabine, among
others.

4.2.1. IRINOTECAN AND CISPLATIN

Cisplatin is an integral component in the current chemotherapy regimens
for SCLC. Preclinical models have suggested a synergistic interaction
between irinotecan and cisplatin (55).

4.2.1.1. Irinotecan and Cisplatin: Phase II Trials
Kudoh et al. conducted a phase II trial in 75 untreated patients with

SCLC, 40 (53%) of whom had LD and 35 (47%) had ED. Irinotecan was
given at 60 mg/m2 as a 90-minute iv infusion on days 1, 8, and 15. After the
irinotecan infusion, cisplatin 60 mg/m2 was given on day 1 only, and cycles
were repeated every 28 days. Patients with LD received four cycles fol-
lowed by thoracic radiation, whereas patients with ED were given six cycles
of chemotherapy. Among patients with LD (n = 40), CR was achieved in 12
(30%) and PR in 21 (53%) for an ORR of 83%. The median response dura-
tion was 8 months, median survival was 14.3 months, and 2-year survival
was 17.5%. Among patients with ED (n = 35), CR was achieved in 10 (29%)
and PR in 20 (57%) for an ORR of 86%. The median response duration was
6.6 months, median survival was 13 months, and 2-year survival was
reported as 21.7%. Observed grade 3–4 toxicities were neutropenia in
77%, diarrhea in 19%, and anemia in 39% of patients (56).

Okishio et al., in a phase II trial, studied 16 previously treated SCLC
patients using a combination of irinotecan and cisplatin. In this trial,
irinotecan, 60 mg/m2 was given on days 1, 8, and 15, and cisplatin 60 mg/
m2 was given on day 1 only every 28 days. As might be expected in this trial,
the response seen was much subdued as compared with the untreated popu-
lation in the previous study. This trial reported an objective response in 3
(19%) patients and the median survival was reported to be 5.7 months (57).
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4.2.1.2 Irinotecan and Cisplatin: Phase III Trials
Noda et al. recently published the results of a multicenter randomized

phase III study in ED-SCLC patients conducted in Japan that compared
irinotecan plus cisplatin with cisplatin and etoposide, an established regi-
men for SCLC. The original planned size of this study was 230, but accrual
was stopped at 154 because of significantly better results in the irinotecan
arm. Each arm had 77 patients, and the patient characteristics were compa-
rable in the two arms. The patients in the irinotecan plus cisplatin arm were
given 60 mg/m2 irinotecan on days 1, 8, and 15, along with 60 mg/m2 of
cisplatin on day 1 only every 4 weeks. The patients in the other arm were
given etoposide at the dose of 100 mg/m2 on days 1, 2, and 3, and cisplatin
80 mg/m2 on day 1 every 3 weeks. A total of four chemotherapy cycles was
given. ORRs were 65.6% in the irinotecan plus cisplatin arm, as compared
with 54.1% in the cisplatin and etoposide arm. The overall survival was
significantly greater in the irinotecan plus cisplatin arm: 12.8 months versus
9.4 months in the cisplatin and etoposide arm (p = 0.002). The progression-
free survival was also higher in the irinotecan arm, 6.9 months versus 4.8
months (p = 0.003). Myelosuppression was greater in the etoposide arm
(92.2% versus 65.3%, p < 0.001), whereas diarrhea was more frequent in
irinotecan arm (16% versus 0%, p < 0.001). Though the CR rate appeared
to be somewhat higher in the cisplatin and etoposide arm, the higher survival
rates of the irinotecan plus cisplatin are attractive and perhaps offer a new
approach in the management of metastatic SCLC patients (58). These are
indeed impressive results; to confirm the findings, an intergroup phase III
study in the United States is ongoing.

4.2.2. IRINOTECAN AND CARBOPLATIN

Carboplatin is better tolerated than cisplatin and has been studied in a
phase I trial in combination with irinotecan by Fukuda et al. In this trial, the
authors recommended that in future phase II trials. irinotecan be adminis-
tered at 50 mg/m2 on days 1, 8, and 15, with carboplatin AUC of 5. Neutro-
penia, thrombocytopenia, and diarrhea were the DLTs (59).

Suguira et al., in a phase II study of irinotecan and carboplatin, concluded
that carboplatin at 300 mg/m2 on day 1 and irinotecan at 50 mg/m2 on days
1, 8, and 15 given every 4 weeks is an effective combination in SCLC. They
studied 16 previously untreated patients with SCLC and reported two CRs
and eight PRs (RR 77%) in patients with limited disease, and two PRs (67%)
in patients with extensive disease. The hematological toxicities were grade
4 leukopenia (in one course) and grade 3 thrombocytopenia (in two); the
nonhematological toxicities were grade 3 diarrhea (in one course) and
grade 3 nausea and vomiting (in one course) (60).

The safety and efficacy of irinotecan plus carboplatin in refractory or
relapsed SCLC patients was studied by Hirose et al. (61) and Naka et al. (62).
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Hirose et al. employed a regimen of carboplatin at AUC of 5 on day 1 plus
irinotecan administered as 50mg/m2 infusions only on days 1 and 8 of a 3-
week cycle. Responses in this population of 22 patients were seen in 68.2%,
mostly in patients with sensitive relapses. Grade 3/4 hematological toxici-
ties included neutropenia in 63% of patients, thrombocytopenia in 58%, and
anemia in 67%. Grade 3 diarrhea developed in 21% of patients and grade 3/
4 infection in 13% (61). Naka et al. evaluated a regimen in which patients
were treated at 4-week intervals with a combination of irinotecan at 50 mg/
m2 and carboplatin AUC of 2 on each of days 1, 8, and 15. The observed
ORR for this regimen was 31%, although the median time off of chemo-
therapy before study entry was 3.5 months. Again, the major toxicity was
myelosuppression. Here, however, grade 3/4 neutropenia and thrombocy-
topenia occurred in 52% and 21% of patients, respectively. Grade 3/4 diar-
rhea was seen in only 7% (62). These combination regimens appear to be
active in the second-line setting with acceptable toxicity.

4.2.3. IRINOTECAN AND ETOPOSIDE

Phase II trials have looked at the combination of irinotecan and etoposide,
and it has been demonstrated to have efficacy in previously treated as well
as untreated patients. Masuda et al. treated 24 patients with refractory or
relapsed disease in a phase II trial of irinotecan and etoposide. All of these
patients had previously received cisplatin and etoposide or an anthracycline-
based regimen. Irinotecan at 70 mg/m2 was given on days 1, 8, and 15 and
etoposide was at 80 mg/m2 on days 1, 2, and 3; G-CSF was given days 4–
21 and this cycle was repeated every 4 weeks. Fourteen patients had a PR
and three had CR, for an ORR of 71%. The median response duration was
4.6 months, and median survival was 271 days (63). Nakamura et al. studied
this combination in previously untreated ED-SCLC patients. In this study,
50 patients were given irinotecan at 60 mg/m2 on days 1, 8, and 15, and
etoposide was given at 80 mg/m2 iv on days 2, 3, and 4. The reported ORR
in this trial was 66% with a CR of 10%. The observed median survival was
12 months. Grade 3/4 toxicities were as follows: neutropenia (72%), leuko-
penia (28%), and anemia (4%). In this trial, grade 3/4 diarrhea was observed
in only 2% of patients (64).

4.2.4. IRINOTECAN, CISPLATIN, AND ETOPOSIDE COMBINATION

Given the proven first-line activity of the three agents, Sekine et al. have
recently published the results of a Japanese Clinical Oncology Group ran-
domized phase II trial of irinotecan, cisplatin, and etoposide combinations
administered weekly or every 4 weeks for patients with untreated ED-SCLC
(65). Sixty patients were randomized to be treated with weekly therapy
(consisting of cisplatin at 25 mg/m2 weekly × 9; irinotecan 90 mg/m2 once
on weeks 1, 3, 5, 7, and 9; and etoposide 60 mg/m2 days 1–3 of week 2) or
with every-4-week therapy (cisplatin at 60 mg/m2 on day 1; irinotecan at 60



402 Kumar et al.

mg/m2 on days 1, 8, and 15; and etoposide days 1–3 every 4 weeks for four
cycles. Prophylactic G-CSF support was provided in both arms. Although
the toxicity profile and the response rates were similar between the two
arms, the median survival of the every-4-week arm was 12.9 months as
opposed to 8.9 months in the weekly arm.

4.2.5. IRINOTECAN AND PACLITAXEL

Rushing et al. conducted a phase I study of a combination of irinotecan
and paclitaxel in previously treated patients with SCLC. Paclitaxel was
given in escalating doses, as a 30-minute infusion followed by a 45-minute
infusion of irinotecan given at a fixed dose of 60 mg/m2 on days 1, 8, and
15 every 28 days. In this study, two cycles of treatment were given. The DLT
could not be identified at the time of reporting because of the unpredictability
of toxicity. Of the 15 patients treated, 6 patients had grade 2 and 1 patient
had grade 3 diarrhea, and 1 patient died of sudden unexplained death with-
out other known toxicity. Three patients had pneumonia at different dose
levels, one died with absolute neutrophil count of 1400, another patient with
an absolute neutrophil count of <500, and yet another patient had an abso-
lute neutrophil count of 3400. Three had grade 3 leukopenia without neu-
tropenia. One had pulmonary embolus at the earliest dose level. Of the 11
patients able to be evaluated for response, 4 had achieved a CR and 1 a
partial remission. The predictable toxicities in this trial were diarrhea and
anemia; at the time of reporting, the DLT had not been reached (66).

4.3. Irinotecan in Multimodality Regimens
for the Treatment of SCLC

Several studies are being conducted to define the role of irinotecan along
with radiation therapy for the treatment of limited-stage SCLC. Kudoh et al.
conducted a phase II study of irinotecan combined with cisplatin in previ-
ously untreated SCLC. Irinotecan 60 mg/m2 was given on days 1, 8, and 15
along with cisplatin 60 mg/m2 on day 1 every 28 days. Four cycles of
chemotherapy were followed by thoracic irradiation to patients with LD and
six courses were given to patients with ED. The reported results were an
ORR of 83% in LD with a CR rate of 30%. The median response duration
was 8.0 months in this group with a median survival of 14.3 months. The
grade 3 or 4 toxicities were neutropenia (77%), leukopenia (45%), diarrhea
(19%), and anemia (39%). Two patients died from neutropenia associated
with diarrhea (67).

5. IRINOTECAN IN NON-SMALL-CELL LUNG CANCER

In this section, we highlight some of the important studies in this field.
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5.1. Single-Agent Irinotecan in NSCLC
Several phase II trials have been conducted using irinotecan as a single

agent for advanced NSCLC; these have established a role of irinotecan in
this cancer (Table 12).

In 1992, Fukuoka et al. published a phase II study of irinotecan in patients
with untreated and inoperable NSCLC. Of the 72 assessable patients, 3 had
stage I or II disease, 30 had stage III, and 40 had stage IV. CPT-11 was given
at a dose of 100 mg/m2/day by an iv infusion over 90 minutes once per week;
this was continued if the patient responded and if the toxicities were accept-
able. A median of six doses were given to patients. In this study, a response
was seen in 23 patients (31.9%), including a response rate of 31.3% in stages
I–III and 32.5% in stage IV patients. No CRs were observed. The median
survival was 42 weeks, and the median duration of response in patients with
PR was 15 weeks. The main toxicities were leukopenia and diarrhea. Grade
3–4 leukopenia was seen in 18 patients (25%), and 15 patients (21%) had
grade 3–4 diarrhea. Other common toxicities were nausea and vomiting
(22%), anemia (15%), and alopecia (4%) (68).

In 1991, Negoro et al. studied irinotecan in patients with lung cancer and
reported significant results with this drug. This was a three-arm study: group
A included previously untreated NSCLC patients (n = 67); group B had
previously treated NSCLC patients (n = 26); and group C included patients
with SCLC (n = 35). Patients were treated with irinotecan at a dose of 100
mg/m2 by an iv infusion once per week for 3 or more weeks. The study
reported a single-agent response rate of 34.3% in group A, 0% in B, and
37.1% in C. The DLTs of this study were leukopenia and diarrhea (69).

Baker et al. conducted a multicenter trial of irinotecan in patients with
advanced (stage IIIB and IV) NSCLC. Irinotecan cycles were given at 100
mg/m2 every week for 4 weeks, followed by a 2-week rest. Forty-eight
patients were enrolled and 41 were assessable. Results demonstrated a par-

Table12
Irinotecan as a Single Agent in Advanced NSCLC

Author Response Median
(Reference) Phase Number Regimen  (%)  survival

Fukuoka (68) II 73 100 mg/m2/week 31.9 42 weeks
Negoro (69) II 128 100 mg/m2/week 34  (untreated)

× 3 or more weeks 0 (treated )

Baker (70) II 48 100 mg/m2/week 15 6.2 months
× 4 weeks, then
2-week rest
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tial response in six patients (15%), median response duration of 4.7 months,
time to progression of 2.8 months, and median survival of 6.2 months. Late
diarrhea was a common toxicity seen in this trial—grade 3 and 4 diarrhea
was seen in 6.3% and 10.4%, respectively. None had grade 4 neutropenia,
although grade 3 neutropenia was seen in 14.6% of patients (70).

5.2. Irinotecan and Cisplatin Combinations
Cisplatin is a commonly used drug in the treatment of advanced lung

cancer, and cisplatin-based regimens have been found to confer survival
benefits in NSCLC as compared with best supportive care (71) (Table 13).
Preclinical models have suggested synergy between irinotecan and cisplatin.
Accordingly, several studies have been conducted studying irinotecan and
cisplatin combinations in NSCLC.

5.2.1. PHASE II TRIALS

DeVore reported a phase II study of irinotecan and cisplatin in advanced
(stage IIIB and IV) NSCLC. In this trial, irinotecan was given at 60 mg/m2

on days 1, 8, and 15 and a single dose of cisplatin at 80 mg/m2 was given on
day 1 after irinotecan. The study enrolled 11 stage IIIB and 41 stage IV
patients. Objective responses were seen in 28.8% patients, including 2 CRs
and 13 PRs. The median duration of response was 5.9 months, and time to
progression was 5.1 months. The median survival was 9.9 months, and the
1-year survival rate was 37%. The toxicity profile included late diarrhea
(17.3%), neutropenia (46.1%), and nausea (32.7%). In 60% of patients in
this trial the dose of CPT-11 had to be decreased to 40 mg/m2, primarily
because the protocol did not allow dose adjustment of cisplatin (72).

Jagasia et al. studied a different dose and schedule of irinotecan and
cisplatin. In this study, 30 mg/m2 of cisplatin was given as a 30-minute
infusion and irinotecan 65 mg/m2 was given just after cisplatin as a 30-
minute infusion. Both the drugs were given weekly for 4 weeks followed by
a rest period of 2 weeks; this cycle was continued for a maximum of six
cycles. Seven patients had stage IIIB and 43 had stage IV disease. The study
reported an objective response rate of 36%, median survival of 11.6 months,
and a 1-year survival of 46%. Grade 3/4 toxicities were diarrhea (26%),
neutropenia (26%), anemia (14%), and thrombocytopenia (14%). This par-
ticular regimen was well tolerated and had significant efficacy (73).

Mori et al. studied yet another regimen—a combination of cisplatin at 20
mg/m2/day for 5 days as a continuous iv infusion and irinotecan 160 mg/m2/
day as a bolus on day 1 with G-CSF. They reported an objective response
in 24 of 41 patients (58.5%) with a 1-year survival of 44%. Grade 3/4
diarrhea was reported in 23%, granulocytopenia in 15%, and anemia in 15%
of patients (74). In a study by Ueoka et al., cisplatin was administered at 60
mg/m2 on days 1 and 8 and irinotecan was given at 50 mg/m2 also on days
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1 and 8, with cycles repeated every 4 weeks. They reported a response rate
of 41% (17 of 41 patients), a median survival of 13 months, 1-year survival
of 58%, and 2-year survival of 20%. Grade 3 and 4 toxicities were leukope-
nia (40%), thrombocytopenia (43%), anemia (42%), diarrhea (27%), and
nausea and vomiting (26%). There was one death (75).

5.2.2. PHASE III TRIALS

Masuda et al. conducted a randomized multicenter phase III trial. This
trial enrolled 398 patients with stage IIIB and IV disease. The patients were
assigned to three arms. Arm A had 130 evaluable patients and consisted of
cisplatin at 80 mg/m2 on day 1 and irinotecan 60 mg/m2 on days 1, 8, and 15.
Arm B had 126 assessable patients, and these patients were given cisplatin
at 80 mg/m2 on day 1 and vindesine 3 mg/m2 on days 1, 8, and 15. Arm C
had 129 patients; these patients were treated with irinotecan alone at 100
mg/m2 on days 1, 8, and 15. Response was seen in 55 (43%), 38 (31%), and
26 (21%) patients in arms A, B, and C, respectively. The median survival
was 50.3 weeks, 47.4 weeks, and 46.1 weeks in the three arms, and the 1-
year survival rate was 47.5%, 37.9%, and 40.7% in arms A, B, and C,
respectively. Grade 4 neutropenia was highest in arm B (53.2%) and least
in arm C (7.9%). Irinotecan arms were associated with a higher incidence
of diarrhea: 12.6% in arm A, at least 4% in arm B, and 15% in arm C. This
study showed a survival advantage with the combination of irinotecan and
cisplatin (76).

Niho et al. also presented a randomized phase III trial in patients with
untreated stage IIIB or IV NSCLC comparing irinotecan and cisplatin ver-
sus vindesine and cisplatin. The two treatment arms of this trial were the
same as arm A and B in the previous trial, with cycles repeated every 4
weeks. There was no difference between the two arms in terms of survival.
Median survival was 45.4 weeks and 49.6 weeks in regimen A and B,
respectively. There was a higher incidence of neutropenia in the vindesine
arm (83% versus 63%) in this study (77).

Fukuoka et al. evaluated the survival outcome in metastatic NSCLC
(stage IV) patients in the two previously mentioned studies. Taken together,
these studies had a total of 358 patients with stage IV NSCLC. A total of 139
had been assigned to the irinotecan and cisplatin arm, 134 to the vindesine
and cisplatin arm, and 85 were treated with irinotecan alone. Cox regression
analysis of the data showed that the irinotecan and cisplatin arm was asso-
ciated with a significantly improved survival as compared with vindesine
and cisplatin arm (hazard ratio 0.697; 95% CI 0.525–0.925, p = 0.012) (78).

5.3. Irinotecan and Carboplatin
Many trials have shown that carboplatin-based regimens are as effica-

cious as cisplatin-based regimens and that these are associated with signifi-
cantly less toxicity than cisplatin-based regimens (79,80) (Table 14). Thus
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studies have explored the efficacy and tolerability of irinotecan and
carboplatin combinations.

Several Phase I studies have demonstrated that this is a feasible combina-
tion. Takeda et al. conducted a phase I study in advanced NSCLC patients.
In this trial, a fixed dose of carboplatin was given at an AUC of 5 mg/mL/
minute (using Calvert formula) on day 1 and irinotecan was given iv over
90 minutes on days 1, 8, and 15. This cycle was repeated every 28 days.
Based on this work, the MTD of irinotecan was determined to be 60 mg/m2;
however, the authors recommended 50 mg/m2 for phase II trials. Three of
five patients given irinotecan at 60 mg/m2 developed grade 4 neutropenia
and thrombocytopenia. This study reported an ORR of 35.3%, median sur-
vival of 10.5 months, and a 1-year survival of 35.3% (81). Fukuda et al. used
irinotecan in a similar model in NSCLC (n = 11) and SCLC (n = 13) (and
one case of colon cancer) and determined that the MTD of irinotecan was
60 mg/m2 given on days 1, 8, and 15 with carboplatin AUC of 5 on day 1.
The DLTs were neutropenia, thrombocytopenia, and diarrhea (82). Okamoto
et al. also recommended that irinotecan be administered at 60 mg/m2 on days
1, 8, and 15 with carboplatin AUC of 5 on day 1 with G-CSF support (83).

In a phase II study involving 36 advanced NSCLC patients, Mukohara et
al. administered irinotecan at 50 mg/m2 iv over 90 minutes on days 1, 8, and
15 with carboplatin AUC 5 mg/mL/minute (Calvert formula) on day 1. This
cycle was given every 28 days for at least two cycles. They reported an ORR
of 25%, a median survival of 10.8 months, and a 1-year survival rate of
38.9%. The following toxicities were reported using Japanese Clinical
Oncology Group criteria: grade 3/4 neutropenia in 76.5%, grade 3 anemia
in 26.5%, grade 3/4 thrombocytopenia in 47.1%, grade 3 nausea/vomiting
in 36.1%, and grade 3/4 diarrhea in 5.9% (84).

5.4. IRINOTECAN AND TAXANES

Few studies have evaluated the combination of irinotecan and taxanes in
NSCLC (Table 15). Taxanes have been shown to have significant activity
in lung cancer. In a randomized trial, docetaxel was demonstrated to have
activity in patients with NSCLC who had previously been treated with a
platinum-containing chemotherapy drug (85). Preclinical studies have
looked at the combination of camptothecins and taxanes and have reported
a degree of synergism in these two classes (86).

Murren et al. administered paclitaxel at a fixed dose of 75 mg/m2 weekly
and gave escalating doses of irinotecan every week and determined that the
MTD of weekly irinotecan in this combination was 50 mg/m2. In this trial
irinotecan was given as a 90-minute infusion followed immediately by
paclitaxel over 1 hour every week for 4 weeks, followed by a 2-week rest.
The DLT was neutropenia; mild diarrhea and fatigue were reported as the
common nonhematological toxicities (87).
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Table 15
Irinotecan and Taxanes in Combination for NSCLC

Response
Author (Reference) Phase Number Regimen (%)

Irinotecan and paclitxel
Murren (87) I 21 Irinotecan 50 mg/m2

Paclitaxel 75 mg/m2

q week
Rosen (88) I 17 Irinotecan 225 mg/m2

Paclitaxel 100 mg/m2

q 3 weeks
Irinotecan and docetaxel
Masuda (90) I 32 Irinotecan 50 mg/m2

days 1, 8, and 15 37
Docetaxel 50 mg/m2 day 2

q 28 days
Adjei (91) I 18 Irinotecan 160 mg/m2

Docetaxel 65 mg/m2

q 3 weeks
Takeda (92) II 112 DC arm (n = 53) 40.9

Docetaxel 60 mg/m2 day 1
Cispaltin 80 mg/m2 day 1
DI arm (n = 59) 35.2
Docetaxel 60 mg/m2 day 8
Irinotecan 60 mg/m2

days 1 and 8

DC, docetaxel plus cisplatin; DI, docetaxel plus irinotecan.

Rosen et al. studied a regimen of these two drugs given every 3 weeks in
a phase I trial in 17 patients with solid tumors. However, they could not
escalate these drugs above their starting dose. The starting doses were
paclitaxel at 100 mg/m2 and irinotecan at 225 mg/m2 given every 3 weeks.
The main DLTs were neutropenic fever and grade 3 or higher diarrhea, seen
in 5 of 17 (29%) patients. No pharmacokinetic differences were observed in
either irinotecan or its metabolite SN-38 in the presence of paclitaxel (88).
Asai et al., on the other hand, had reported significant pharmacokinetic
interaction between irinotecan and paclitaxel. They treated patients with an
irinotecan infusion (over 90 minutes) on days 1 and 8 and paclitaxel (as a
3-hour infusion) on day 8 90 minutes after the end of irinotecan infusion,
every 4 weeks. They reported that at level 2 of the dosing schedule (consist-
ing of paclitaxel at 135 mg/m2 and irinotecan at 50 mg/m2), the AUC of
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irinotecan and its metabolites on day 8 were significantly higher than on
day 1 (89). This is a markedly different result than the previous trial,
implying that there are important drug-to-drug interactions that need to be
further elucidated.

Other combinations of docetaxel and irinotecan have also been evaluated
in phase I and II studies. Masuda et al. presented the result of a phase I study
in 32 patients with stage IIIB and IV NSCLC. Their recommended phase II
dose was 50 mg/m2 for irinotecan given on days 1, 8, and 15 and 50 mg/m2

for docetaxel given on day 2 only, with cycles repeated every 28 days. The
DLTs in this study were neutropenia and diarrhea. They reported a partial
response in 11 of 30 (37%) patients with a median survival of 48 weeks and
a 1-year survival rate of 44.9%. Importantly, pharmacokinetic analysis showed
that irinotecan did not affect the pharmacokinetics of docetaxel (90).

Adjei et al. have studied a different regimen of these drugs and have given
these drugs in a three weekly regimen. In a phase I study in advanced
cancers, they treated 18 patients with irinotecan iv over 90 minutes followed
by docetaxel iv over 60 minutes every 3 weeks. The proposed phase II doses
as per this trial are irinotecan at 160 mg/m2 and docetaxel at 65 mg/m2. The
most common DLT in this report was myelosuppression, with grade 4 neu-
tropenia observed in 11 of 18 (61%) patients. They reported dose-dependent
diarrhea in this group with severe diarrhea in four patients who did not take
adequate antidiarrheal treatment (91).

Takeda et al. presented the result of a randomized phase II trial that
compared docetaxel plus cisplatin (DC) versus docetaxel plus irinotecan
(DI) in patients with advanced NSCLC. Fifty-three (44 who were able to be
evaluated) patients were randomized to the DC arm and received docetaxel
60 mg/m2 on day 1 and cisplatin 80 mg/m2 on day 1. A total of 59 (54 who
were able to be evaluated) patients were randomized to the DI arm to receive
60 mg/m2 docetaxel on day 8 and irinotecan 60 mg/m2 on days 1 and 8. Both
regimens were repeated every 3 weeks. The response rates and myelo-
suppression were similar in both arms. In the DC arm, the response rate was
40.9%, whereas in the DI arm, response rate was 35.2%. The median time
to progression was 19.9 weeks in the DC arm and 20.7 weeks in the DI arm.
Median survival was 33.9 weeks in the DC and 39.1 weeks in the DI arm.
The toxicity profile in the DC and DI arms was as follows: grade 3–4 anemia
16.7%/12.1%; grade 3–4 neutropenia 74.5%/74.6%; grade 3–4 thrombocy-
topenia 2.0%/1.7%; grade 2–4 serum creatinine 17.7%/13.6%, grade 2–4
vomiting 85.1%/53.5%, and grade 2–4 diarrhea 21.3%/41.3% (incidence of
vomiting was higher in the DC arm whereas incidence of diarrhea was
higher in the DI arm) (92).

5.5. Irinotecan in Other Combinations
Studies have shown that combinations of paclitaxel and carboplatin have

activity in advanced lung cancer and are well tolerated (79) (Table 16). This
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combination causes mild myelosuppression and a cumulative sensory neu-
ropathy. Accordingly, it has been argued that the combination of an active
third agent, such as irinotecan, to this combination is feasible and possibly
beneficial.

Socinski et al. conducted a phase I trial in 33 patients with stage IIIB and
IV NSCLC using a combination of irinotecan, paclitaxel, and carboplatin.
The recommended dose was irinotecan at 100 mg/m2, paclitaxel at 175 mg/
m2, and carboplatin at AUC 5 every 3 weeks. With this combination, they
reported an objective tumor response in 39%, median survival of 11 months,
time to tumor progression of 6.8 months, and a 1-year survival probability
of 0.46. The DLTs were neutropenia and diarrhea. Grade 3/4 neutropenia
was observed in 50% of patients, and six (19%) of these patients developed
neutropenic fever and diarrhea (93).

Fujita et al. studied a combination of irinotecan, docetaxel, and
carboplatin with G-CSF support given every 3 weeks in 22 patients with
stage IIIB and IV NSCLC. The dose that they arrived at was irinotecan 50
mg/m2 plus docetaxel 60 mg/m2 and carboplatin AUC 5, all administered on
day 1 with G-CSF on days 5–15. The DLT in this study was diarrhea. The
response rate was 38.1%, and the median survival was 278 days (94).

Irinotecan has also been studied with gemcitabine with the recommended
dose from a phase I analysis being gemcitabine 1000 mg/m2 and irinotecan
100 mg/m2 given on days 1 and 8 every 3 weeks, with no grade 4 hema-
tological or any major nonhematological toxicity observed at this dose
level (95).

5.6. Irinotecan in Multimodality Therapy of NSCLC
Irinotecan has been studied concurrently with radiation therapy as a single

agent and in combinations with other agents that have activity in lung cancer.
Takeda et al. used a combination of irinotecan given weekly with concur-

rent radiotherapy (60 Gy in 30, 2.0 Gy fractions over 6 weeks) in stage III
NSCLC. The recommended phase II dose of irinotecan from this study was
45 mg/m2. Three of five patients given 60 mg/m2 developed grade 3/4
esophagitis and pneumonitis. One patient died of pneumonitis at 45 mg/m2.
In this study, the ORR was 76.9%, with a 1-year survival of 61.5% (96).

A combination of irinotecan and cisplatin or carboplatin with radiation
therapy has also been studied. Fukuda et al., in a phase I study, recom-
mended irinotecan at 60 mg/m2 on days 1, 8, and 15 with cisplatin at 80 mg/
m2 on day 1 with concurrent radiotherapy in patients with locally advanced
NSCLC and reported a response rate of 65% with esophagitis, neutropenia,
and thrombocytopenia being common toxicities (97). Chakravarthy et al.,
in a phase I trial, have used escalating doses of weekly irinotecan (starting
from 30 mg/m2) and carboplatin AUC of 2 with concurrent radiation therapy.
Nausea, vomiting, and esophagitis were the main DLTs in this study (98).
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6. CONCLUSIONS

The treatment of lung cancer is a Herculean task; the agents available to
oncologists have not changed the perspective of this disease over the past
several years. However, the introduction of camptothecins as a class of
anticancer agents has definitely strengthened our therapeutic armamen-
tarium.

We have focused our attention on the two agents in this class that are in
widespread clinical use currently: topotecan and irinotecan. Topotecan is
approved by the FDA for the treatment of patients with SCLC-sensitive
disease after failure of first-line chemotherapy. Topotecan has also been
demonstrated to have activity as a first-line agent in SCLC. Moreover, it is
being studied in NSCLC patients with encouraging results. Interesting work
is being carried out by combining topotecan with other agents to maximize
its potential. Irinotecan is also an attractive agent to treat both SCLC and
NSCLC patients. In particular, the combination of irinotecan with cisplatin
in SCLC is very active and may even have better results than the currently
used regimens, potentially changing the standard of care for the treatment
of patients with this disease.

In this chapter, we have tried to present the published data in concise
form. Interest in these drugs has stimulated numerous ongoing investiga-
tions, potentially expanding their role in cancer therapy, which have not
been covered. Furthermore, many novel camptothecins in development have
not been presented in this chapter. With continued research and new options,
we are hopeful for the future of camptothecins in the treatment of patients with
lung cancer.
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1. INTRODUCTION

Even though current therapy is capable of inducing remissions in 60–
80% of adults with acute leukemia (1,2), the vast majority of patients are not
cured (3–5). This is particularly true for the elderly, who account for the
majority of cases of acute myelogenous leukemia (AML) (6,7). Because of
unrelated medical problems, as well as a higher incidence of certain resis-
tance mechanisms (e.g., overexpression of the mdr1 multidrug transporter),
eradicating AML in these patients has been particularly problematic (8,9).
These clinical observations highlight the need for new agents to treat AML.

Better treatments are also needed for patients with myelodysplastic syn-
drome (MDS), a group of clonal bone marrow disorders characterized by
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dysplastic hematopoiesis, excessive apoptosis, and a propensity to develop
into AML (10,11). This group of disorders includes chronic myelomono-
cytic leukemia (CMML), a pathogenetically and morphologically distinct
entity that has a median survival of 8–30 months (12), and the disorders
refractory anemia, refractory anemia with ringed sideroblasts, refractory
anemia with excess blasts (RAEB), and refractory anemia with excess blasts
in transformation (RAEB-T). Of particular interest for the present review
are RAEB and RAEB-T: patients with these disorders have median surviv-
als of 6–12 months and <6 months, respectively (13–15). Because the
results of treatment using chemotherapy, growth factors, or hematopoietic
stem cell transplantation have been disappointing in these high-grade cat-
egories of MDS (16), new therapeutic agents are needed.

As reviewed elsewhere in this book (see Chapter 1), the camptothecins
(CPTs) are a group of anticancer agents that target the nuclear enzyme
topoisomerase I (TOP-I). According to current models, these agents prima-
rily affect the relegation step of this enzyme, thereby transiently stabilizing
covalent TOP-I–DNA complexes. An interaction of these covalent TOP-I–
DNA complexes with advancing replication forks (reviewed in ref. 17) or,
under some circumstances, transcription complexes (18) results in the for-
mation of DNA double-strand breaks, which then set into motion biochemi-
cal events leading to cell-cycle arrest or apoptosis (see Chapter 4).

Based on this unique mechanism of action, one can make several predic-
tions about the cellular features that would render cells more or less resistant
to this class of agents. First, cells expressing elevated levels of certain drug
exporters (e.g., mdr1 [reviewed in ref. 19] or the more recently cloned
transporter BCRP [20–22]) could potentially exhibit resistance as a conse-
quence of diminished drug accumulation. Second, cells with decreased TOP-
I levels would stabilize fewer covalent TOP-I–DNA complexes and sustain
less toxicity during drug treatment (reviewed in refs. 19 and 23). Third,
because the interaction of TOP-I complexes with advancing replication
complexes is particularly effective at generating DNA double-strand breaks,
cells that are not traversing S-phase would be more resistant to this class of
agents (24,25). Finally, because CPTs kill cells by inducing apoptosis (26–
30), cellular changes that alter the coupling between DNA damage and
activation of the apoptotic machinery would be expected to affect sensitiv-
ity to this class of agents.

In the sections that follow, we will review clinical trials in which CPTs
have been administered to patients with leukemias or MDS. In addition,
because these diseases are ideally suited for the evaluation of potential
mechanisms of resistance that might occur in the clinical setting, we will
describe some of the assays performed to evaluate the actions of CPT ana-
logs in clinical leukemia isolates from patients receiving these drugs.
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2. ANTILEUKEMIC ACTIVITY OF CAMPTOTHECIN

One of the two original phase I trials of CPT included a patient with
relapsed AML (31). This patient experienced clearance of blasts from his
peripheral circulation, a decrease in his marrow blasts from 80 to 20%, and
resolution of splenomegaly. In the face of negative phase II trials of CPT for
colon carcinoma and metastatic melanoma, as well as unpredictable and
unmanageable toxicity (32,33), this potential antileukemic activity of CPT
was ignored.

3. ANTILEUKEMIC ACTIVITY OF SINGLE-AGENT
TOPOTECAN

3.1. Phase I Studies
The demonstration that CPT is active in murine P388 leukemia isolates

that are resistant to a variety of other agents (34,35) prompted renewed
interest in CPT in the 1980s. Based on subsequent studies, two water-soluble
CPT derivatives, topotecan and irinotecan, have been licensed for the treat-
ment of patients with various solid tumors (see Chapters 11 and 12). Both
of these, as well as other derivatives, have been tested in patients with
various leukemias.

Phase I trials in solid-tumor patients demonstrated that neutropenia was
the principal dose-limiting toxicity (DLT) of topotecan on all schedules
tested (19,36). The observation that this myelosuppression was brief and
noncumulative suggested that topotecan spares the hematopoietic stem cell
compartment. Furthermore, nonhematological side effects such as nausea,
vomiting, diarrhea, rash, fever, and fatigue were mild and infrequent at the
maximum tolerated dose (MTD) (19,36,37).

Based on the observation that CPTs are particularly toxic to cells in
S phase (25,38) and the realization that only a small percentage of blasts
pass through S phase during a 24-hour exposure period (39–41), initial
phase I studies of topotecan in patients with hematological malignancies
(Table 1) used a continuous infusion regimen. Kantarjian et al. administered
escalating doses of topotecan by 5-day continuous infusion (CI) to 27 heavily
pretreated acute leukemia patients, 70% of whom were receiving topotecan
as their second or subsequent salvage regimen (42). The DLT was mucosi-
tis, which was observed in two of five patients who received 11.8 mg/m2

topotecan per course. Another patient treated at this dose level developed
prolonged myelosuppression. At the MTD of 2 mg/m2/day, these toxicities
were not observed. Other nonhematological side effects, including nausea,
vomiting, and diarrhea, were also uncommon. An 11% complete response
(CR) rate was observed, with a higher response rate in patients receiving
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topotecan as their first salvage regimen. Although the report of Kantarjian
et al. did not contain any pharmacokinetic analysis, a filter binding assay
was used to examine levels of topotecan-stabilized covalent TOP-I–DNA
complexes. These complexes were below the limit of detection when blasts
were isolated directly from drug-treated patients.

The same 5-day CI schedule was used in a National Cancer Institute–
sponsored phase I trial in acute leukemia patients performed by Rowinsky
and coworkers (43) (see Table 1). The MTD was determined to be 2.1 mg/
m2/day, with mucositis again being the DLT. Although transient clearance
of peripheral blasts was observed in the majority of patients, the CR rate was
12%. Pharmacokinetic analysis revealed that steady-state topotecan con-
centrations (lactone + carboxylate) were 26 ± 7 nM at the MTD. Evaluation
of the response of blasts to topotecan ex vivo revealed that the concentra-
tions required to inhibit leukemic colony formation by 90% ranged from 6
to 22 nM. Further examination revealed a wide range of TOP-I expression
among the various pretreatment leukemia samples, with many specimens
containing elevated levels of TOP-I relative to normal marrow. Unfortu-
nately, differences in pretreatment cell cycle distribution, P-glycoprotein–
mediated drug efflux, and pretreatment TOP-I levels did not appear to
explain the variations in sensitivity to topotecan in vitro or in vivo (43,44).
The observed decrease in circulating blasts was, however, positively corre-
lated with topotecan dosage.

In an attempt to individualize treatment, Furman and coworkers per-
formed a pharmacokinetically guided phase I trial of topotecan adminis-
tered as a 5-day CI to pediatric patients with relapsed and refractory
leukemias (45). Consistent with this type of trial design, the dose was ad-
justed based on pharmacokinetic data to achieve a target area under the
concentration-vs-time curve; and the target area under the curve was increased
in a predefined manner with each successive cohort until the maximum tol-
erated systemic exposure (MTSE) was achieved. To perform this trial,
Furman and coworkers measured steady-state topotecan lactone concentra-
tions by high-performance liquid chromatography and adjusted the infusion
rate if the actual concentration differed from the target concentration by
>20%. The MTSE was determined to be 4 ng/mL (9.5 nM) × 5 days. Mu-
cositis was the DLT. Responses were observed in 2 of 13 (15%) children
treated (see Table 1). Although peripheral blasts cleared completely after
seven courses in six additional patients, progressive disease was noted be-
fore or soon after the scheduled time of retreatment. The authors argued that
this approach adjusted for interpatient pharmacokinetic variability, thereby
permitting more rapid and precise determination of a MTSE that can be used
in subsequent phase II trials. Interestingly, the MTSE determined in this
fashion was in remarkable agreement with the calculated lactone concentra-
tion of 3.8 ng/mL (8.6 nM) at the MTD in the more traditional phase I study
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of Rowinsky et al. (43). Moreover, the pharm-acokinetically guided trial did
not provide any new insight into the optimal dose for treating acute leuke-
mia, because responses were still seen at targeted exposures as low as 1.5
ng/mL (3.6 nM) topotecan lactone.

To build on xenograft data showing that increasing the topotecan dose
beyond a certain threshold offered no advantage, whereas prolonging the
exposure time above that threshold resulted in increased efficacy (46),
Furman et al. examined a schedule involving continuous topotecan infusion
for up to 12 consecutive days every 3 weeks in children with acute leukemia
(47). In this Phase I study, the DLTs were typhlitis, diarrhea, and mucositis;
and the MTD was 2.4 mg/m2/day for 9 days. Among the 49 patients (24
AML, 25 ALL) treated on this trial, there were 2 CRs and 6 PRs.

An alternative approach for achieving prolonged drug exposure would be
daily or almost daily oral dosing. With this in mind, Beran and colleagues
conducted a phase I trial of oral topotecan administered on days 1–5, 8–12,
and 15–19 of cycles lasting 5 to 7 weeks in patients with AML and high-risk
MDS (48). The DLT was grade 3/4 diarrhea, nausea, and vomiting; the
MTD was 1.4 mg/m2/day. Drug levels in blood or bone marrow were not
reported. Among 26 patients entered on study, there were 4 CRs (15%).

Because administration of topotecan on multiple consecutive days has
proven more effective than continuous drug infusion in solid tumor patients
(reviewed in Chapter 12), Rowinsky and coworkers (49) also evaluated the
feasibility of a 30-minute daily topotecan infusion for 5 consecutive days in
patients with refractory or relapsed acute leukemia (see Table 1). Mucositis
was not observed on this schedule. Instead, the DLT was an unusual constel-
lation of side effects that included high fever, rigors, precipitous anemia,
and hyperbilirubinemia. These effects were observed at a dose level of 5.75
mg/m2/day but not at the MTD of 4.5 mg/m2/day. No CRs were observed on
this schedule. Pharmacokinetic analysis revealed that topotecan lactone
concentrations peaked at 90–140 nM at the MTD and decreased with a
terminal half-life of 2–4 hours. Additional studies revealed that pretreat-
ment TOP-I content of leukemic blasts varied widely but did not correlate
with clinical response. In contrast to studies reported in tissue culture cell
lines, these was no evidence in the leukemia samples that levels of the
related enzyme topoisomerase II (TOP-II) were inversely related to TOP-
I levels. This observation has implications for the use of topotecan in com-
bination with TOP-II poisons, as will be discussed in the section 4.1.

3.2. Phase II Trials
Gore et al. performed a phase II study of topotecan in high-risk untreated

ALL patients (50). The observation that TOP-I levels were particularly high
in ALL blasts (43), coupled with the demonstration that topotecan exhibited
significant antileukemic activity in a severe combined immunodeficiency



428 Mow and Kaufmann

(SCID) mouse model of human B-lineage ALL (30), provided the rationale
for studying topotecan in ALL. Based on evidence that the activity of inves-
tigational agents is much higher in untreated patients than in relapsed or
refractory cases (51–56), Gore and coworkers chose to study untreated ALL
patients using a so-called “window” trial design. After topotecan was ad-
ministered as a 2.1 mg/m2/day CI for 5 days, patients were observed until
day 21 to assess response. If there was a CR or no response, patients were
then treated with aggressive conventional chemotherapy to avoid compro-
mising their chances of remission. If a partial or minimal response was
observed, a second cycle of topotecan was given before standard treatment.
In this trial, the primary nonhematological toxicities attributable to topotecan
were mucositis and diarrhea. Although topotecan induced marked cytolytic
responses in all 14 ALL patients, evidence of residual leukemia was univer-
sally observed in day 14 bone marrow samples. Two patients expired during
induction therapy. The one patient who achieved a CR remained in remis-
sion for 17 months before expiring from central nervous system relapse.
Ancillary studies again showed no relationship between steady-state plasma
topotecan concentrations and hematological response or toxicity. Although
the low response rate and small sample size made it difficult to draw firm
conclusions about factors that might have affected topotecan sensitivity
during this trial, it was observed that the CR and two partial responses
occurred in patients whose blasts had the lowest levels of the anti-apoptotic
protein Bcl-2.

The activity of topotecan in refractory/relapsed AML was evaluated in
a still unpublished phase II trial performed at the M.D. Anderson Cancer
Center (57). No CRs were seen among the 14 patients enrolled. However,
the possibility of false negative results is very real when new drugs are
evaluated in relapsed/refractory patients whose prior therapy might have
selected for blasts harboring a variety of mechanisms of drug resistance.

Another phase II study evaluated the activity of single-agent topotecan
in 60 patients with MDS (58). The median age of these patients was 66 years,
with 83% being older than 60 years of age. Topotecan was administered as
a CI of 2 mg/m2/day for 5 days. An overall response rate of 31% was seen
in this study, with a higher response rate for MDS (37%) than for CMML
(27%). Responses were more frequent in chemotherapy-naive patients and
in those whose clones lacked Ras mutations. These responses were, how-
ever, obtained at the cost of considerable morbidity and mortality. Febrile
neutropenia occurred in 85%, grade 3/4 mucositis in 23%, grade 3/4 diar-
rhea in 17%, and nausea and vomiting in 28%. Moreover, there was a 20%
mortality during the first 4 weeks of topotecan treatment. With a median
follow-up of 31 months, the median survival was only 10.5 months. Although
encouraging activity was seen in some patients with poor prognosis karyo-
types, it is unclear whether this treatment altered the dismal prognosis
associated with this group of disorders.



Chapter 17 / Camptothecins in Leukemia and Related Disorders 429

O’Brien and coworkers completed a phase II trial of topotecan in chronic
lymphocytic leukemia (CLL) patients (59). When 12 patients were treated
with daily infusions of 4.5 mg/m2/day for 5 days, no responses were observed.
Based on earlier observations that continuous exposure to 1.6 μM topotecan
for 72 hours was required to kill 50% of a population of CLL cells in vitro
(60), as well as the pharmacokinetic parameters described previously
(43,49), the negative results of the CLL trial were perhaps predictable.
Several factors might have contributed to this lack of activity, including the
low percentage of S-phase cells and the almost universal expression of the
antiapoptotic protein Bcl-2 in CLL.

In summary, the most widely studied schedule of topotecan in hemato-
logical malignancies is a 5-day CI. On this schedule, the MTD of 2.1 mg/
m2/day is approximately threefold higher than the MTD achieved in solid
tumor patients (43). At this dose, topotecan has shown modest activity in
clonal myeloid hematological disorders. The principal nonhematological
toxicity observed is mucositis. Although the myelosuppression observed
with topotecan is reversible and noncumulative, it is sufficiently prolonged
at the leukemic MTD that there is a significant risk of neutropenic infections
and death. Moreover, the ancillary studies performed to date have generally
failed to predict clinical responsiveness, thereby preventing the individual-
ization of treatment. Because of the toxicity, limited efficacy, and inability
to prospectively identify patients who might benefit from this agent, treat-
ment of MDS and leukemia patients with single-agent topotecan is strongly
discouraged outside the context of clinical trials.

4. TOPOTECAN-CONTAINING COMBINATIONS

The results cited previously have led to the conclusion that administra-
tion of topotecan alone is unlikely to significantly benefit patients with
leukemia. Because this drug has some activity, albeit limited, against hema-
tological malignancies, there has been interest in examining the effect of
combining it with other agents. The rationale for these combinations has
been extensively reviewed (61). In the paragraphs that follow, we briefly
describe the preclinical results that support the testing of these combinations
and then review the results observed in the clinical setting.

4.1. Sequential Topotecan and Etoposide
When the early clinical studies of TOP-I poisons were being planned,

there was considerable enthusiasm for combining these agents with TOP-
II poisons such as etoposide or daunorubicin. The original basis for these
studies was the observation that tissue culture cells selected in vitro for
resistance to TOP-I poisons sometimes contained elevated TOP-II levels
and displayed hypersensitivity to etoposide (62,63). On the other hand,
simultaneous administration of TOP-I and TOP-II poisons to unselected
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tissue culture cells resulted in antagonistic effects, in part because the TOP-
I poisons inhibited the ongoing RNA synthesis that was required to convert
etoposide-stabilized TOP-II–DNA complexes into cytotoxic DNA double-
strand breaks (64,65). When the agents were administered sequentially,
however, the cytotoxic effects of the combination could be at least additive
and sometimes synergistic (66,67). Similar schedule dependence was
observed in vivo using murine L1210 leukemia model (68).

A phase I study of topotecan and etoposide in leukemia patients was
performed by the National Cancer Institute of Canada (Table 2) (69). In light
of the preclinical data cited previously, topotecan was administered as a 5-
day CI followed by bolus etoposide on days 6–8. Eleven patients with re-
fractory acute leukemia (median age 46) were entered on study. Mucositis
was observed at a topotecan dose of 1.5 mg/m2/day combined with etoposide
100 mg/m2/day. Grade 4 neutropenia and thrombocytopenia were also noted
in all courses; and one patient died of neutropenic sepsis. These toxicities
were sufficiently severe that no further dose escalation was attempted. A
hematological and cytogenetic CR was seen in a CML patient in blast crisis
(response rate 9%). Ancillary studies failed to confirm the reciprocal regu-
lation of TOP-I and TOP-II levels observed in tissue culture cells. Although
TOP-II levels increased in peripheral blasts within 72 hours of starting
topotecan, they returned to near baseline by day 5 despite continued
topotecan administration. In bone marrow blasts, TOP-II levels actually
appeared to decrease by day 5. The expected increase in TOP-II levels at the
time of etoposide treatment was not observed.

A second phase I study of sequential topotecan and etoposide was per-
formed by Cooper and coworkers (70). In this study, patients with refractory
or relapsed acute leukemia were treated with escalating doses of topotecan
administered as a CI over 72 hours followed by daily infusions of 100 mg/
m2/day etoposide on days 4–8. Grade 3/4 neutropenia and thrombocytope-
nia were noted in all courses. Toxicities at 1.10–1.35 mg/m2/day topotecan
included two deaths resulting from neutropenic sepsis, as well as grade 3/
4 hyperbilirubinemia (two patients) and mucositis, diarrhea, and peripheral
neuropathy (one patient each). The most common grade 3/4 nonhemato-
logical toxicities—mucositis, diarrhea, and reversible hepatic dysfunc-
tion—correlated with plasma topotecan concentrations. CRs were observed
in 2 of 29 patients. Ancillary studies again failed to confirm the expected
reciprocal regulation of TOP-I and TOP-II. In particular, TOP-I and TOP-
II both decreased during the topotecan infusion in all except one patient and
did not correlate with response. This topotecan-induced decrease in TOP-
II levels might be explained, in part, by the induction of p53 and resulting
downregulation of TOP-II gene transcription observed in leukemic cell
lines (71).
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4.2. Simultaneous Topotecan and Liposomal Daunorubicin
In an attempt to identify a non–cytarabine-containing regimen, investi-

gators at the M.D. Anderson Cancer Center examined the effect of admin-
istering topotecan 1.25 mg/m2/day by continuous infusion for 3 days and
liposomal daunorubicin 100 mg/m2/day by brief infusion on days 1–3. In a
phase I trial in patients with refractory and relapsed leukemias, this combi-
nation demonstrated a 19% response rate (cited in ref. 72). In contrast, when
administered to patients with newly diagnosed AML or high-grade MDS
without or with thalidomide, this same regimen yielded a CR rate of 0/17
and was dropped from a multiarm phase II trial (72). This disappointing
result is consistent with earlier preclinical data indicating that topotecan and
daunorubicin are antagonistic when administered simultaneously (44).

4.3. Topotecan and Mitoxantrone
In a limited phase II study, the combination of topotecan 1.5 mg/m2/day

by continuous infusion for 5 days accompanied by mitoxantrone 12 mg/m2/
day on days 1–3 was studied in patients with MDS or with chronic myelog-
enous leukemia (CML) in accelerated phase or blast crisis (73). Morpho-
logical CRs lasting 45–400 days were observed in four of seven patients
with accelerated phase CML, two of four with CML in lymphoid blast
crisis, and two of six with MDS. Ancillary studies were not reported. These
results, however, are more promising than seen with some of the other
combinations and might warrant further investigation.

4.4. Sequential Topotecan and Etoposide/Mitoxantrone
In a further extension of this approach, Mainwaring et al. performed a

phase I/II study of topotecan 1.5 mg/m2/day by continuous infusion for 3
days followed on days 4, 5, 9, and 10 with etoposide 100 mg/m2/day and
mitoxantrone 10 mg/m2/day (74). Grade 3 mucositis was observed in 29%
of patients. In this heavily pretreated group of patients, 4 of 17 achieved a
CR, and another 4 of 17 met the criteria of a CR except for inadequate
platelet counts (CRp). Interestingly, examination of paired marrow samples
collected before treatment and on day 4 revealed that a � 40% increase in
TOP-II signal on day 4 correlated with response to therapy. Again, the
high response rate in this small group of patients suggests that this regimen
might merit further investigation.

4.5. Sequential Topotecan and Cytarabine
As indicated elsewhere in this volume (see Chapter 4), the interaction

between advancing replication forks and drug-stabilized covalent TOP-I–
DNA complexes generates the bulk of the cytotoxic DNA double-strand
breaks. Consistent with this model, agents that inhibit DNA replication have
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been observed to antagonize the cytotoxic effects of TOP-I poisons. These
results provide a potential explanation for the less than additive effects
observed in vitro (44) when topotecan was combined with cytarabine, a
known inhibitor of DNA synthesis (75).

To avoid this potential antagonism between cytarabine and topotecan,
Seiter et al. performed a phase I trial (see Table 2) in which cytarabine and
topotecan were administered sequentially to 53 patients with refractory
acute leukemia (76). This trial was preceded by experiments to determine
the effects of sequentially administering the two agents in vitro. These
investigators found that treatment of HL-60 human leukemia cells with
cytarabine followed by drug removal and then treatment with topotecan
induced apoptosis in more cells than treatment with topotecan alone. In light
of this result, cytarabine 1 g/m2/day was administered as a 2-hour infusion
daily for 5 days. Twelve hours after each cytarabine dose (i.e., when the
remaining plasma concentrations of cytarabine would be expected to be
minimal), topotecan was infused over 30 minutes. Mucositis was the DLT.
In addition, all patients developed neutropenic fever and three patients died
from sepsis. The MTD of topotecan was 4.75 mg/m2/day for 5 days in high-
risk patients ( 2 prior chemotherapy regimens) and 7 mg/m2/day for 5 days
in low-risk patients (<2 prior regimens and Eastern Cooperative Oncology
Group performance status of <2). CR rates of 10% in AML, 50% in ALL,
and 13% in blast crisis CML were observed. Remissions were, however,
short-lived. Flow cytometry performed on peripheral blood and bone mar-
row samples revealed that those leukemias with higher S-phase fractions
were more likely to achieve bone marrow aplasia with this regimen.

4.6. Alternative Approaches to Combining Topotecan
With Cytarabine or Etoposide

Vey et al. (77) used a pre-phase II Bayesian selection design to examine
three different patient groups and three different regimens in poor-risk AML
(see Table 2). Patients were divided into three different risk groups based on
karyotype, duration of first CR, number of prior salvage treatments, and
response to last salvage therapy. An expected CR rate was then calculated
for each group based on historical data. Within each stratum, patients were
then randomized to one of three different treatments containing escalating
doses of topotecan (starting dose 1 mg/m2/day) administered as a CI for 5
days. The treatments were: topotecan CI on days 1–5 and cytarabine 1 g/m2,
days 1–5 as a 2-hour infusion; topotecan CI on days 1–5 followed by
etoposide 250 mg/m2 twice daily over 3 hours on days 6–7; or etoposide 250
mg/m2 twice daily on days 1–2 followed by topotecan CI on days 3–7. A
dose-finding phase was conducted in the poorest stratum of each arm. The
Bayesian design was then used to assess whether the CR rate with each
regimen was sufficient to merit investigation in a Phase II trial. The treat-
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ment arms were terminated after enrolling 37 patients because only one CR
was observed. The principal cause of failure was insufficient antileukemic
activity rather than toxicity. The authors concluded that the agents admin-
istered on these schedules did not warrant a phase II evaluation in poor
prognosis AML patients.

The disappointing results with topotecan CI on days 1–5 + cytarabine on
days 1–5 have been duplicated elsewhere (78). A phase II trial of this com-
bination produced no major extrahematological toxicities, but also only 2
CRs in 12 patients with refractory or relapsed AML. The results so disap-
pointed the authors that they terminated the study early.

4.7. Phase II Trial of Concomitant Topotecan
and Cytarabine in MDS

In view of the single-agent activity of topotecan in MDS, the M.D. Ander-
son group performed a phase II trial of topotecan + cytarabine in patients
with this group of clonal hematological disorders. As indicated in Table 2,
patients received topotecan 1.25 mg/m2/day as a 5-day CI with brief infu-
sions of cytarabine 1 gm/m2/day on days 1–5 (79). The median number of
courses administered was two. At a median follow-up of 7 months, all 86
patients (median age 64) were assessable for toxicity and response. The
therapy was relatively well tolerated, with 5% of patients developing grade
3–4 mucositis or diarrhea and 7% dying during induction therapy. The CR
rates were reportedly 61% in patients with MDS and 44% in CMML, yield-
ing an overall CR rate of 56%. The median duration of response was 34
weeks. These response rates were higher than observed after administra-
tion of single-agent topotecan (see Section 3.2.). Moreover, there was no
statistically significant difference in the CR rates between the Interna-
tional Prognostic Scoring System risk groups (intermediate-1, intermedi-
ate-2, and high-risk). Impressively, 71% of MDS patients with a poor-
prognosis karyotype achieved a CR with this regimen.

In a subsequent report, the same investigators described a cohort of 357
patients with newly diagnosed AML or high-grade MDS (presumably in-
cluding the same original 82 MDS patients) who were treated with the same
topotecan/cytarabine regimen (80). Other patient cohorts were treated with
idarubicin + cytarabine or fludarabine + cytarabine. Post hoc statistical
analysis of this nonrandomized group of patients revealed a CR rate of 59%,
median event-free survival of 36 weeks and median overall survival of 41
weeks for patients receiving topotecan/cytarabine. The authors found no
evidence that topotecan + cytarabine was superior to idarubicin + cytarabine,
which had a CR rate of 77% in a nonequivalent population.

It appears that the same MDS patients were described a third time by
Beran and coworkers (81), who reported an overall CR rate of 58% in 394
patients with newly diagnosed high-grade MDS treated in a nonrandomized
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fashion with one of five regimens, including topotecan + cytarabine. Al-
though multivariate analysis failed to demonstrate a difference in remission
rate among the regimens, topotecan + cytarabine had the lowest treatment-
related mortality (5.4%).

In summary, it appears that the combination of topotecan + cytarabine
administered according to the schedule described previously induces remis-
sions in a substantial fraction of patients with high-grade MDS. This is in
contrast to its lack of activity in relapsed and refractory acute leukemia
(77,78) and its inferiority to standard induction regimens in newly diag-
nosed AML (80). In MDS, a heterogeneous disorder in which patients live
a variable length of time after diagnosis, properly controlled studies are
required to determine whether the high CR rates seen with topotecan +
cytarabine translate into altered survival.

4.8. Phase I Trials of Topotecan
With DNA-Damaging Agents

Miller and coworkers performed a phase I trial of topotecan + cyclophos-
phamide in patients with relapsed and refractory leukemia (82). This study
was based on preclinical data suggesting that topotecan + cyclophospha-
mide exhibit additive or synergistic cytotoxic effects on tissue culture cells
in vitro (44,83,84), as well as clinical data indicating that myelosuppression
is the DLT when topotecan and cyclophosphamide are administered to solid-
tumor patients (85). In the phase I leukemia trial (see Table 2), cyclophos-
phamide was administered at a dose of 40 mg/kg on day 1, followed by
escalating doses of topotecan by 5-day CI on days 2–6. At the time of the
most recent update, the MTD had not been reached. Of the 14 patients
entered on study, 3 with AML achieved a CR. The final results of this trial,
along with the ancillary studies examining potential mechanisms of resis-
tance to this combination, remain to be reported.

Kaufmann et al. (86) performed a phase I trial of topotecan + carboplatin
in patients with relapsed/refractory leukemia (see Table 2). The rationale for
this study was the observation that the cytotoxic effects of topotecan and
cisplatin are additive or synergistic in a variety of tissue culture cells (83,87)
and in animal leukemia models (88), possibly because CPT analogs inhibit
the removal of platinum-associated DNA interstrand cross-links (89).
Carboplatin was chosen for the human leukemia trial because of its lower
renal toxicity and its demonstrated single-agent activity in relapsed and
refractory leukemia (90–92). In the combination trial (86), topotecan and
carboplatin were administered to patients by 5-day CI starting with doses of
0.5 mg/m2/day and 150 mg/m2/day, respectively. At the time this study was
last updated, 11 patients had received 19 cycles of therapy at two dose
levels. Prolonged myelosuppression was observed in all patients, but other
DLT were not observed. A total of three CRs (27%) was observed.
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4.9. Three-Drug Combinations for Relapsed/Refractory
Leukemia

In view of the additive or synergistic effects observed with topotecan and
DNA-damaging agents in vitro (83,87) and in murine leukemia models (88),
as well as the admittedly modest single-agent antileukemic activity of cyclo-
phosphamide in the clinical setting (93), the M.D. Anderson group added
cyclophosphamide to the topotecan + cytarabine regimen described previ-
ously (see Table 2) (94). Sixty-three patients (median age 57 years) received
cyclophosphamide 500 mg/m2 administered as a brief infusion every 12
hours on days 1–3, accompanied by topotecan 1.25 mg/m2/day by CI on
days 2–6 and cytarabine 2 g/m2 by 4-hour daily infusion on days 2–6. With
this regimen, myelosuppression was universal, and a median of 29 days was
required for neutrophil counts to reach 1000/mm3. Five patients died during
the first 28 days after therapy. Fever and weight loss, the most common
nonhematological toxicities, were within the range expected with other
induction regimens. Gastrointestinal side effects were also mild in most
patients (mucositis grade 3 in 5%). Although a preliminary report indicated
that the response rate with this regimen was 60% in AML (95), prompting
the Eastern Cooperative Oncology Group to initiate a confirmatory Phase
II study (M. Litzow and M. Tallman, personal communication), a more
complete report (94) indicated an overall CR rate of 17% in the 63 patients
enrolled in this study, with CR rates of 23% in both AML and ALL patients.

Rather than building a regimen around the presumed mechanistic conse-
quences of combining topotecan with various agents, an alternative has
been to empirically combine topotecan with a “standard” cytarabine +
anthracycline induction regimen. Using this approach, Lee et al. explored
a regimen consisting of cytarabine 1 g/m2 over 2 hours every 12 hours on
days 1–5, idarubicin 12 mg/m2 on days 1–3, and topotecan 1.25 mg/m2/day
by CI over days 1–5 in 27 patients with refractory/relapsed AML and high-
grade MDS (96). In addition to severe myelosuppression in all patients and
documented infections in 89%, reversible grade 3–4 mucositis and diarrhea
were observed in 26% and 7%, respectively. There was an 11% early death
rate with this combination. Nonetheless, the CR rate was 52% and was
somewhat higher in relapsed/refractory AML (59%) than MDS (40%). The
median remission duration and median survival were 6 and 12 months,
respectively, in this pretreated patient population. Four MDS patients who
achieved CR maintained continuous CR with a median follow-up of 11
months. These results require confirmation in a further study.

Other investigators have attempted to build on the fludarabine and
cytarabine combination that is used to treat high-risk and elderly AML
patients (97,98). A pilot study indicated that administration of fludarabine
15 mg/m2/day on days 1–4 followed 4 hours later by cytarabine 2 gm/m2/
day over 4 hours and topotecan 1.25 mg/m2/day over 4 hours is well toler-
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ated and has a CR rate of 60% in newly diagnosed AML (99). The reported
activity of this regimen in elderly patients and those with secondary AML
needs to be confirmed in a larger phase II or phase III study.

Other empiric approaches appear less promising. Cortes et al. reported
that addition of the immunotoxin conjugate gemtuzumab ozogamicin
(Mylotarg) 9 mg/m2 iv over 2 hours on day 1 to the cytarabine/topotecan
regimen described in Sections 4.6 and 4.7 resulted in grade 3/4 elevations
in serum transaminase levels in 29% of patients, with 6% mortality resulting
from hepatic veno-occlusive disease, but had only a 12% CR rate in 17
patients with relapsed or primary refractory AML (100).

5. ANTILEUKEMIC STUDIES OF IRINOTECAN

Irinotecan is water-soluble, semisynthetic CPT analog that is converted
by carboxylesterases into the more potent derivative 7-ethyl-10-hydroxy-
camptothecin (SN-38). As indicated in Chapter 11, SN-38 stabilizes TOP-
I–DNA complexes, thereby setting into motion biochemical changes that
result in replication fork-associated DNA double-strand breaks, cell cycle
arrest, and apoptosis. Compared to topotecan, which has a terminal serum
half-life of 3 hours (101), the pharmacokinetic profile of irinotecan is
characterized by a long elimination half-life for both the parent compound
(6 hours) and SN-38 (11–13 hours) (102,103).

When irinotecan was administered to solid-tumor patients as a brief
infusion every 3–4 weeks, an early phase I study revealed dose-limiting
leukopenia at 350 mg/m2 (104). Grade 3/4 diarrhea was also frequently
observed. Based on concerns about the combination of leukopenia and
diarrhea at doses 250 mg/m2, a phase II dose of 200 mg/m2 was recom-
mended in solid-tumor patients (104).

Because of the presence of a potentially dose-limiting nonhematological
toxicity, formal phase I testing of irinotecan in patients with hematological
disorders was not performed. Instead, a multi-institution phase II study of
irinotecan (105) was completed in 62 heavily pretreated leukemia and lym-
phoma patients (median age 46) based on the results of the phase I solid-
tumor trial. Two administration schedules were planned for the initial phase
of the study: on schedule A, irinotecan was administered as a single 60-
minute infusion at 200 mg/m2 on day 1 of every 3- to 4-week cycle; on
schedule B, irinotecan was given as a 60-minute infusion at 40 mg/m2/day
on days 1–5 of each cycle. When an interim analysis showed no responses
of leukemia or lymphoma patients to schedule A and no responses of acute
leukemia patients to schedule B, these schedules were replaced by two new
schedules: on schedule C, irinotecan was given as a 60-minute infusion of
40 mg/m2 for 3 days every week; on schedule D, irinotecan was adminis-
tered as a 60-minute infusion at 20 mg/m2 twice per day on days 1–7 of a
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planned 3- to 4-week cycle. As seen in the earlier phase I study in solid-
tumor patients, leukopenia was more marked than thrombocytopenia, with
reversible grade 3/4 leukopenia occurring in 71% of the lymphoma patients
enrolled in this study. Diarrhea was also noted in 71% of patients. Among
the 26 patients with acute leukemia enrolled in this trial, the response rate
was 0/14 in patients treated on schedules A–C and 3 out of 12 (25%) in
patients treated on schedule D. Although the number of patients was small,
subset analysis revealed that relapsed patients and patients with primary
refractory disease each had a 33% response rate (1 CR/3 patients in each
category), but patients with relapses that were unresponsive to other salvage
regimens had only a 5% response rate (1 CR/20 patients).

A follow-up report summarized results obtained from 50 patients with
acute leukemia or blast crisis CML treated with irinotecan at a dose of 15–
20 mg/m2 twice daily for 7 days every 2–4 weeks (106). Of 17 patients with
ALL, 2 showed a partial response (12%). No responses were seen in the 24
patients with AML.

Because of these disappointing results, irinotecan has not received much
further study as a single agent in AML. In acute lymphoid leukemias, the
only single-agent Phase II trial reported is a multi-institution trial examining
the effect of irinotecan 40 mg/m2/day on days 1–3 of each week in patients
with relapsed/refractory acute T-cell leukemia/lymphoma (107). Although
1 CR and 4 PRs were observed in 13 assessable patients, the median CR
duration of 31 days was disappointing.

More recently, a small phase II study of single-agent irinotecan admin-
istered at 200 mg/m2 every 2 weeks in MDS patients who were not candi-
dates for cytarabine + anthracycline therapy was reported (108). Because
this irinotecan-treated group showed faster hematologic recovery than is
usually seen in topotecan-treated MDS patients, there were fewer hospital-
izations. In 26 previously untreated MDS patients, 1 CR and 4 PRs were
observed. Because the median duration of these responses, however, was
only 4 months, it is not clear whether further study of this agent in MDS is
justified.

Combinations involving irinotecan have not been extensively studied in
leukemia patients. Based on the promising activity of gemcitabine +
irinotecan in solid tumor patients, 11 patients with relapsed or refractory
acute leukemia were treated with 40 mg/m2 daily for 3 days followed by
infusional gemcitabine at 10 mg/m2/minute for increasing lengths of time
(109). The DLTs were reversible stomatitis and esophagitis, and the MTD
was gemcitabine 7200 mg/m2 (12-hour infusion). One CR (9%) and one PR
(9%) were observed.

In summary, irinotecan has little activity against the acute leukemias.
These disappointing results might reflect the expression of the transporter
BCRP (ABC G2) in a majority of acute leukemia specimens (110,111) and
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the high sensitivity of SN-38 accumulation to this transporter (20,22). The
activity of irinotecan as a single agent in MDS is also modest, and it remains
to be determined whether combinations containing irinotecan have any role
in the treatment of hematological malignancies.

6. TRIALS OF OTHER CAPMTOTHECINS
IN LEUKEMIA

9-Aminocamptothecin (9-AC, see Chapter 9) has also been evaluated in
leukemia patients. Preclinical studies demonstrated dramatic activity of a
lipid formulation of this agent in an animal model of colon cancer (112).
Activity against human leukemia in a SCID mouse model was also demon-
strated (113). Phase I clinical trials in solid-tumor patients revealed that the
DLT was myelosuppression (114,115). Two groups have performed
phase I trials of 9-AC in relapsed/refractory acute leukemia patients
(116,117). Results of these studies have demonstrated that the 9-AC dose
can be increased threefold to fourfold in leukemia patients (1.4 mg/m2/day
by 7-day CI) before dose-limiting mucositis is encountered (117). Even
though 9-AC was capable of inducing marrow hypoplasia, it appeared to
lack sufficient activity on this schedule to induce any objective responses
(116,117). Phase I trials of 9-AC in combination with other antileukemic
agents are in progress (J. P. Eder, personal communication).

More recently, exatecan (DX-8951f) was also evaluated in patients with
acute leukemia. Preclinical studies demonstrated that the activity of this
agent in SCID mice inoculated with the KBM3 human leukemia line was
both dose- and schedule-dependent, with protracted schedules giving
improved survival (118). Based on these results, and the observation that
hematological toxicity was dose-limiting in phase I trials of exatecan in
solid-tumor patients, a phase I trial investigating daily × 5 and daily × 7
intravenous infusion schedules was performed in patients with relapsed/
refractory acute leukemias and MDS (119). As is the case with topotecan,
stomatitis was dose-limiting. The recommended phase II dose was 0.9 mg/
m2/day × 5 days. Among 24 patients, only 1 PR (4%) was observed.

7. CONCLUSIONS

Although TOP-I poisons have been in clinical trials for more than a
decade, the studies summarized in this chapter provide only limited infor-
mation regarding the efficacy of TOP-I poisons in patients with hematologi-
cal malignancies. Most of the studies reported to date were phase I clinical
trials. It is important to keep in mind that the primary goals of a phase I study
are to define the toxicities and determine the MTD of a treatment. By its very
nature, a phase I trial involves administration of agents at multiple dose
levels, including dose levels that might be inadequate to produce an antine-
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oplastic response. Moreover, only 6 to 10 patients are treated at the MTD in
the typical Phase I trial. Accordingly, these trials provide little information
about the antineoplastic activity of the treatments under study. In addition,
Phase I trials are typically performed on patients whose disease has recurred
after treatment with conventional agents. It is likely that the previous treat-
ment has selected for neoplastic cells that are resistant to subsequent therapy.

Even with these caveats in mind, the results suggest that the activity of
TOP-I poisons in acute leukemia is modest. The phase II window trial of
topotecan in high-risk ALL revealed a CR rate of 7% (50). The activity
of single-agent topotecan in AML was likewise limited (57).

Some of the phase I trials of topotecan-containing two-drug regimens
have appeared more promising. In particular, the topotecan + cyclophos-
phamide and topotecan + carboplatin trials have demonstrated response
rates of 20–30% in patients with relapsed/refractory acute leukemia and
blast crisis CML (see Table 2). These regimens are also appealing because
preclinical studies have demonstrated additive or greater than additive effects
of the combinations in vitro and in vivo. In both trials, CRs were observed at
a wide range of dose levels, providing a hint that the regimens might be
active. Based on the responses observed in the phase I topotecan + cyclo-
phosphamide trial, a phase II trial of this combination is currently in progress
(C. Miller, personal communication). If this combination continues to show
promise, it might be reasonable to assess its true antileukemic potential by
performing a phase II window trial in previously untreated patients.

Results of the Bayesian phase I trial of topotecan + cytarabine versus
sequential topotecan/etoposide did not provide evidence of sufficient activ-
ity to warrant a phase II trial of these combinations in relapsed/refractory
leukemia. Although it might be argued that the patients enrolled in this study
were heavily pretreated and, therefore, were unlikely to respond to any
subsequent regimen, it is precisely these patients who need additional effec-
tive antileukemic treatments. Accordingly, most hematologists would have
little enthusiasm for testing regimens such as these in untreated patients if the
same regimens display little or no activity in patients with recurrent AML.

In contrast to its limited activity in relapsed or refractory acute leuke-
mia, the topotecan + cytarabine combination has been reported to display
remarkable activity in MDS and CMML. Studies to confirm these results
and determine whether this regimen alters the natural history of these dis-
orders appear to be warranted. Given the high frequency of MDS and the
extremely poor prognosis of patients with RAEB and RAEB-T, it should be
possible to address these questions rapidly.

Additional studies to evaluate the antileukemic potential of other CPT
derivatives also appear to be reasonable. Given the limited effectiveness of
current therapy in elderly (age >60 years) patients with AML, new therapeu-
tic options are clearly needed. Oral topotecan has been shown to have differ-
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ent pharmacokinetic characteristics that might translate into a superior thera-
peutic index with a different toxicity profile from that of the iv formulation.
Oral dosing also avoids the potential complications of central vein catheters,
facilitates multiday dosing, and enhances convenience (120–122). In view
of the dramatic activity of the irinotecan/cisplatin combination in lung can-
cer (123,124), it also might be reasonable to consider trials of irinotecan/
carboplatin in relapsed/refractory leukemia. It will also be interesting to see
whether myelosuppression is the DLT of the silatecans (see Chapter 8) in
solid tumor patients. If so, additional studies in leukemia patients might be
warranted for these CPT derivatives as well.

The current paucity of single-agent activity in acute leukemia might
prompt some hematologists to abandon this entire class of agents. The
anthracyclines, however, provide a nice example of a class of compounds
in which some analogs (e.g., daunorubicin, idarubicin) appear to have pref-
erential activity in acute leukemia, whereas others (e.g., doxorubicin,
epirubicin) appear to be more active in solid tumors. Accordingly, we would
argue that limited testing of new CPT derivatives in patients with hemato-
logical malignancies remains reasonable.

As these trials go forward, it will be important to include ancillary studies
that attempt to identify the mechanisms of resistance to TOP-I poisons that
play an important role in the clinical setting. Over the past several years, a
number of additional factors that can affect CPT sensitivity have emerged.
First, Brangi et al. (20) identified the ATP-binding cassette transporter
BCRP/ABCG2 as a determinant of cellular SN-38 and topotecan accumu-
lation. Several groups subsequently reported expression of BCRP mRNA in
clinical leukemia specimens (110,111), raising the question of whether
BCRP plays a role in the response of human leukemias to topotecan or
irinotecan. Second, Bjornsti and coworkers reported that cdc45 and dpb11,
two proteins involved in processing of Okazaki fragments during DNA
replication, play a role in determining whether the collision of replication
forks with TOP-I–DNA complexes generates cytotoxic lesions (125). Rela-
tively little is known about the expression of these polypeptides in human
leukemia. Finally, studies in mammalian tissue culture cells have impli-
cated the DNA damage-responsive kinase ATM (mutated in ataxia telang-
iectasia) and the downstream kinase Chk2 (checkpoint kinase 2) in
topotecan-induced cell-cycle perturbations (126). Additional studies have
also implicated the related kinases ATR (ATM- and Rad3-related) and Chk1
in CPT sensitivity (127). Relatively little is known about the function of
these pathways in clinical leukemia cells in vivo. If the TOP-I-directed
agents continue to be tested in leukemia patients, it would be informative to
know whether the presence or absence of these resistance mechanisms
correlates in some way with the responses that are observed in the clinic.
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