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SERIES PREFACE 

Cancer drug discovery has been and continues to be a process of ingenuity, serendip
ity, and dogged determination. In an effort to develop and discover better therapies 
against cancer, investigators all over the world have increased our knowledge of cell 
biology, biochemistry, and molecular biology. The goal has been to define therapeuti
cally exploitable differences between normal and malignant cells. The result has been an 
increased understanding of cellular and whole-organism biology and an increased respect 
for the flexibility and resiliency ofbiologically systems. Thus, as some new therapeutic 
targets have been defined and new therapeutic strategies have been attempted, so have 
some new biological hurdles resulting from tumor evasion of the intended therapeutic 
attack been discovered. 

Historically, anticancer drugs have originated from all available chemical sources. 
Synthetic molecules from the chemical industry, especially dyestuffs and warfare agents, 
and natural products from plants, microbes, and fungi have all been potential sources of 
pharmaceuticals, including anticancer agents. There is no shortage of molecules; the 
challenge has been and continues to be methods of identifying molecules that have the 
potential to be therapeutically important in human malignant disease. "Screening" 
remains the most important and most controversial method in cancer drug discovery. In 
vitro screens have generally focused on cytotoxicity and have identified several highly 
cytotoxic molecules. Other endpoints available in vitro are inhibition of proliferation, 
inhibition of [3H]thymidine incorporation into DNA and various viability assays, based 
most frequently on dye exclusion or metabolism. The current National Cancer Institute 
in vitro screen attempts to take into account both cytotoxic potency and histological 
selectivity. In vitro screens may be viewed as limited to the discovery of only directly 
cytotoxic agents, thereby neglecting the fact that cancer is a disease occurring in a host 
organism. 

The discovery of cancer drugs by in vivo screening has traditionally utilized syngeneic 
transplantable murine tumors. The earliest in vivo screens were the fast-growing murine 
leukemias (L121 0 and/or P388) implanted intraperitoneally and growing as ascites. These 
tumors, with survival as an endpoint, provided a rapid, reproducible means for identify
ing potential anticancer drugs. It became evident more than 10 years ago that there were 
marked similarities in the drugs emerging from the murine leukemia screen. Panels of 
murine solid tumors and panels ofhuman tumor xenografts were added to or have replaced 
the murine leukemias as anticancer drug screens. Each of these models has strengths and 
limitations. Most obviously, xenograft systems are not suitable for testing immunologi
cally active agents or species-specific agents that involve host cell signaling cascades. 
The endpoints most frequently used with in vivo screens include tumor growth inhibition, 
tumor growth delay, increase in lifespan, and tumor cell survival. 

In vivo systems also allow the opportunity to assess normal tissue damage by prospec
tive agents. Murine dose-limiting toxicities are frequently useful, but studies in larger 
animals are often done to provide more definitive information on the potential clinically 
important toxicities of new anticancer agents. Spontaneous tumors in pets (dogs and cats) 
can provide useful populations in which to test new agents where efficacy and toxicity 
can be examined. 

v 



VI Series Preface 

Having demonstrated activity and with a documented toxicity profile, a new agent 
enters clinical testing. Initial trials test the tolerance of patients to the drug and try to 
establish an appropriate dose for the drug in humans. The second phase of clinical testing 
seeks to demonstrate efficacy of the new drugs as a single agent. The third phase of 
clinical testing incorporates the new agent into current therapeutic regimens and seeks to 
demonstrate that the addition of the new agent to the combinations leads to better treat
ment outcomes than the conventional regimen. Final passage into medical use requires 
approval from the FDA in the United States and similar regulatory agencies in other 
countries. 

The current volume traces the discovery, preclinical and clinical testing of anticancer 
agents currently available for routine use as well as the discovery, rationale for, and 
current status of potentially exciting new agents for cancer therapy. Current screening 
methods for cancer drug discovery and for determination of the activity of rationally 
designed agents are discussed with a focus on the strengths and limitations of the meth
ods. The phases of clinical testing of new agents are discussed with a view toward 
presenting the strengths and limitations of that process. Finally, the requirements for 
approval of new anticancer drugs are presented. 

The time from discovery to the time of approval for a new anticancer agent can be 1 0 
years or more. The survival rate for compounds through this process is small. 

We are entering a potentially very exciting period in anticancer agent discovery where 
the therapeutic focus may expand to include not only agents cytotoxic toward malignant 
cells, but agents that may be growth controlling, growth inhibitory, activating or deac
tivating toward stromal cells or malignant cells, or may alter signaling cascades from one 
cell type to another. At this important time in the development of cancer treatment, 
Cancer Drug Discovery and Development takes stock of what has been accomplished, 
where experimental therapeutics of cancer are going, and the continuing evolution of the 
means and methods of cancer drug discovery. 

Beverly A. Teicher 



PREFACE 

The history of modem cancer therapy is contained within the 20th century beginning 
with the astute observations of physicians treating victims of mustard gas poisoning 
during World War I. It was the best rational medical and scientific thought that led to the 
application of nitrogen mustard to the treatment of lymphoma. It was also rational sci
entific thought toward means to improve on nitrogen mustard that motivated the chemical 
synthesis programs in Germany and the United States that ultimately produced cyclo
phosphamide and ifosfamide. The potential of the nitrosoureas first came to light from 
an early screening program in the 1960s searching for chemicals cytotoxic toward 
malignant cells and resulted in a large chemical synthesis program intended to improve 
the antitumor activity of that family of agents by reducing their toxicity. Again in the 
1960s, actively searching for natural products with anticancer activity, the anthracyclines 
were discovered and developed in Italy and France. The antitumor alkylating agents and 
anthracyclines along with the antimetabolites such as 5-fluoracil formed the basis of 
medical oncology and are still some of the most widely used anticancer drugs. 

The second generation of anticancer drugs included: 

1. The fully inorganic molecule cis-diamminedichloroplatinum (II), a well-known 
inorganic complex championed for use as an anticancer agent by Dr. Barnet 
Rosenberg; 

2. The camptothecins, discovered in the 1950s, whose clinical potential is just now 
being realized because of the initially unrecognized pH sensitivity of the parent 
molecule; 

3. The epipodophyllotoxins that allowed elucidation ofthe topoisomerase enzymes; and 
4. The taxanes, discovered in the 1960s, whose clinical development was delayed 

because ofthe difficulty in formulating these molecules for administration to patients. 

Each of the second-generation lead molecules led to the exploration and development 
of congeners, the clinical potentials of which are still being explored. 

In recent years, the scope of the search for anticancer drugs has markedly expanded 
so that the focus is not only on malignant cell proliferation. Though eradication of all 
malignant cells remains the goal of anticancer therapy, many new strategies seek to 
achieve growth control not only of malignant cells, but of endothelial cells and other 
stromal cells proliferating in response to chemical signals secreted by the malignant cells. 
Antiangiogenic agents and matrix metalloproteinase inhibitors focus on the inappropri
ate proliferation of endothelial cells and the inappropriate breakdown of the extracellular 
matrix that occurs in malignancy. Similarly, the premise for the use of many growth factor 
inhibitors and many oncogene-directed inhibitors is not only that proliferation of malig
nant cells will cease, but that the stimulatory signals from the malignant cells to the 
normal cells supporting growth of the tumor will cease. A greater understanding of the 
myriad components of the immune system is leading to much more effective use of 
interferons, cytokines, and immunoconjugates in cancer therapy and may enable the 
effective use of gene therapy and vaccines in cancer therapy. 
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Vlll Preface 

This volume covers nearly 100 years of focused effort by scientists and physicians to 
develop pharmacologic means to cure the many diseases called cancer. This has been, and 
remains, a successful stepwise progression forward through which we have learned 
enormous amounts about the complex networks of cells from which we are composed and 
have steadily decreased the lethality of cancer. Our work is far from completed, but our 
commitment to the effort remains true to those who came before us. 

I wish to thank each of the contributors to this volume for their scholarly efforts in the 
preparation of these chapters and for their continuing efforts in cancer therapeutics. 

Beverly A. Teicher 
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I CYTOTOXIC AGENTS: 
OLDANDNEW 



1 Nitrogen Mustards 

Gerald]. Goldenberg, MD, PhD 
and Malcolm]. Moore, PhD 

CONTENTS 

HISTORY 

CHEMISTRY AND MECHANISM OF ACTION 

MECHANISM OF 'TRANSPORT 

MECHANISMS OF RESISTANCE 

CARCINOGENIC AcTIVITY OF THE NITROGEN MusTARDS 

CLINICAL CoNSIDERATIONS 

1. HISTORY 

The use of mustard gas in World War I dramatically demonstrated the biological 
potential of alkylating agents. In addition to the vesicant action of sulfur mustard to 
the skin, conjunctiva, and respiratory tract, the myelosuppressive and lymphocyto
lytic effects were first documented by Krumbhaar and Krumbhaar in 1919 (1). 

The chemical and biological properties of nitrogen mustards, which are close struc
tural analogs of sulfur mustard, were studied from that time until World War II, and 
the prototype of this group, nitrogen mustard, was known by the military code name 
HN2. The pronounced cytotoxic effect of these compounds on lymphoid tissue 
prompted Gilman, Goodman, Philips, and Dougherty to study the effect of nitrogen 
mustards against murine lymphosarcoma, and in 1942 patients with neoplastic disease 
were first treated (1,2). In 1946, studies on nitrogen mustards were declassified, and 
several reports appeared indicating clinical activity in Hodgkin's disease, lymphoma, 
and chronic lymphocytic and myelocytic leukemia, but not against a wide range of 
solid tumors (3-9). These studies are of historical interest in that they represented the 
first clear reports of chemical compounds with antitumor activity and ushered in the 
modern era of cancer chemotherapy. 

An intensive search was begun for alkylating agents with more selective cytocidal 
activity, and these basic and clinical studies were spearheaded by Haddow, Bergel, 
Ross, Boyland, Timmis, and Galton at the Chester Beatty Research Institute in 
London, England. The contributions of this group included the synthesis of: 

1. Chlorambucil (the phenylbutyric acid derivative of nitrogen mustard), which is rela
tively stable in aqueous solution, well absorbed from the gastrointestinal tract, and has 
the distinct advantage over HN2 of being active after oral administration; 
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4 Part I I Cytotoxic Agents 

2. Melphalan (the phenylalanine derivative of nitrogen mustard), which was synthesized 
with the objective of achieving selective concentration in tumors, such as multiple mye
loma, that are actively engaged in protein synthesis; and 

3. Myleran (Busulfan), which was particularly active in chronic myelocytic leukemia. 

Although a large number of nitrogen mustard analogs and other alkylating agents 
have been synthesized with varying degrees of clinical effectiveness, the object of 
selective cytotoxicity for tumor cells has remained an elusive goal. 

2. CHEMISTRY AND MECHANISM OF ACTION 

Nitrogen mustards are alkylating agents, which are highly reactive chemically, that 
dissociate into positively charged carbonium ion intermediates. These electrophilic 
alkyl groups form covalent bonds with electron-rich nucleophiles, such as sulfhydryl, 
hydroxyl, carboxyl, acetyl, phosphoryl, amino, and imidazole groups present in normal 
and neoplastic cells. Thus, nitrogen mustards have the potential to enter into a large 
variety of chemical reactions with many important biological molecules, including 
DNA, RNA, and proteins. The mechanism for generation of the carbonium ion in
termediate varies with the nature of the alkylating agent. Nitrogen mustards undergo 
an internal SN1 cyclization to form the highly reactive aziridinum ion (10,11): 

Cl-

There is considerable evidence linking alkylation of DNA to the cytotoxic, car
cinogenic, and mutagenic effects of these agents (12). The superiority of bifunctional 
over monofunctional agents suggests that crosslinking of DNA is critical for cytotoxic 
activity (10, 13). The N-7 position of guanine is the most common site of DNA alkyla
tion, with fewer adducts forming at the N-1 and 0-6 positions of guanine, the N-1, 
N-3, and N-7 positions of adenine, the N-3 position of cytosine, and the 0-4 position 
of thymidine (11). DNA sequence selectivity for alkylation of the N-7 position of 
guanine by nitrogen mustard, uracil mustard, and quinacrine mustard has been 
reported (14). DNA extracted from drug-treated cells showed the same base selectiv
ities observed following alkylation of DNA in vitro. 

Formation of DNA-interstrand crosslinks has a direct inhibitory effect on DNA 
replication, repair, and transcription (15). Formation of DNA adducts may cause a 
variety of structural alterations, such as ring openings, base deletions, and strand 
breaks (16,17). Genomic and gene-specific DNA-interstrand crosslinks produced by 
HN2 were analyzed in the human tumor cell line Colo 320HSR (18). Crosslinks were 
detected in the amplified, overexpressed c-myc oncogene, but not in the weakly 
expressed N-ras gene. Furthermore, the crosslinks in the c-myc oncogene disappeared 
more rapidly than total genomic crosslinks. These fmdings suggested that HN2-induced 
DNA-interstrand crosslinks are produced and processed in the genome in a nonrandom 
fashion. Evidence has also been presented that alkylating agents may modulate expres
sion of c-myc and c-fos with no apparent effect on the steady-state levels of N-ras or 
13-actin (19). 
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Removal of DNA-interstrand crosslinks was postulated as a prerequisite for the 
outflow of cells from 02 arrest after melphalan treatment (20). Treatment of the 
RPMI 8226 myeloma cell line with melphalan resulted in cell-cycle arrest, with pre
ferential reduction in the outflow of cells from late S-and 02 phases. As cell arrest 
abated, all of the DNA-interstrand crosslinks, but only 500Jo of the DNA-protein 
crosslinks were removed. No DNA double-strand breaks as measured by neutral elu
tion were formed during the observation period (20). In a study of Burkitt's lymphoma 
cell lines, no correlation was found between HN2 sensitivity and growth fraction, 
presence of Epstein-Barr virus, and location of (8,14) translocation breakpoints (21). 
No simple correlation was detected between HN2 sensitivity and the amount of DNA 
crosslinks. Evidence was also presented to suggest that HN2-sensitive Burkitt's lym
phoma cells may be more susceptible to delay in S phase at a given level of DNA 
crosslinks and that prolongation of S phase appeared to correlate with apoptotic cell 
death (21). O'Connor et al. also studied the role of the cdc25C phosphatase in 02 
arrest induced by HN2 (22). Evidence was presented that checkpoints guarding 
against mitotic entry in the presence of unreplicated or damaged DNA suppress for
mation of the cdc2-cdc25C autocatalytic feedback loop that normally brings about 
rapid activation of cdc2. 

The cytotoxicity, DNA crosslinking ability, and DNA sequence selectivity of the 
aniline mustards melphalan, chlorambucil, and 4-(bis'[2-chloroethyl] amino) benzoic 
acid were compared (23). The order of cytotoxicity against human colonic. adeno
carcinoma LS174T and leukemic K562 cell lines was chorambucil >melphalan > the 
benzoic acid derivative. Simple chemical reactivity or hydrolysis rate was not a good 
indicator of DNA reactivity or cytotoxicity, whereas DNA-interstrand crosslinking 
provided a good index of biological activity. 

Since the alkylating agents are highly reactive chemically, it is not surprising that 
reports have appeared describing inhibition of protein synthesis. In a study of the syn
thesis of histone variants in the HEp-2 cancer cell line, chlorambucil was shown to in
hibit histone synthesis with no significant decrease in total protein synthesis (24). 

Estramustine chemically can be classified as a nitrogen mustard, since it is a con
jugate of nor-nitrogen mustard and estradiol (25). However, the agent accumulates 
preferentially in cells containing estramustine binding protein and appears to exert its 
cytotoxic activity as an antimicrotubule agent, not as an alkylator. Accordingly, this 
compound will not be considered further in this chapter. 

3. MECHANISM OF TRANSPORT 

3.1. Mechanism of Transport of Nitrogen Mustard 
A major complication of many of the early transport studies of alkylating agents 

was the failure to separate drug transport from alkylation reactions. The latter could 
result in drug binding to nucleophilic groups within the cell or on the cell membrane, 
with the formation of apparent cell/medium drug concentration gradients. Using the 
hydrolyzed derivative of nitrogen mustard HN2-0H, which is inactive as an alkylat
ing agent, we showed that uptake was by an active, carrier-mediated mechanism (26). 
Furthermore, in studies of HN2 and HN2-0H transport, each acted as a mutual and 
reciprocal competitive inhibitor of the other providing strong evidence that in L5178Y 
lymphoblasts, both compounds shared the same single transport carrier system. 
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The chemical specificity of the transport carrier for HN2 was investigated. Strong 
evidence was obtained that transport of HN2 by L5178Y lymphoblasts was mediated 
by the transport carrier for choline (27). Choline influx in these cells was an active 
process proceeding "uphill" against a concentration gradient of at least 45-fold and 
was competitively inhibited by HN2, HN2-0H, ethanolamine, and hemicholinium-3, 
a specific inhibitor of choline transport. The similarity of Km and Ki for each of cho
line, HN2, and HN2-0H suggested that each compound shared the same transport 
carrier. The relative affinity for the transport carrier was choline > HN2-0H > HN2 
consistent with the notion that choline was the preferred transport substrate. 

3.2. Mechanism of Transport of Melphalan 
Our laboratory provided the first evidence that melphalan uptake was mediated by 

an active, carrier-mediated process, which was independent of that used by other 
alkylating agents (28). Melphalan transport by LPC-1 Plasmacytoma cells and L5178Y 
lymphoblasts was mediated by two distinct amino acid transport systems (29,30). At 
high melphalan concentrations, uptake was predominantly by the leucine-preferring 
System L, which was sodium-independent and inhibited by BCH (DL-{3-2-aminobi
cyclo[2,2,1]-heptane-2-carboxylic acid). At low drug concentrations, uptake was by a 
sodium-sensitive, BCH-independent ASC-like system that also transported the amino 
acids alanine, serine, and cystine. Vistica et al. (31,32) also reported that melphalan 
and the amino acid leucine share a common transport system in murine L1210 
leukemia cells . 

. The effect of altering the ionic environment was investigated to determine the 
direct effects of hydrogen and calcium ions on these amino acid transport systems, as 
well as the indirect effects of modulators of intracellular calcium (33). Melphalan 
transport followed a bell-shaped distribution curve over a pH range from 3.0 to 9.0 
with a pH optimum of 4.3 and 4.6 for transport by systems ASC and L, respectively. 
Agents that cause a decrease in cytosolic calcium, such as the calcium channel 
blockers verapamil, diltiazem, and nitrendipine, the calcium chelator EGTA and 
reduction of pH were found to augment melphalan uptake, whereas conditions that 
elevate intracellular calcium, such as the calcium ionophore A23187, the calcium 
channel agonist (-) Bay K 8644, the calcium pump inhibitor trifluoperazine, and 
elevation of extracellular calcium were all found to decrease melphalan uptake. These 
findings suggested that modification of ionic environment directly or indirectly by 
agents known to alter intracellular calcium can modulate melphalan uptake. 

3.3. Mechanism of Transport of Chlorambucil 
The uptake of [' 4C]chlorambucil by L5178Y lymphoblasts was studied using thin

layer chromatography to identify the various radioactive components that enter or 
leave cells (34). Theoretical calculations predicted that entry of chlorambucil into cells 
by simple diffusion would be rapid and essentially complete in 45 s or less. Uptake of 
intact chlorambucil was rapid, reaching a cell/medium ratio of approx 1.5 in< 15 sat 
both 37 and 4 °C, consistent with a simple diffusion mechanism. In cells treated with 
[' 4C]chlorambucil for 60 min, the intracellular level of intact drug decreased with 
time, and this decay was attributed to hydrolysis and alkylation. The level of intact 
drug in the medium decreased at a similar rate resulting in a nearly constant cell/ 
medium distribution ratio. Intact chlorambucil in the cells was found to be entirely 
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ethanol- and trichloroacetic acid-soluble. Efflux of intact chlorambucil was very rapid 
and temperature-insensitive. These fmdings suggested that chlorambucil efflux, as 
well as influx, is by a simple diffusion mechanism. 

A derivative of chlorambucil was found in ethanol solutions of the drug (34). This 
derivative, which may be the ethyl ester of chlorambucil, is highly concentrated in 
cells and may complicate pharmacological studies of the drug. Even minor contamin
ation of chlorambucil solutions by this derivative may interfere with studies, since the 
derivative is rapidly concentrated by cells. This problem may be avoided by preparing 
drug solutions immediately before use or by using solvents other than ethanol. 

4. MECHANISMS OF RESISTANCE 

4.1. The Role of Transport in Resistance to Nitrogen Mustards 

4.1.1. THE ROLE OF TRANSPORT IN RESISTANCE TO NITROGEN MUSTARD 

Uptake of 14C-labeled HN2 was found to be reduced in drug-resistant L5178Y 
lymphoblasts (26). In HN2-resistant cells, drug influx was characterized by an increase 
in Km and a decrease in V max, suggesting that reduced influx was owing to a decrease 
in binding affinity, and a reduction in the number of transport sites and/or slower 
carrier mobility. HN2-resistant cells that were 18.5-fold resistant to HN2 were only 
two- to threefold resistant to other alkylating agents, including chlorambucil, 
melphalan, BCNU, mitomycin C, and trenimon (35). However, a major portion of 
resistance to HN2 was not shared by these alkylating agents. Furthermore, transport 
of HN2, HN2-0H, and choline was not competitively inhibited by any of these com
pounds, suggesting that transport of these other alkylating agents was by independent 
mechanisms. 

The sensitivity of L5178Y lymphoblasts to the cytocidal action of HN2 was found 
to be a function of the proliferative state of the cells (36). Exponentially, dividing cells 
were approx 2.6-fold more sensitive to HN2 than resting cells. Drug transport was 
also more efficient in log-phase cells than in resting cells. The more efficient transport 
was owing to a higher binding affinity between carrier and drug and to a greater 
number of transport carriers and/ or more rapid carrier mobility. The greater sensitiv
ity of log-phase cells to HN2 to a large extent could be accounted for by these dif
ferences in drug transport. 

4.1.2. THE ROLE OF TRANSPORT IN RESISTANCE TO MELPHALAN 

Redwood and Colvin reported decreased melphalan uptake in drug-resistant L1210 
cells, which was attributed primarily to a decrease in binding affmity between drug 
and transport carrier (37). Dantzig et al. (38) isolated a leucine transport mutant of 
CHO cells that was resistant to melphalan. 

Other investigators have not found differences in drug uptake in resistant cells. No 
difference in melphalan transport was found in human melanoma cell lines that were 
sensitive (MM253) or resistant (MM253-12M) to melphalan (39). In two clones of 
melphalan-resistant CHO cells, uptake of [' 4C]melphalan was not significantly dif
ferent from that observed in the sensitive parental line, suggesting that the clones were 
not membrane-altered mutants (40). No difference in drug uptake was observed in a 
melphalan-resistant human myeloma cell line that was partially cross-resistant to 
other alkylators and X-irradiation (41). Reduced DNA interstrand crosslinking was 
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noted in the resistant cells, but it was not determined if this was owing to decreased 
formation or increased rate of removal of the lesion. Conversely, reduced transport 
of melphalan by system L was reported in melphalan-resistant human breast cancer 
cells, in which there was no difference in GSH content, GST activity, or expression of 
pi class GST mRNA (42). 

4.1.3. THE ROLE OF TRANSPORT IN RESISTANCE TO CHLORAMBUCIL 

Since chlorambucil uptake is by a passive diffusion process, one would not expect 
differences in drug transport between drug-sensitive and drug-resistant cells. In a 
study comparing untreated and treated resistant patients with chronic lymphocytic 
leukemia (CLL), no differences in chlorambucil transport or metabolism were 
detected (43). 

4.2. The Role of Glutathione and Glutathione-S-Trans{ erases 
in Resistance to Nitrogen Mustards 

4.2.1. THE ROLE OF GLUTATHIONE-S-TRANSFERASES IN DRUG RESISTANCE 

Glutathione-S-transferases (GSTs) represent a multigene family of enzymes that 
catalyze the conjugation of glutathione to a broad range of electrophilic xenobiotics 
and carcinogens (44-48). By conjugating glutathione (GSH) to various xenobiotics, 
GSTs appear to play a role whereby cells develop resistance to antineoplastic agents 
(47). The existence of multiple GST isozymes with overlapping structural and func
tional features has made it difficult to distinguish among closely related forms and 
has made the design of a systematic nomenclature a challenge (49). Five distinct GST 
classes or gene families have been identified (47). The cytosolic GSTs are abundant 
and are classified on the basis of isoelectric point as basic (a class), neutral (p, class), 
and acidic (1r class); the other two GST classes are the microsomal isoform and the 
more recently described() class (50). The 1r, 0, and microsomal classes each consist of 
a single gene product, whereas the a and ,_,_ classes each contain more than one gene 
product. Each functional GST enzyme is a homodimer or heterodimer made up of 
subunits encoded by gene loci from within a given class. 

Two major experimental approaches have been followed to establish the role of 
GSTs in resistance to antineoplastic agents. The first has involved correlative studies 
in which elevated levels of expression and activity of GSTs have been associated with 
increased levels of drug resistance (45,47). This approach has also included modula
tion of enzyme activity by inhibitors of GST, such as ethacrynic acid in order to cir
cumvent or reverse drug resistance (51). The second approach has used in transfec
tion studies to provide direct functional evidence that GSTs cause drug resistance. 

Both approaches, including the more definitive transfection studies, have provided 
conflicting evidence. Transfection of human GST1r was reported to increase resis
tance of Chinese hamster ovary cells (52), but not that of NIH-3T3 transfectants (53) 
to the alkylator cisplatinum. More consistently, GST1r has been associated with resis
tance to Adriamycin (53-55) and GSTa with resistance to alkylating agents (46) not 
only in correlative, but also in transfection studies. Puchalski and Fahl (56) reported 
that GSTa conferred resistance to chlorambucil and melphalan, whereas GST,_,_ and 1r 

conferred resistance to cisplatinum and Adriamycin, respectively, in stably trans
fected mouse C3H cells and transiently transfected COS cells. Conversely, several 
attempts to transfect MCF-7 human breast cancer cells with either class 1r, a, or ,_,_ 
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GST have resulted in overexpression of the gene product and, occasionally, resistance 
to ethacrynic acid, benzpyrene, or benzpyrene epoxide, but not to antineoplastic 
agents (57-60). 

We undertook a study of the chemical specificity of induction of GST isoforms 
using two related compounds-the aromatic alkylating agent aniline mustard (AM) 
and the close structural analog hydrolyzed benzoquinone mustard (HBM) in drug
sensitive and drug-resistant L5178Y murine lymphoblasts (61). The chloroethyl 
groups in AM make it an active alkylating agent, whereas in HBM, these groups are 
hydrolyzed and cytotoxicity is owing to the chemically reactive quinone moiety rather 
than to alkylation. In AM-resistant cells, there was evidence on Northern and 
Western blot of overexpression of all three cytosolic GST classes 1r, a, and p., but with 
marked predominance of the a class. In HBM-resistant cells, once again there was in
creased expression of all three classes, but unlike AM-resistant cells, the 1r isoform 
was most dominant. These studies provided evidence that induction of GST isoforms 
in drug-resistant cells may have both a nonspecific as well as a selective component. 
The difference in isozyme profile between AM- and HBM-resistant cell lines empha
sizes how structural differences, in particular, the nature of the electrophilic signal, 
may influence the pattern of induction of GST isozymes. 

Several lines of evidence support a role for GST in resistance to nitrogen mustards: 

1. Nitrogen mustards can form GSH conjugates in reactions catalyzed by GSTs (Hall, 
1994); 

2. Human tumor specimens and cell lines often overexpress GST isozymes; 
3. Transient expression of GST genes in cultured cells has resulted in increased resistance 

to alkylating agents; 
4. Transfection of some yeast and mammalian cells with GST isozymes will increase 

resistance to alkylating agents; 
5. GST inhibitors cause sensitization of cultured cells to alkylating agents; 
6. Cell-cycle-dependent sensitivity to melphalan correlates with the cell-cycle-dependent 

expression of GSTs; and 
7. Elevation of GST -a occurs within several days of exposure to chlorambucil as part of 

the normal cellular response (46,48,62-65). 

The a, p., and 1r classes appear to be the major GST isozymes involved in anticancer 
drug resistance. 

Evidence also exists suggesting that GSTs may not play a major role in drug resis
tance to nitrogen mustards. As mentioned above, transfection of cells with GST iso
zymes has not consistently increased the level of resistance to alkylating agents. In 
some cell lines selected for resistance to alkylating agents, no increase in GST protein 
or function has been noted (66). In studies of melphalan-glutathione conjugate for
mation in tumor cells, GST-catalyzed conjugation made only a minimal contribution 
to the overall rate of conjugation (67). One explanation for the contradictory results 
of the transfection experiments is that appropriate concentrations of cofactors, such 
as GSH, might be required to enable GST isozymes to confer resistance (68). Never
theless, despite these contrary findings, there is reasonable evidence in the literature 
that high levels of GST isozymes are associated with resistance to the nitrogen mus
tards. Whether improvements in therapeutic index can be realized by inhibition of 
GST isozymes has not been clearly established. 
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4.2.2. THE ROLE OF GSH IN DRUG RESISTANCE 

GSH-mediated detoxification pathways play a central role in the inactivation and 
elimination of xenobiotics, including the nitrogen mustards. '}'-Glutamylcysteine syn
thetase (GCS) catalyzes the rate-limiting step in de novo synthesis of GSH. The im
portance of the GSH pathway in the protection of normal tissue is reflected in its 
widespread distribution. Increased GSH levels can be related to increased activity of 
GCS. Studies of the relationship of drug sensitivity to GSH conjugation have examined 
intracellular GSH, the activity of GCS, and the GSTs. Modulation of GSH conjuga
tion has been accomplished by depletion of cellular GSH using either an inhibitor of 
GSH synthesis, such as buthionine sulfoximine (BSO), or agents that inhibit the func
tion of one or more GST isoforms. Thiols appeared to play a significant role in resis
tance, since nonprotein thiols were elevated in resistant cells and resistance dropped 
on reduction of the thiol content by treatment with BSO (41). 

In three human prostate carcinoma cell sublines selected for resistance to melpha
lan, GSH levels were increased 1.7- to 2.8-fold, whereas resistance was increased 2- to 
27-fold over the parental lines. However, depletion of GSH to baseline levels in the 
resistant lines using BSO restored melphalan responsiveness to that of control levels 
(66). A twofold increase in intracellular GSH concentration and a fivefold increase in 
GST activity were detected in a rat mamary carcinoma cell line selected in vitro for 
melphalan resistance (69). Melphalan responsiveness of these cells, which were cross
resistant to chlorambucil and HN2, was also restored by intracellular depletion of 
GSH and inhibition of GST. Conversely, resistance was not circumvented in a mel
phalan-resistant human rhabdomyosarcoma cell line using BSO, despite the presence 
of elevated GSH levels (70). This cell line was crossresistant to other alkylating agents 
and to topoisomerase I active agents (70). Elevated levels of DNA repair enzymes and 
alterations of topoisomerase I and II were also seen and probably contributed to the 
resistance phenotype. 

Elevated levels of GSH, GCS activity, and of GCS mRNA were observed in mel
phalan-resistant DU 145 human prostatic carcinoma cells (71, 72). Nuclear run-on 
studies established that increased transcription of the GCS mRNA was responsible 
for the elevation of the steady-state level of the message. 

4.2.3. MODULATION OF GLUTATHIONE CONJUGATION 

Depletion of cellular GSH can be achieved using BSO. Several in vitro and in vivo 
studies have demonstrated that BSO treatment potentiates cytotoxicity induced by 
alkylating agents in cell lines with acquired drug resistance, as well as in previously 
untreated cells (73, 74). In mice treated with BSO and melphalan, toxicity of normal 
tissue was also increased, but to a lesser extent than that of tumor cells, so that thera
peutic index was enhanced (75). Although BSO potentiated the effects of melphalan, 
it did not influence the efficacy of other alkylating agents, such as cyclophosphamide 
or mitomycin C (76). Phase I clinical studies of BSO and melphalan are under way 
(77, 78). These have demonstrated that BSO can deplete cellular GSH in mononuclear 
cells to a variable degree and that increased myelotoxicity is associated with GSH 
depletion. 

A variety of GST inhibitors exist, and some have been tested for their ability to 
alter the cytotoxicity of alkylating agents. In a chlorambucil-resistant cell line with 
elevated GSH and GST, cytotoxicity was increased with the use of BSO, and/or the 
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GST inhibitors ethacrynic acid (EA) or indomethacin (79). Sensitivity could be 
restored to that of the parental line by a combination of both inhibitors. A chloram
bucil-resistant cell line was established in which resistance was solely attributed to a 
40-fold increase in GST a (80). Inhibition of GST a by indomethacin, but not by 
other cyclooxygenase inhibitors restored sensitivity to chlorambucil. EA potentiates 
the cytotoxicity of melphalan against MCF-7 breast cells when given in combination 
with BSO (81). In a melanoma cell line, a twofold increase in chemosensitivity to mel
phalan was observed when EA was given at concentrations sufficient to inhibit GST 1r, 

p., and a by at least 500fo (82). This was accompanied by a corresponding increase in 
DNA crosslinking. Chlorambucil-resistant Yoshida rat ascites hepatoma AH44 and 
AH66 cells contained higher levels of GSH and greater GST activity than the parental 
line. Both EA and BSO decreased chlorambucil resistance of AH44 and AH66 cells 
without influencing the sensitivity of the parental line; sensitivity was not influenced 
by inhibitors of P-glycoprotein (83). 

A patient with chlorambucil-resistant CLL and high GST activity has been reported 
in whom EA partially circumvented chlorambucil resistance (84). Phase I clinical 
testing of alkylating agents with the GST inhibitor EA is under way (85,86). O'Dwyer 
et al. (85) used a schedule of EA orally every 6 h for three doses followed by thiotepa 
iv 1 h after the second dose of EA. Metabolic abnormalities secondary to the diuretic 
effects of EA were seen at doses of 75 mg/m2 , and the recommended dose for further 
studies was 50 mg/m2 • This dose reduced GST activity in mononuclear cells to 37% 
of the baseline level with recovery by 6 h after EA. Plasma concentrations of EA were 
not measured, and inhibition of specific isozymes was not determined. 

4.2.4. DETOXIFICATION BY NONGLUTATHIONE COMPOUNDS 

Other sulfhydryl-containing compounds, such as metallothionein, can also form 
covalent linkages with nitrogen mustards and may assist in intracellular inactivation 
(87). However, the degree of resistance to HN2 in Chinese hamster ovary cells that 
had no detectable metallothionein was greater than in a cadmium-resistant variant 
that overexpressed metallothionein (88). 

4.3. The Role of DNA Repair Enzymes 
in Resistance to Nitrogen Mustards 

Alteration of DNA may occur as a result of DNA repair enzymes attacking the 
DNA adducts, which may either restore DNA integrity or create apurinic sites or 
DNA strand breaks (89). Apurinic or apyrimidinic endonucleases recognize and 
excise the defective sites together with neighboring or flanking nucleotides (16,17,89). 
DNA polymerase fills in the missing gap using the opposite DNA strand as template, 
and DNA ligase completes the repair process (90). Apurinic sites may persist if the 
repair process is defective, and result in mutations or chromosomal breakage or 
rearrangement. Agents that inhibit DNA repair, such as aphidicolin and cytosine 
arabinoside, have been reported to enhance the cytotoxic activity of melphalan and 
other alkylating agents (91). 

Increased expression of DNA repair enzymes has been reported following treat
ment with alkylating agents. Overexpression of the ribosomal phosphoprotein PO 
gene, a putative DNA repair gene, was observed following treatment with HN2, mel
phalan, and 4-hydroperoxycyclophosphamide (92). Furthermore, constitutive expres-
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sion of the PO gene in Mer- tumor cell lines, which lack o6-methylguanine methyl
transferase activity, was 30- to 50-fold greater than that in Mer+ cells. These fmdings 
suggested that increased expression of the PO gene is linked to DNA repair, and may 
also compensate for the decreased o6-methylguanine DNA methyltransferase activity 
in Mer- cells. 

DNA repair has been identified as an important component of HN2 sensitivity in 
other cell lines (93). In cells treated with melphalan, DNA damage is repaired quite 
rapidly (91,94). Drugs that inhibited DNA repair enhanced cell killing two~ to three
fold, although some of the agents, such as cytosine arabinoside, are also cytotoxic. 
Treatment of human ovarian carcinoma cells A2780 with aphidicolin or hydroxyurea, 
compounds that inhibit DNA repair, and melphalan alone or in combination with cis
platin or thiotepa, enhanced the cytotoxic action of the alkylators (94). 

In patients with CLL, increased activity of the DNA repair enzyme 3-methylade
nine-DNA glycosylase and increased expression of the nucleotide excision repair gene 
ERCC-1 occur with the development of resistance to the nitrogen mustards, suggest
ing that DNA repair is an important factor in drug resistance (95). In a study of drug 
resistance in B-lymphocytes of chronic lymphocytic leukemia, the MTT assay was used 
to measure resistance in vitro to nitrogen mustards and other agents (96). The 
resistant population was 5.6- and 4.1-fold more resistant to chlorambucil and mel
phalan, respectively. Neither GSH nor GST levels correlated with resistance; how
ever, resistance to nitrogen mustards was associated with enhanced DNA repair. 
Crossresistance was observed against other alkylating agents, such as mitomycin C 
and cisplatin drugs that act by forming DNA crosslinks. This group also studied 
lymphocytes from patients with CLL resistant to chlorambucil and in newly diagnosed 
untreated patients. The level of DNA interstrand crosslinks in lymphocytes from 
treated resistant CLL patients was lower than that of untreated patients (97), and a 
kinetic analysis showed that the rate of removal of the crosslinks was greater in treated 
resistant than in untreated patients (98). A followup study by the same group of 11 
untreated and 12 treated resistant CLL patients showed no difference in the level of 
expression of the DNA repair enzymes ERCC-1 or ERCC-2 or in expression of DNA 
polymerase {3, GST -a, or topoisomerase I (99). However, two of the resistant patients 
displayed increased expression of all the DNA repair enzymes examined. 

Flow cytometric analysis of cells stained with the monoclonal anti-DNA antibody 
MoAB F7-26, which binds to single-stranded regions of alkylated DNA, has been 
used to study DNA damage and repair in drug-resistant cells (100). Development of 
melphalan resistance in A2780 cells was associated with decreased immunoreactivity 
of DNA with MoAB F7-26; fluorescence was significantly lower in resistant cells than 
in sensitive cells. The enhancement of melphalan cytotoxicity by BSO and hyperther
mia in resistant cells was accompanied by a proportional increase of MoAB binding 
to DNA. 

The role of the enzyme poly (adenosine diphosphate-ribose) polymerase (PADPRP) 
in DNA repair was studied in human HeLa cells treated with PADPRP antisense 
transcripts under control of a dexamethasone-inducible promoter (101). DNA damage 
and repair were studied in these cells after dexamethasone induction reduced the level 
of PADPRP by 900Jo. Clonal survival studies showed that PADPRP-depleted cells 
demonstrated increased sensitivity to HN2, but not UV irradiation, suggesting that 
antisense-induced cells were deficient in DNA repair of HN2-induced lesions. 
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4.4. Other Factors Contributing to Resistance 
The cytotoxicity of melphalan against animal and human tumor cell lines in vitro 

can be potentiated by acidic and hypoxic conditions (102). Although both an acidic 
microenvironment and cellular hypoxia can increase melphalan uptake, changes in 
transport were not considered sufficient to account for the observed differences. The 
combination in vivo of melphalan with agents that reduce intracellular pH has been 
demonstrated to increase cell kill compared to that observed with melphalan alone 
(103,104). In human A549 adenocarcinoma and mouse KHT sarcoma cells, hypoxia 
and acidic pH independently increased melphalan cytotoxicity, and the effect was 
greatest when both conditions were present {105). In studies using chlorambucil in 
vitro at low pH ( :s 7 .0), a large potentiation of cytotoxicity was observed, whereas 
hypoxia alone resulted in minimal change {106). A much higher ratio of intracellular/ 
extracellular drug concentration was observed at low pH, which likely accounted for 
the increase in cytotoxicity. 

Mutations of p53 have been associated with resistance not only to nitrogen mus
tards, but also to a wide range of cytotoxic agents and to radiation therapy (107). 
Mutations of p53 and apoptosis will be considered further below (see Section 6.). 

4.5. Multifactorial Resistance 
We suggested that resistance of L5178Y murine lymphoblasts to nitrogen mustard 

was multifactorial, since HN2-resistant cells showed elevated sulfhydryl levels, 
decreased uptake of (1 4C)HN2, and decreased binding of (1 4C)HN2 to DNA, RNA, 
and protein (26,35,108). Additional evidence was that cells selected for resistance to 
HN2 were only partially crossresistant to other alkylating agents, suggesting that 
some of the factors contributing to resistance were active against alkylating agents 
generally, whereas other traits, such as transport mechanisms, were agent-specific (35). 

Our group ruso provided indirect evidence that chlorambucil resistance in patients 
with CLL was multifactorial (1 09,11 0). Although an inverse correlation was observed 
between chlorambucil-induced DNA crosslinks and GST activity and/or GSH levels, 
there was no correlation between prior clinical exposure to alkylating agents and DNA 
crosslink formation (109). No correlation was observed between total or protein
bound sulfhydryl (PSH), GSH levels or GST activity, and clinical response to chloram
bucil, although a slight positive correlation was noted between the ratio of PSH/GSH 
and clinical response (110). These fmdings also suggested that resistance to chloram
bucil in CLL may be multifactorial. 

Inhibition of DNA repair enzymes can in some instances restore sensitivity to nit
rogen mustards, but more effective results have been observed with alteration of 
other resistance factors, such as intracellular GSH (111). This finding also supports 
the notion that multiple factors influence sensitivity to nitrogen mustards (111). 

5. CARCINOGENIC ACTIVITY 
OF THE NITROGEN MUSTARDS 

The acute effects of the nitrogen mustards are relatively predictable and manage
able with appropriate drug dosing and supportive measures. Over the longer term, 
these drugs can cause permanent gonadal dysfunction and have been demonstrated to 
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be carcinogenic. The nitrogen mustards are DNA-damaging agents that are both 
mutagenic and carcinogenic in a variety of testing systems. They lead to positive 
results in the McCann and Ames test, they induce sister chromatid exchanges and 
other chromosomal changes, they lead to transformation in cell-culture studies, and 
induce tumors in laboratory animals. Since cohorts of patients treated with nitrogen 
mustards have now lived for many years following treatment, evidence is accumulat
ing on the risk of development of second tumors. The absolute risk is difficult to 
determine accurately when based on retrospective analyses where different drug 
dosages and schedules were used. Often the nitrogen mustards are just one component 
of a combination chemotherapy regimen that may include other carcinogenic agents. 
In addition, these drugs may have been used in diseases, such as Hodgkin's disease or 
myeloma, where an increased incidence of second malignancies is seen regardless of 
treatment. Nevertheless, there is now sufficient information available in the literature 
to support the fact that these drugs are associated with a higher risk for the develop
ment of second neoplasms. 

In patients with ovarian cancer treaated with melphalan, there are a number of 
different series that have implicated this drug as a cause of secondary acute leukemia 
(1 12,1 13). In a review of over 5000 patients with ovarian cancer treated with alkylat
ing agents, predominantly melphalan, chlorambucil, or cyclophosphamide, there was 
a 36-fold increase in the risk of acute leukemia overall and a 170-fold increase in risk 
for patients surviving 2 yr following therapy (1 14). Other reviews have confirmed this 
increased risk of leukemia in women with ovarian cancer, and have suggested that 
melphalan and chlorambucil are more likely to lead to secondary leukemia than cyclo
phosphamide (1 15,116). The latency period to develop leukemia after the nitrogen 
mustards is 4-5 yr, but the risk remains higher than normal for up to 10 yr. There also 
appears to be a relationship between the dose of melphalan or chlorambucil and the 
risk of secondary leukemia. In breast cancer where melphalan was used in the earlier 
adjuvant regimens, there is approximately a fivefold increase in risk of developing 
leukemia, whereas no such increase in risk has been reported for women receiving 
adjuvant treatment with cyclophosphamide (1 17). In myeloma, where melphalan is 
one of the primary drugs used, the risk of developing acute leukemia within 4 yr of 
therapy is approx 200 times that expected (1 18). An increased risk of secondary leu
kemia has also been noted in patients treated for Hodgkin's disease. In a large case
control study, the cumulative dose of HN2 appeared to be the most important 
leukemogenic risk factor (1 19). 

The carcinogenic risk of the nitrogen mustards has not been studied as thoroughly 
as the leukemogenic risk. The latency period for the development of solid tumors 
may be longer than that for leukemia. In Hodgkin's disease where the largest cohort 
of patients has been followed for the longest time, there is a higher incidence of solid 
tumors than would be expected. This has included non-Hodgkin's lymphoma, colon, 
lung, breast, and thyroid cancer as well as soft tissue sarcomas (120-122). Some of 
this increased risk may be related to the use of radiation therapy, but chemotherapy, 
and specifically nitrogen mustards, appear to be the most significant factor. Although 
the increase in relative risk is two- to threefold, which is less than that for acute 
leukemia, increases in the more common solid tumors account for most of the absolute 
increase in cancer cases in these patients. 
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6. CLINICAL CONSIDERATIONS 

Alkylating agents remain an integral component of cancer treatment, although the 
role of the nonoxazaphosphorine nitrogen mustards has diminished somewhat over 
time. HN2 has been largely replaced by other less reactive agents with the exception 
of its use in standard regimens to treat Hodgkin's disease. Melphalan is active against 
breast and ovarian cancer, but is no longer a first-line drug for either of those diseases. 
Melphalan continues to be an important drug for the treatment of multiple myeloma; 
whether any treatment has been demonstrated to be superior to melphalan and pred
nisone in this disease is still a controversial subject despite a large number of ran
domized trials. Melphalan is also given intra-arterially using limb perfusion for the 
treatment of melanoma of the extremities (123). Melphalan given intrathecally may 
be useful in the treatment of meningeal carcinomatosis (124). Chlorambucil is com
monly used in the treatment of low-grade lymphomas and CLL, and has also been 
used in the treatment of some immunological diseases, such as glomerulonephritis 
and rheumatoid arthritis. 

In CLL, p53 gene mutations are associated with aggressive disease and a high like
lihood of resistance to chlorambucil (125). Others have found that mutant p53 is 
associated with resistance not only to nitrogen mustards, but also to a wide range of 
cytotoxic agents and to radiation therapy (107). Chlorambucil may produce its anti
tumor effect in CLL by inducing apoptosis-associated membrane changes that result 
in rapid clearance of the apoptotic cells by the immune system (126). In cells trans
fected with bcl-2, HN2 produced only 500Jo of the cell kill observed in control cells, 
whereas similar levels of interstrand crosslink formation, DNA repair, and cell-cycle 
progression were seen in both cell lines (127). Transfection with bcl-2 may represent a 
different mechanism of resistance to nitrogen mustards, which may be mediated by a 
decrease in drug-induced apoptosis. 

Apoptosis has been observed in lymphocytes isolated from patients with CLL and 
incubated in vitro for 72 h, following a clinical course of chlorambucil (126). The 
level of apoptosis was greater in cells isolated from patients after than before chlor
ambucil therapy. Because a large increase in drug-induced apoptosis in vitro was 
followed by a significant decrease in the patient's lymphocyte count, it was suggested 
that chlorambucil may produce its antitumor activity in CLL by inducing apoptosis
associated membrane changes. 

The chemosensitivity of lymphocytes from patients with B-cell CLL was evalutated 
in vitro using the MTT assay, and patients were arbitrarily designated as "sensitive" 
or "resistant" to chlorambucil if the IC,o was < or > 61/Lmol/L, respectively (125). 
The response of "sensitive" patients to a clinical course of chlorambucil therapy was 
significantly better than that of "resistant" patients, and there was a significant degree 
of crossresistance between chlorambucil and fludarabine. Mutations of P53 were 
associated with aggressive disease, a poor prognosis, and resistance to the two drugs. 
Mutations of p53 have also been associated with resistance of Burkitt's lymphoma 
and lymphoblastoid cells to HN2, cisplatin, and other agents (107). 

The effect of melphalan on terminal divisions and self-renewal capacity of acute 
myeloblastic (AML) progenitors was compared to that of a cyclophosphamide analog 
(128). Melphalan was equally effective in inhibiting terminal divisions and self-renewal 
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as assayed by primary (PEl) and secondary (PE2) colony formation, respectively, 
whereas the cyclophosphamide analog was less effective in the self-renewal assay. The 
authors suggested that melphalan might offer a greater potential than cyclophospha
mide in the therapy of AML, since chemotherapy should be preferentially directed 
against the self-renewal of leukemic progenitors. 

Owing to the steep dose-response curve of all the nitrogen mustard alkylating 
agents, they remain an important component of most high-dose autologous or allo
geneic bone marrow transplantation regimens. The most common drugs used are 
melphalan, as well as the oxazaphosphorines cyclophosphamide and ifosfamide 
(129, 130). Early myeloablative therapy of multiple myeloma supported by autolog
ous bone marrow transplantation was evaluated in 72 patients with myeloma within 1 
yr of their initial therapy (131). In patients responding to previous therapy, myelo
ablative therapy increased the rate of complete remission from 5 to 450Jo, but with no 
effect on survival. However, in patients with de novo drug resistance, ablative 
therapy induced remissions in 70% of individuals and prolonged the median survival 
from 37 to 83%. 
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1. ANTICANCER ACTIVITY OF MUSTARDS 

Phosphoramide mustards and their metabolic precursors, the oxazaphosphorine 
mustards, belong to the general class of alkylating agents. Some related compounds, 
the aryl- and alkyl-bis(2-chloroethyl)amines, were covered in the previous chapter. 
Two oxazaphosphorines, cyclophosphamide and ifosfamide (Fig. 1), are the only 
phosphorylated mustard compounds ordinarily prescribed for cancer treatment today 
(1). The developmental work that led to their prominent role in medicine and the 
outgrowth of prospective agents based on their structures and activities will be 
presented in this chapter. 

1.1. Sulfur Mustard 
Cyclophosphamide and ifosfamide grew from the original development of sulfur 

and nitrogen mustards. An early lead compound was 2-chloroethyl sulfide, commonly 
known as sulfur mustard, a vesicant used as a chemical weapon during World War I. 
Victims of this notorious aerosol agent suffered rapid reddening and blistering of the 
skin, blinding eye irritation, violent coughing, and projectile vomiting. Later, some 
surviving casualties developed bone marrow depression and lymphoid aplasia (2). 

From: Cancer Therapeutics: Experimental and Clinical Agents 
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The delayed bone marrow depression caused by sulfur mustard suggested its possi
ble usefulness in low doses for treatment of cancer. Preclinical studies showed that 
the compound did possess anticancer activity and a clinical trial was conducted, but 
the therapeutic activity of sulfur mustard proved to be insubstantial and of short 
duration (3). 

Seeking to overcome the deficiencies of sulfur mustard, investigators applied the 
lead drug concept and tested a number of sulfur mustard analogs in the hope that a 
structurally related compound would succeed where the parent drug had failed (4). 
However, none of the structural variants proved fruitful. Because of the lack of per
sistent benefit and perhaps the onus of its horrendous history as a chemical warfare 
agent, interest in sulfur mustard rapidly waned. 

1.2. Nitrogen Mustards 
As World War II began, research on vesicant mustards resumed. The focus was 

redirected toward a series of 2-haloethyl amine compounds that had been synthesized 
almost a half-century earlier. Biological activities superior to those of sulfur mustard 
were found with bis- and tris(2-chloroethyl)amine, and the mechanism of action was 
determined (5). The delayed systemic effects of sulfur and nitrogen mustards were 
tied to a chemical reaction that both classes of mustards have in common (Fig. 2), the 
anchimerically assisted formation of a cyclic onium ion capable of alkylating "a vital 
cellular constituent." Convincing evidence indicated that the vital constituent was 
nuclear chromatin. For example, alkylation by mechlorethamine produced inheritable 
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abnormalities in the chromosomes of fruit flies (6). DNA was not specifically men
tioned, although its central biological role as the carrier of genetic information had 
been reported two years earlier (7). Wartime secrecy had delayed publication of the 
nitrogen mustard data by three years and more. Thus, the two lines of work were 
approximately concurrent. Prior to 1944, it was widely believed that chromosomal 
proteins transmitted genetic information (8). When the results of wartime investiga
tions were finally revealed in 1946, the report did not specify which macromolecular 
species in the nucleus were targeted (6). 

Despite severe hematopoietic side effects (9), preclinical results with tris(2-chloro
ethyl)amine and N-methylbis(2-chloroethyl)amine, now known as mechlorethanime 
led to a clinical trial (10). Substantial activity was demonstrated against Hodgkin's 
disease, thus establishing the first beachhead for cancer chemotherapy. Lymphosar
coma and leukemia patients were also treated, but the outcome was less favorable. 

Several hundred patients were treated prior to the end of the war in an extensive 
investigation that uncovered the salient biological characteristics of bi- and trifunc
tional alkylators (10-14). An early observation was the susceptibility of renewal cell 
populations, including lymphatics, bone marrow, and gastrointestinal epithelia. This 
model, the cytokinetic mechanism of selectivity, describes the general behavior of 
mustards whose alkylating activity is rapid and direct. It is a predominant mechanism 
for the three aryl and alkyl mustards commonly used in the clinic today, mechloreth
amine, chlorambucil, and melphalan (Fig. 1) (15). 

It was soberly concluded that sensitivity to nitrogen mustard treatment varied 
greatly from tumor to tumor. Furthermore, the clinicians observed a gradual loss of 
drug sensitivity during retreatment of recurrent disease. This phenomenon was identi
fied as acquired resistance (16). Host toxicity did not vary as much as tumor response, 
allowing establishment of a maximum tolerated dose (MTD) {17). However, the fre
quent occurrence of tumors resistant to all reasonable doses was recognized as an 
inherent problem for drugs whose sole mechanism is cytokinetic selection. This 
understanding prompted renewed efforts to find exploitable differences between 
tumor and normal cells that did not depend on their proliferative state. 

2. THE RATIONAL ROAD TO SERENDIP 

The search for differences between tumor and normal tissues was motivated by the 
hope of improving selectivity through rational drug development. Historically, this 
approach has afforded a lower probability of success than other drug development 
methods, such as random screening of natural or synthetic products (18). The devel
opment of oxazaphosphorine anticancer agents was no exception, owing more to 
large-scale programmatic screening than to ab initio reasoning. 

2.1. Tumor Phosphoamidase 
Arnold Seligman and coworkers in Boston were interested in finding ways to im

prove selectivity based on differences in hydrolytic enzyme levels of tumor vs normal 
tissues (19). A method for measuring hydrolysis rates of phosphorus amides had been 
reported in the 1930s (20) using N-(4-chlorophenyl)diamidophosphoric acid as the 
substrate (21). Histochemical staining methods had shown apparent phosphoamidase 
(EC 3.9 .1.1) overproduction in 24 tumors of the gastrointestinal tract and in a variety 
of breast, lung, cervical, testicular, and other carcinomas (22). 



26 

Friedman's Precursor [24] 

0 
II 

CI-P-CI + 
I 
Cl 

Phosphoryl 
chloride 

Cl~ 

NH •cr r2 
Cl 
Nor-nitrogen 
mustard 

Latent Phosphorylated Mustards [24, 63] 

Reftux llh 

Part I I Cytotoxic Agents 

Cl\__ O 

~II 
N-P-CI + 2 HCI 

Cl 
r !I 

N,N-Bis-(2-chloroethyl) 
phosphoramide dichloride 

Cl\__ O 

~II 

Cl\__ O 

~II 
N-P-OR 

Cl\__ O 

~II 
N-P-OR N-P-CI + ROH _. r !I 

Cl R = alkyl or aryl Cl 
r !~ 

(R')nNH:J.n 

R' =alkyl 
n = 1 or2 

Fig. 3. Synthesis of phosphorylated mustards. 

r ~H2..,R'n 
Cl 

Cl~ 0 

N-P-cl + G-o oH r !I 

Cl "R -Q ~ _. N-~-o~ 0 ~ r Cl 
Cl 

N,N-Bis-(2-chloroethyl) 
phosphoramide dichloride 

Cl 

Cl~ 0 

~~~ N-P-oH 
-__/I 

Cl 
~ NH2 

Phosphoramide 
mustard 

Fig. 4. Synthesis of phosphoramide mustard (24). 

2.2. Phosphorylatej Mustards 
In order to exploit differential phosphoamidase levels, Seligman and his colleagues 

envisioned the synthesis of water-soluble toxagenic substrates whose intracellular 
hydrolysis would release a cytotoxic product (19). Postwar interest in mustards was 
still high, and this undoubtedly influenced their choice of bis(2-chloroethyl)amine and 
related compounds as candidate precursors of the hypothetical prodrug (23). Since 
the alkylating activity of a nitrogen mustard depends on the basicity of its 13-nitrogen, 
covalent attachment of an electron-withdrawing phosphoryl group to the nitrogen 
provided a logical deactivation step (Fig. 3). 

Several N-phosphorylated secondary nitrogen mustards were synthesized. One of 
these was phosphoramide mustard, later identified as an important metabolite of 
cyclophosphamide (Fig. 4) (24). Unfortunately, the small academic research group in 
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Boston was not able to fmd the selective, latent agent they were seeking. A very effec
tive phosphorylated mustard compound did soon surface, however, as a result of 
efforts on a larger scale in Germany. 

3. CYCLOPHOSPHAMIDE 

Under the leadership of Norbert Brock in Brackwede, Westphalia, the pharmacol
ogy department of ASTA-Werke AG had embarked on an anticancer drug discovery 
program based on biophysical, biochemical, pharmacological, and clinical investiga
tions. The information garnered by these efforts was used to develop a rational ap
proach to the synthesis and testing of new anticancer agents (25). In parallel with the 
ideas of Seligman and coworkers, Hermann Druckrey in Freiberg had proposed that 
a labile, toxic anticancer agent should be administered in a stable "transport form" to 
be activated within tumor cells (26). Brock's goal was to bring Druckrey's philosophi
cal concept to fruition. 

3.1. Discovery 
Orrie Friedman, a chemist on Seligman's team, had phosphorylated bis(2-chloro

ethyl)amine with phosphoryl chloride, yielding .N,N-bis(chloroethyl)phosphoramide 
dichloride, a versatile precursor from which straight- and branched-chain alkyl as well 
as aromatic mono- and diamidophosphate esters could be prepared (Fig. 3) (24). 
ASTA chemists Herbert Arnold and Friedrich Bourseaux recognized that such com
pounds fulfilled the stability and solubility criteria, but failed the crucial activation 
requirement (25,26). They sought to overcome this defect by a slight modification of 
the earlier design, incorporating a saturated heterocyclic ring in place of the open
chain substituents. Thus, they prepared Friedman's precursor and condensed it with 
a,w-alkanolamines. With 3-aminopropanol, their efficient two-step synthesis (Fig. 5) 
gave cyclophosphamide (27). 

3.2. Preclinical Testing 
In vivo screening showed that cyclophosphamide had excellent anticancer activity 

against transplanted rat tumors (28-31) and murine leukemia (32). Researchers were 
especially encouraged by the lack of in vivo crossresistance against L1210 cell lines 
with acquired resistance to the antimetabolites methotrexate, 8-azaguanine, and 
6-mercaptopurine (33,34). 

3.3. Clinical Trials 
Immediately after publication of the preclinical studies came a report from Rudolf 

Gross and Klaus Lambers of the University of Marburg/Lahn on cyclophosphamide's 
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first clinical trial (35). Results from 45 patients with a wide variety of tumors indicated 
that cyclophosphamide had a spectrum of activity similar to those of mechloreth
amine and mannitol mustard, but with less severe toxicity. This result was confirmed 
by worldwide studies (36-44) that established the usefulness of cyclophosphamide for 
treatment of chronic lymphocytic and granulocytic leukemias, acute myelogenous, 
monocytic and childhood lymphoblastic leukemia, Hodgkin's Burkitt's, and follicu
lar lymphoma, lymphocytic and lymphoblastic lymphosarcoma, reticulum cell sar
coma, multiple myeloma, mycosis fungoides, breast, lung, and cervical carcinoma, 
neuroblastoma, retinoblastoma, Wilm's tumor, rhabdomyosarcoma, and ovarian 
adenocarcinoma (45). More prescriptions are written today for cyclophosphamide 
than any other alkylating agent. Indeed, its use may exceed that of any other chemo
therapeutic anticancer agent (46). 

3.4. Tissue Distribution 
Why was cyclophosphamide less toxic than mechlorethamine and mannitol 

mustard in the clinic? One explanation came from the Medical University of Cologne, 
where investigators were able to demonstrate that cyclophosphamide and/or some of 
its metabolites selectively accumulated in neoplastic tissues. They prepared tritiated 
cyclophosphamide and administered it to three moribund patients a few hours before 
death from metastatic lung carcinoma. Autopsy showed that in all three cases, the 
highest concentrations of tritiated drug and metabolites (cpm/gm dry wt) had selec
tively partitioned into the primary tumors and metastases of the liver (2/3 patients), 
kidneys (2/3), adrenal glands (113), and diaphragm (1/3). Lower concentrations were 
found in normal tissues of the lungs, kidneys, brain, adrenal glands, spleen, lymph 
nodes, skin, pancreas, skeletal muscle, heart muscle, and testicles (47). 

These data could be interpreted in various ways. Selective influx into tumor cells or 
selective efflux from the cells of normal host tissues are two possibilities. Cellular 
transport studies of cyclophosphamide and a metabolite precursor, 4-hydroperoxy
cyclophosphamide, were performed with several murine tumor and L929 fibroblast 
cell lines, but no significant differences in influx or accumulation were seen (48). In 
contrast, the study of cyclophosphamide's metabolism has been an extremely fruitful 
area of endeavor. The next section is a rough chronology of the effort to uncover the 
basic features of cyclophosphamide metabolism. 

3.5. Metabolism of Cyclophosphamide 
Soon after the synthesis of cyclophosphamide, a simple biological experiment over

turned the notion of its hydrolysis within tumor cells, as a mechanism of selectivity. 
Prior to transplantation into rats, Yoshida, Jensen, or Walker tumor cells were incu
bated with high concentrations (up to 1 mg·mL - 1) of cyclophosphamide. Their 
engraftment and growth did not differ from untreated controls. Since these tumors 
were sensitive to cyclophosphamide administered directly to the animal, it was obvious 
that normal cells somewhere in the host must be responsible for the activation (49). 

3.5.1. ROLE OF THE LIVER 

In 1961, the in vivo site of cyclophosphamide activation was established by Foley et 
al. (50). They showed that cyclophosphamide per se was inactive against serial 
cultures of several tumor cell lines, but became cytotoxic on incubation with 
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homogenized mouse liver. Homogenates from other normal tissues or tumors failed 
to activate cyclophosphamide. 

Two years later, the pivotal role of liver in the activation of cyclophosphamide was 
confirmed in much greater detail by Norbert Brock and Hans-Jiirgen Hohorst. They 
perfused a cyclophosphamide solution through intact rat liver in organ culture and 
tested the outflow against tumor cells in tissue culture. They also administered cyclo
phosphamide to hepatectomized rats, harvested their blood serum, and tested that 
against cultured tumor cells. The serum's cytotoxicity was only one-fourth to one
tenth that of unhepatectomized controls. Using tissue slices, they showed that there
mainder of the activity derived from renal cortex and lung. They established that the 
process did not involve hydrolysis and that bis( chloroethyl)amine was not the primary 
product of cyclophosphamide activation. Most significantly, they demonstrated that 
cyclophosphamide activation was an oxidative process requiring NADPH and 
molecular oxygen. From their results they concluded that the primary activation pro
duct was not the effective form, but an intermediate from which the ultimate cyto
toxic spxies was spontaneously generated. They were then unable to characterize the 
structures of the labile transport form or the subsequent alkylator. However, when 
these were fmally determined, the descriptive conclusions of the ASTA scientists were 
fully confirmed (51). 

The finding that cyclophosphamide is activated in the liver by mixed-function oxi
dases, rather than by tumor phosphoamidases, appears to undermine the rational 
hypothesis that predicated its development. A degree of serendipity was surely in
volved. In spite of this, the rational approach played an essential role in motivating 
and guiding the inventors of cyclophosphamide (25). As is often the case, discovery 
resulted from fact and fortune working hand in hand. 

3.5.2. MOLECULAR MECHANISM 

Well before any firm data had appeared on the molecular structure of cyclophos
phamide metabolites, Klaus Norpoth had hypothesized that the mechanism of 
hepatic oxidation of cyclophosphamide should parallel that of nicotine, as shown in 
Fig. 6. According to this scheme, the initial step involved hydroxylation of the ring 
methylene group adjacent to nitrogen. Furthermore, he maintained that subsequent 
transformations should also resemble those of nicotine (52). Unfortunately, the in
ability to confirm this hypothesis experimentally using a synthetic standard for the 
carbonyl derivative, 4-oxocyclophosphamide, led him to an erroneous revision in 
which cleavage of the cyclophosphamide ring by 0-dealkylation was suggested (53). 

Although the proposed 0-dealkylation of cyclophosphamide later proved incorrect, 
it did lead to an interesting finding. The structure of Norpoth's putative "primary 
metabolite" contained a 3-substituted propionaldehyde group. This made it a likely 
metabolic precursor of acrolein, according to R.A. Alarcon and Johannes Meienhofer 
of the Children's Cancer Research Foundation. Although its immediate precursor had 
to be determined later, their experimental evidence for the in vitro production of 
acrolein from cyclophosphamide with liver microsomes, NADPH, and oxygen (54) 
received strong confirmation (55). 

Evidence that Norpoth's initial proposal had been the correct one came in 1970 
from the Southern Research Institute in Birmingham, AL. A metabolite from the 
urine of a dog treated with [6-14C]cyclophosphamide was isolated and purified by 
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chromatography and crystallization. Oxidation adjacent to the ring nitrogen of cyclo
phosphamide was shown by infrared spectrophotometry (IR) and mass spectrometry 
(MS) to give 4-oxocyclophosphamide. The structure was confirmed by definitive syn
thesis (56). A few months later, 4-oxocyclophosphamide was also identified as a 
cyclophosphamide metabolite in the urine of sheep who received the drug as part of 
an experimental defleecing procedure (57). 

As a consequence of the above reports that empirically defmed the position of oxi
dation of the cyclophosphamide ring and of its N-dealkylation, ASTA scientists were 
able to deduce the basic molecular features of cyclophosphamide activation and 
detoxification (Fig. 7). As Norpoth had originally suggested, the initial hepatic metab
olite was 4-hydroxycyclophosphamide, which was enzymatically detoxified to 4-oxo
cyclophosphamide and eliminated in urine. 

The pathway to 4-oxocyclophosphamide was not, however the major metabolic 
route. A larger portion of the primary 4-hydroxy metabolite was spontaneously con
verted to its ring-opened tautomer, commonly called aldophosphamide. The most 
abundant renally excreted metabolite of cyclophosphamide is a product of aldophos
phamide oxidation by aldehyde dehydrogenase, commonly known as carboxyphos
phamide (58). 

An additional minor pathway of aldophosphamide metabolism is reduction (57), 
catalyzed by aldose reductase or an unidentified aldo-keto reductase. Consistent with 
the trivial nomenclature noted above, the product was named alcophosphamide. For
mation of alcophosphamide from aldophosphamide is a detoxification pathway, 
since alcophosphamide possesses little antitumor activity in vivo (45). 

3.5.3. METABOLITE CHARACTERIZATION 

The fundamental model of cyclophosphamide metabolism, outlined in Fig. 7, was 
firmly grounded in basic science, but still required confirmation by synthetic and 
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analytical methods. 4-0xocyclophosphamide was well established, but more struc
tural evidence was needed for the other three metabolites, 4-hydroxycyclophospha
mide, aldophosphamide, and carboxyphosphamide. 

A report from the Southern Research Institute provided the needed data for the 
latter compound. The labile acyclic carboxylic acid metabolite from dog and human 
urine was stabilized by the reaction with diazomethane and purified by column and 
thin-layer chromatography. The resulting methyl ester was characterized by IR, MS, 
and definitive synthesis. The Birmingham group showed that in humans, more than 
25% of the cyclophosphamide dose was converted to the open-chain metabolite, car
boxyphosphamide, whereas only 1-20Jo ended up as the ring-carbonyl metabolite, 
4-oxocyclophosphamide. Finally, they showed that carboxyphosphamide and 4-oxo
cyclophosphamide had little or no anticancer activity, and concluded that they were 
"radically detoxified derivatives of cyclophosphamide" (59). 

The expected aldehyde precursor of cyclophosphamide, commonly known as aldo
phosphamide, was converted in situ to a semicarbazone derivative by Norman Sladek 
of the University of Minnesota in 1973 (60). Sladek's semicarbazone was purified by 
thin-layer chromatography, and isolated and characterized by IR and 1H nuclear 
magnetic resonance spectroscopy (NMR) by Robert Struck in Birmingham (61). 

Aldophosphamide was shown by Colvin et al. of Johns Hopkins School of Medicine 
to be the true intermediate from which acrolein derived. Also of great interest was the 
coproduct of acrolein release, phosphoramide mustard, which they derivatized with 
diazomethane in order to obtain a mass spectrum (62). The synthesis of phosphora
mide mustard had been reported 20 years earlier by Orrie Friedman and Arnold 
Seligman (24) and the compound was known to be a potent alkylating agent with 
good antitumor activity (63). 

The first metabolite in the framework model was the last to yield the secrets of its 
physical properties. At the Chester Beatty Research Institute in London, Connors 
and coworkers tried to characterize the primary metabolite, 4-hydroxycyclophospha
mide, but like many before them, found that it was too unstable for direct identifica
tion. By their efforts, however, they were able to derivatize it with ethanol and HO to 
form 4-ethoxycyclophosphamide, which was then isolated and analyzed (64). 

3.5.4. CURRENT PERSPECTIVE 

The discussion above has only covered the bare essentials of cyclophosphamide 
metabolism. In the years since the framework model was pieced together, many new 
features have been fleshed out. New chemotherapeutic agents are now being developed 
that owe much to prior metabolism studies (65). Further progress will undoubtedly 
derive from knowledge of oxazaphosphorine metabolites and the enzymes that catalyze 
their formation and degradation. Toward this goal, recent studies have significantly 
deepened our understanding of the enzymes that activate and deactivate cyclophos
phamide. Other investigations conducted during the last two decades have uncovered 
additional biochemical pathways and previously unknown metabolites. 

The specific cytochrome P450 isozymes responsible for the primary activation of 
cyclophosphamide have been determined in rats and humans. The IIC6 and IICll 
isozymes are apparently the constitutive forms of importance in rats, but the pheno
barbital-inducible IIBl isozyme appears to be more efficient in response to appropri
ate pretreatment (66). The corresponding human isozymes will be identified in 
Section 7 .1. 
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The determination of active metabolites and exploration of their interconnecting 
and branching biochemical pathways have continued. The cis- and trans-isomers of 
4-hydroxycyclophosphamide were analyzed by 31P, 13C, 2H, and 1H NMR spectro
scopy and their equilibrium ratio, approx 2:1, was determined under physiological 
conditions of pH and temperature (67). Interconversion of the two isomers is mediated 
by ring opening to give aldophosphamide, which may reclose to give either cis- or 
trans-4-hydroxycyclophosphamide, as shown in Fig. 8. Another possible pathway has 
also been proposed, the dehydration of 4-hydroxycyclophosphamide to give imino
cyclophosphamide. Unselective rehydration of iminocyclophosphamide may given 
either cis- or trans-4-hydroxycyclophosphamide (68). 

Branching pathways lead from 4-hydroxycyclophosphamide to a series of thio
conjugates in which the mercaptide groups of endogenous compounds, such as 
reduced glutathione (GSH), replace the 4-hydroxyl group. The reaction is reversible 
and the thio-conjugates are more stable than 4-hydroxycyclophosphamide. By virtue 
of these properties, the reversible thio-conjugate family functions as a depot supply 
of 4-hydroxycyclophosphamide, which would quickly decompose in the absence of a 
stabilizing mechanism (67). Reversible thiol conjugation is illustrated in Fig. 9. Irre
versible coupling with GSH is also possible, leading to oxazaphosphorine and phos
phoramide mustard detoxification. Reversible and irreversible coupling with thiols 
will be discussed later, in conjunction with mafosfamide, a useful synthetic analog of 
the thio-conjugates. 

The detailed enzymology of carboxyphosphamide formation has now been eluci
dated. Aldehyde dehydrogenases in mice (AHD) and humans (ALDH) catalyze the 
conversion of aldophosphamide to carboxyphosphamide. In the mouse, AHD 2, Sa 
and 8b are active against pharmacologic concentrations of aldophosphamide (69). 
In humans, ALDH 1 is the isozyme responsible for >80% of the liver's capacity to 
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Fig. 10. N-(5,5-Diacetoxypent-1-yl)doxorubicin (71). 

detoxify aldophosphamide (70). However, liver may not be the most important site of 
aldophosphamide detoxification. 

Aldehyde dehydrogenase is present in nearly every nonmalignant tissue, but little 
or none is found in cyclophosphamide-sensitive tumors. The ability of proliferative 
normal tissues to detoxify aldophosphamide is curtailed in or absent from many 
tumors. Although other proposed mechanisms may eventually be borne out, at the 
present time, this the most firmly established explanation for the noncytokinetic 
selectivity of cyclophosphamide (45). Sladek has suggested the design of aldehydes or 
aldehyde precursors with cytotoxic pharmacophores other than phosphorylated 
mustard groups, in order to make further use of selective detoxification by aldehyde 
dehydrogenases. He cites the example of N-(5,5-diacetoxypentyl)doxorubicin (Fig. 
10), a promising new agent that may operate on this principle (71). 

4. STRUCTURE-ACTIVITY RELATIONSHIPS 

In 1961, three of the principal figures in the development of cyclophosphamide, 
Arnold, Bourseaux, and Brock published the results of a large study correlating the 
structures and biological activities of 15 nonphosphorylated mustards and 109 mono-, 
di-, and triamides of phosphoric and thiophosphoric acid. The nonphosphorylated 
mustard group included, "the last decade's most important experimentally and 
clinically established nitrogen-mustard compounds'': mechlorethamine, chlorambucil, 
and melphalan (Fig. 1); uracil mustard, mannitol mustard, and nitromin (Fig. 11). 
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The phosphorylated and thiophosphorylated nitrogen mustards were studied, "as 
representative compounds selected from nearly 500 synthetic products" (72). 

4.1. In Vivo Testing 
In keeping with their goal of fmding anticancer agents with wider margins of safety, 

the ASTA scientists evaluated prospective agents against a direct measure of selectivity, 
the therapeutic index (TI = lethal dose/effective dose in 50% of test animals [73]). 
For TI determination, they used the Yoshida ascites sarcoma, transplanted in out bred 
F49 rats (74). They defined the effective dose as that which achieved complete tumor 
remission lasting 90 din 500Jo of the rats. Intraperitoneal treatment was begun 2 h 
after transplantation and continued for a total of 4 consecutive days. In consideration 
of the four-injection regimen and the end point, they used the term DCso(4), or dosus 
curativa, to denote effective dose. 

All of the mustards from the clinic and many of the new phosphorylated nitrogen 
mustards "cured" the Yoshida sarcoma, by the 90-d criterion. For speed and econ
omy, the lethal dose was evaluated by a single ip injection followed by 21 d of obser
vation and denoted dosus letha/is or DLso(l). The ratio DLso(l)/DCso(4) was 
calculated as a modified TI and used as the biological end point for evaluation of 
structure-activity relationships (SAR) (72). 

This approach differed from procedures employed elsewhere at the time. For ex
ample, the massive US government-sponsored screening program used T /C, a ratio 
of life-spans for treated vs control animals with transplanted tumors, such as L1210 
lymphocytic leukemia grown as an ascites in BDFl, DCBA, or D2BC mice. Several 
other transplanted murine and a few rat tumor systems were also used (75). Doses 
were escalated until the maximal increase in median survival time (ILS = [T/C] - 1) 
was reached. This MTD and associated ILS were reported as indicators of potency 
and therapeutic effect, but the margin of safety (TI) was not routinely determined (76). 

4.2. Congeneric Groups 
Because a single change in a lead drug molecule will frequently affect interactions 

with multiple biological systems, such as cellular transport, metabolism, and target 
binding, SAR studies of large unrelated groups of compounds have little chance of 
success (77). Thus, the ASTA compounds were divided into 14 congeneric groups, as 
shown in Table 1. Group assignments were made on the basis of unifying structural 
features, e.g., fragments of the molecular skeleton that all members of a group 
possessed in common. The 14 congeneric groups also included a group of "clinically 
established" tertiary mustards, eight groups of phosphorylated ring compounds, four 
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Group 
no. 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

No. of 
members 

6 
4 
7 

14 

12 
8 
8 

16 
12 
7 
3 
7 
9 
9 

Table 1 
Congeneric Groups 

Unifying structural features 

Unphosphorylated tertiary mustards 

Part I I Cytotoxic Agents 

Cyclophosphamide analogs with contracted or expanded rings 
Substituted pentacyclic phosphoric diamides 
Oxazaphosphorines, most with alkyl substituents at positions 

4, 5, or 6 
N-substituted oxazaphosphorines 
Thiophosphoric diamides 
O-n-alkyl phosphoramide mustards 
O-w-halo-n-alkyl phosphoramide mustards 
Cyclic phosphoric or thiophosphoric monoamides 
Ayclic phosphoric monoamides 
Cyclic phosphoric triamides 
Acyclic phosphoric triamides 
Unphosphorylated secondary mustards 
Oxazaphosphorines with one or both chloroethyl side chains altered 

groups of phosphorylated acyclic-mustards, and one group of secondary nor
nitrogen mustard analogs with one or two modified side chains. 

The unphosphorylated mustards in group 1 were included to show the range of 
selectivity of the best compounds available prior to cyclophosphamide. Their TI 
values ranged from 1.8 for uracil mustard to 6.4 for nitromin. The authors maintained 
that selectivity within this narrow range was inversely related to the rate of ionization 
of their chloro-substituents in 26 mM bicarbonate buffer, pH 7.5, at 37 °C (incuba
tion assay). Melphalan and nitromin had slower ionization rates than mechloreth
amine, chlorambucil, uracil mustard, and mannitol mustard. This hydrolytic stability 
was seen as an element of latency, a property believed to confer selectivity. In proper 
perspective, however, the selectivities of melphalan and nitromin are sorely inade
quate. The TI values of cyclophosphamide and some of its congeners are more than 
threefold greater than those of melphalan and nitromin, yet their margins of safety 
are also far from ideal. 

As an ultimate example of acidic functionalization, the basicities of a series of 
N-acyl derivatives of bis(2-chloroethyl)amine prepared by Preussmann (78) were said 
to have, "practically disappeared" (72). They showed nominally no chloride hydroly
sis and, as a consequence, were thoroughly inactive pharmacologically. However, 
between the extremes represented by the labile tertiary alkyl nitrogen mustards and 
the inert N-acylated secondary mustards, a continuum was envisioned from which it 
might be possible to pick an ideal functional type. 

4.3. Limiting the Scope 
A numbing range of structural possibilities were presented, even within the par

ticular domain of phosphorylated mustards, owing to the high connectivity of the 
phosphorus nucleus. However, many of the groups were formed around a common 
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structural feature that conferred decreased selectivity on all members. For example, a 
;;::: 500Jo reduction in selectivity, vis-a-viscyclophosphamide, resulted when phosphorus 
was absent, when any atom geminal to phosphorus was replaced, when the ring size 
was altered, when N 3 was alkylated, or when either chloroethyl group was extended, 
branched, or replaced by ethyl. Thus, negative SAR findings characterized all 
members of the following groups: 1-3, 5, 6, and 9-14. 

In the next section, SAR data for all compounds in groups 4, 7, and 8 are presented. 
This should not imply that that excluded groups represent structural types that hold 
no promise. Indeed, the authors of the original study did prudently reinvestig~te some 
of them and made a major find, described in Section 5. 

4.4. Structural Correlates of Activity and Toxicity 

Three of the congeneric groups, a total of 40 compounds, included 11 compounds 
with TI > 10. The oxazaphosphorines in group 4, with a total of 14 compounds, had 
5 members whose TI values ranged from 11.3 (B690)-20 (B618; cyclophosphamide). 
Group 7, with a total of eight O-n-alkyl phosphoramide mustards, and group 8, 
which contained 16 O-w-halo-n-alkyl phosphoramide mustards each contained three 
highly selective compounds with TI values ranging from 12.8-17.9. 

The 11 compounds with the highest activities and selectivities had several structural 
features in common. They were all phosphorylated monoester-diamides derived from 
bis(2-chloroethyl)amine. Furthermore, as the original authors of the data observed, 
"The most favorable derivatives are those with n-propylene groups in amide-like 
linkages with oxygen in the end position. They may be arranged either cyclically ... 
(e.g. B 518, B699, B717 and B576) or aliphatically (e.g. B633, B636, B637, B612, 
B700, B701) " (72). 

Among the oxazaphosphoramide group, shown in Table 2, substitution of any of 
the ring methylenes diminished selectivity. Thus, monomethylation of cyclophospha
mide at positions 4, 5, or 6 caused a 28--40% decrease and vicinal4,5-dimethylation 
caused a 43.5% decrease in TI. Mono substitutions by alkyl groups larger than 
methyl or multisubstitution beyond 4,5-dimethylation produced 50-100% reduction 
inTI (72). 

Six of the active, selective compounds in the 1961 SAR study were phosphoramide 
mustard analogs, shown in Table 3. All possessed anN-(3-hydroxy-n-propyl) group. In 
group 7, the ethyl and n-propyl esters B633 and B636 were 2.3- to 2.6-fold less potent 
than cyclophosphamide, but their respective TI values were only 11 and 14% less. 

In group 8 (Table 4), the 2-(chloroethyl) ester, B612 was also 2.6-fold less active 
than cyclophosphamide, but its TI was only 16% less. 

These active and selective N-(3-hydroxy-n-propyl)phosphoramide mustard esters 
showed little frank alkylating activity and good hydrolytic stability. Four of the com
pounds, B633, B636, B612, and B702, released only about 15-20 mol% of their avail
able chloride equivalents during the 24-h in vitro incubation assay with 26 mM bicar
bonate buffer, pH 7.5. In vivo formation of an ionizable phosphoramide mustard 
from these compounds requires N-dealkylation and thus may involve a different 
kinetic mechanism than the base-catalyzed 0-dealkylation of aldophosphamide. 
With such interesting properties, one wonders why they have been left quietly on the 
shelf for the past 25 years. 
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Table 2 
Structural Correlates of Activity and Selectivity: 

Congeneric Group 4: Oxazaphosphorines 

[ Position4 ~ 

PositionS v. Cl 

Position6-

ASTA Code DCso (4) Therapeutic 
Number Position 4 Position 5 Position 6 mmollkg index 

Unsubstituted 
B518 ( cyclo- H H H 
phosphamide) H> H> H> 0.03 20.0 

Mono-substituted 

B699 H3C 
H> 

H 
H> 

H 
H> 0.04 12.5 

B717 H 
H> 

H3C 
H> 

H 
H> 0.09 14.4 

B576 
H H H3C 

0.04 12.0 H> H> H> 
Di-substituted 

B690 
H3C 

H> 
H3C 

H> 
H 
H> 0.05 11.3 

B708 
H 
H> 

H3C 
H> 

H3C 
H> 0.28 3.8 

B707 
H H3C H 

inactive nil H> H3c> H> 

B709 
H 
H> 

H3C 
H> 

CzH, 
H> 0.33 6.0 

B783 
H3C H 

H> H> 
n-C3H, 

H> 0.25 3.8 

B784 
H3C H 

H> H> 
i-C3H, 

H> 0.50 2.5 

B785 
H3C H 

H> H> 
n-C6Ht3 

H> 0.67 1.7 

Tri -substituted 

B714 
H3C H H3C 

0.10 10.0 H> H> H3c> 

B693 
H 
H> 

H3C 
H3c> 

H3C 
H> 1.99 1.0 

B617 
H3C H H3C 2.64 0.5 H3c> H> H> 

B792 
H3C 

H> 
H3C 

H> 
n-C3H, 

H> 0.91 0.7 

B787 
H3C H3C> n-C6Ht3 

inactive nil H> H H> 
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Table 3 
Structural Correlates of Activity and Selectivity: 

Congeneric Group 7: N-(w-hydroxy /methoxy-n-alkyl)-0-n-alkyl Phosphoramide Mustards 

RO(CH.Jollf\ [ 
K_ Cl 

CH3{CH2),P ~ 

ASTA code DC5o (4) Therapeutic 
number R= m= n= mmollkg index 

B547 H 2 1 1.02 2.7 
B635 H 2 2 0.49 4.0 
B649 H 2 7 0.55 3.0 
B633 H 3 1 0.08 17.2 
B636 H 3 2 0.07 17.8 
B637 H 3 7 0.05 12.8 
B874 CHJ 3 1 0.86 1.3 
B634 H 4 1 0.93 2.0 

4.5. Stereoisomers 
Although stereoisomerism was not discussed in the original paper, in 1982, Gerald 

Zon, of Washington, DC, reviewed the data for the compounds in group 4. Recogniz
ing the chirality of cyclophosphamide at phosphorus and the additional asymmetric 
centers of the ring monosubstituted analogs, he pointed out that nongeminal substitu
tion of 1-, 2-, or 3-ring carbon atoms would generate 4, 8, or 16, respective diasteri
omers. Figure 12 shows the four stereoisomers of compound(s) B783. 

Zon noted that the in vivo environment is chiral; therefore, each asymmetric center 
could influence the outcome of transport, enzyme metabolism, and perhaps even 
purely chemical reactions, which may be subject to asymmetric induction. Certainly, 
he argued, such isomers should possess different therapeutic indices (79). 

Differential metabolism of stereospecifically deuterated cyclophosphamide had 
been demonstrated in nontumor-bearing, female Balb/c mice. Analysis of the urine 
metabolites by MS showed that more of the excreted 4-oxocyclophosphamide was 
derived from (R)-cyclophosphamide than from its antipode (80). However in humans, 
neither enantiomer was therapeutically superior to racemic cyclophosphamide (81,82). 

5. DEVELOPMENT OF IFOSFAMIDE 

In the SAR studies with phosphorylated mustards, a number of congeneric struc
tural types seemed to offer no productive leads. Two examples were analogs of cyclo
phosphamide in which either of the N-(2-chloroethyl) groups was altered or the 
hydrogen on N3 was substituted. These modifications caused a dramatic loss of cyto
toxicity and selectivity, but when both transformations were embodied in a single 
substance, an important new molecule resulted (83). In the design of this molecule, 
one of the 2-chloroethyl groups was taken from the bifunctional mustard side chain 
of cyclophosphamide and moved to the ring nitrogen (84). 
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Table 4 
Structural Correlates of Activity and Selectivity: 

Congeneric Group 8: N-Substituted-0-(w-halo-n-alkyl) Phosphoramide Mustards 

ASTA code 
number 

B711 
B643 
B640 
B718 
B612 
B700 
B701 

B698 

B719 
B861 
B720 
B865 

B870 

B864 

B664 

B696 

RCH,HN, [ 
f:_ Cl 

XCH2CH:P 0 

R= X= 

CH2CH3 Cl 
CH2NH2 Cl 
CH20H Cl 
CH2Cl Cl 

CH2CH20H Cl 
CH2CH20H Br 
CH2CH20H CH2Cl 

,.OH 
CH'CHJ Cl 

CH2CH20CH3 Cl 
CH2CH202CCH3 Cl 
CH2CH2N(C2Hs)2 Cl 

CH2CH202C(CH2)3Br Cl 

CH2CH202C-Q Cl 

CH2CH202C, 

Cl....CHO Cl 

CH2CH2CH20H Cl 
OH 

/ CH2CH, 
CHJ 

Cl 

0 
H3C II Cl 
~ .•• P, /"....,/ 

Cl\fCI 
N 

H3C I 
~·••P.;::. 

I 0 . o 
H 

Trans-(2S,6S)· 

.rf t 
Cis-(2~,6S)·I 

Cl 

6-Methylcyclophosphamide 

0 
II CH3 Cl............... _...P.\''·N~I""\ 

N 0~ 

(cis-(~,6R)· 
Cl 

DCso (4) 
mmol!kg 

0.49 
0.92 
0.61 
0.48 
0.08 
0.05 
0.06 

0.47 

0.84 
0.52 

inactive 
0.81 

inactive 

0.32 

1.69 

0.11 

Cl\fCI 
N 
I CH3 

o~P~ •. ~ 
o . 

H 

Trans-(2R,6R)· 

Therapeutic 
index 

1.0 
2.0 
4.0 
1.3 

16.9 
15.0 
15.0 

3.8 

1.0 
4.0 
nil 
2.0 

nil 

3.8 

0.7 

5.0 

Fig. 12. Stereoisomers of cyclophosphamide analog B576: one substituent (79). 
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Table 5 
Ifosfamide and Trofosfamide-Initial Preclinical Results 

Common 24-h Hydrolysis DC5o (4) Therapeutic 
name R= R'= cr equiv/mol mmollkg index 

Cyclophosphamide CH2CH2Cl H 0.19 0.032 20 
Ifosfamide H CH2CH2Cl 0.06 0.024 24 
Trofosfamide CH2CH2Cl CH2CH2Cl 0.04 0.025 9 

The new compound, an isomer of cyclophosphamide, was given the common 
name ifosfamide. An isostere, trofosfamide, with 2-chloroethyl groups at all available 
nitrogen valences was also synthesized and received considerable developmental 
attention, but has subsequently been overshadowed by ifosfamide. 

5.1. Preclinical Studies 
The techniques used to determine the activity of cyclophosphamide were resurrected, 

with a slight modification, for characterization of ifosfamide and trofosfamide. The 
toxicity end point was shortened to 14 d, apparently without affecting the result, since 
the TI of cyclophosphamide did not differ from the earlier value. Ifosfamide and tro
fosfamide were shown to be hydrolytically stable prodrugs by incubation at 37 oc in 
26 mM bicarbonate, pH 7.5 (85). 

5.1.1. IN VIVO SCREENING 

Against the Yoshida rat sarcoma (Table 5) a single injection of 7.7 mg·kg-' of 
ifosfamide or 3.9 mg·kg- 1 of cyclophosphamide gave a 50o/o cure rate. However, 
when divided doses were given daily x 4, 50% cures required only 1.58 mg· kg- '·d-' 
of ifosfamide vs 2.25 mg· kg- 1·d _, of cyclophosphamide. This indicated that for ifos
famide, the cumulative therapeutic effect (concentration x time) was particularly im
portant, whereas for cyclophosphamide, achieving a high peak concentration 
appeared to be more efficacious (86). 

A variety of routes and schedules were tested by Abraham Goldin and John Venditti 
against "early" L1210 leukemic ascites transplant in BDF1 mice (87,88). Three of 
these regimens were especially informative and will be described here. Single doses of 
cyclophosphamide and ifosfamide given ip were both highly active (ILS > 300% ). As 
in prior studies, the optimal single dose of ifosfamide, 300 mg· kg- 1 exceeded that of 
cyclophosphamide, 180 mg· kg- 1• When daily ip doses were divided over 9 d, the opti
mum dose of ifosfamide, 65 mg· kg - 1·d _, still exceeded that of cyclophosphamide, 39 
mg·kg- 1·d- 1• Furthermore, this schedule was inferior to the single dose, since for 
both drugs, optimal total doses were almost twofold greater and the response much 
poorer (ILS = 50%). In a third regimen, the doses were divided into 3 ip injections 
given on days 1, 5, and 9. The optimal dose of ifosfamide was 39 mg·kg-'·d-', and it 
gave an ILS of 85%, but that of cyclophosphamide was 108 mg·kg- 1 giving an ILS of 



42 Part I I Cytotoxic Agents 

70%. Therefore, ifosfamide was more potent and therapeutic than cyclophospha
mide on this schedule, but was yet more effective as a single dose, contrary to the 
Yoshida sarcoma data. 

Taken together, the rat sarcoma and mouse leukemia data were inconclusive. Inter
species data did not reveal an unequivocally optimal schedule and probably cannot. 
For humans, however, a clearer answer to this question did surface, as described 
below in Section 5.2. 

Two additional models studied by Goldin (88) were an advanced L1210 leukemia 
that was naturally resistant to cyclophosphamide and an L1210 with acquired cyclo
phosphamide resistance developed by treatment over a series of transplant genera
tions. In the naturally resistant system, the optimal single dose of cyclophosphamide, 
180 mg·kg- 1 gave an ILS of 1440Jo. The optimal single dose of ifosfamide, 500 
mg·kg- 1, gave an ILS of 178%. Thus, ifosfamide was tolerated at a higher dose and 
was moderately more effective than cyclophosphamide. Goldin did note, however, 
that the advanced L1210, unlike the early strain, was metastatic at the time treatment 
began. The subline of L1210 with acquired cyclophosphamide resistance was com
pletely crossresistant to ifosfamide. 

Against murine Lewis lung carcinoma, C3H mammary adenocarcinoma, and TA 
nephroblastoma, ifosfamide was slightly more effective than cyclophosphamide. Against 
Ridgway osteogenic sarcoma and DS carcinosarcoma, ifosfamide was much more 
active than cyclophosphamide. 

In combination with cisplatin, 5-fluorouracil, cytarabine, camptothecin, or cyclo
cytidine, the activity of ifosfamide against L1210 was greater than additive. It was 
only additive with cyclophosphamide, lomustine, or semustine (88). Against Yoshida 
sarcoma, ifosfamide was synergistic with vincristine (89). 

5.1.2. PRECLINICAL TOXICOLOGY 

Acute, subacute, and chronic toxicity, carcinogenicity, and genotoxicity were mon
itored in mice, rats, dogs, or rabbits. In mice and rats, acute toxicity was determined 
using oral, iv, and ip administration, and in rats, the sc route was also tested. The 
dogs and rabbits were given iv injections. Ifosfamide was well tolerated parenterally, 
and toxicities were milder than expected for a nitrogen mustard. 

Acute toxicities included reversible leucopenia, lymphoid depression, cystitis, and 
alopecia. Acute and subacute urine bladder irritation also occurred. The delayed 
toxicities were marrow depletion cistitis, enteritis, pneumonia, and testicular atrophy. 
Chronic lethality was owing to enteritis and pneumonitis. 

Rat carcinogenicity assays revealed significant leiomyosarcoma and mammary fibro
adenoma in females. In mice, carcinogenicity testing showed a dose-related increase 
in malignant lymphomas. 

The reproductive toxicology of ifosfamide was evaluated in pregnant mice, rats, 
and rabbits. Lethal and sublethal embryotoxic effects, e.g., diminished survival, 
stunting, and craniofacial abnormalities, were seen in all three species (90). 

5.2. Early Clinical Trials 
Any analog of a highly active agent must be shown to possess distinct advantages 

over those of the lead drug before it can be introduced into the clinic. One would ex
pect this criterion to be especially stringent in the case of an isomer of the parent com-
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pound. In spite of this, a multi-institutional clinical trial in which 49 patients were 
treated with ifosfamide and 244 with trofosfamide was begun in 1967 (83) and results 
were published early in 1970 (91). The latter publication came only three years after the 
two compounds were first announced to the world at the Fifth International Chemo
therapy Congress (84). Favorable preclinical screening results with the Yoshida sar
coma apparently accelerated the transition from bench to bedside (83). Although 
some of the initial enthusiasm dampened after reports of severe urothelial toxicity 
(92), development of an effective uroprotector rekindled worldwide interest (93). 

The early clinical development of ifosfamide went through three stages. The first 
clinical trial, begun in 1967, used low doses, with disappointing results. For solid 
tumors, the average dose and duration of treatment were 75 mg·m-2·d-I x 98 d and 
for systemic disease, 180 mg·m-2·d- 1 x 63 d (91). Next, single doses of 2.9-10 g·m-2 
were given, resulting in a high remission rate against metastasized solid tumors, but 
leucopenia, CNS toxicity, and urotoxicity were dose-limiting above 5 g·m-2(94). 
Animal experiments had shown that fractionated doses of ifosfamide had a cumula
tive therapeutic effect, but toxicity was less cumulative. These findings were incor
porated into plans for the third stage of clinical testing. 

A large cooperative trial, with 390 patients, were performed with ifosfamide as a 
single agent. The study compared single vs divided daily doses. A broad spectrum of 
malignancies were treated, including ovarian, mammary, gastric, pancreatic, colonic, 
cervical, uterine, and bronchial carcinomas, germ-cell tumors, malignant melanoma, 
and various sarcomas. The best results were obtained with daily injections of 2.0-2.4 
g·m-2·d - 1 x 5 d (95). This finding was confirmed in another cooperative trial with 
360 patients, also with a wide variety of solid tumors. Optimum daily doses of 2.4 
g·m- 2·d- 1 x 5 d were determined, except for treatment of osteo- or chondrosar
coma, where the schedule was 1.2 g·m-2·d-I x 10 d (96). 

The dose-limiting urotoxicity that occurred in these early clinical trials had been 
seen previously with cyclophosphamide, but with an average frequency of only 7!tfo. 
The incidence of urotoxicity with ifosfamide ranged between 20 and 40!tfo (97). 
Development of an effective uroprotector was sorely needed. 

5.3. Supportive Care: MESNA and Beyond 
Acrolein, formed by 13-elimination from aldophosphamide, was identified as the 

principal etiologic agent of oxazaphosphorine urotoxicity (93). Chloroacetaldehyde, 
a minor metabolite of cyclophosphamide, but a major neurotoxic metabolite of ifos
famide, also contributes to oxazaphosphorine urotoxicity (98). The ability of thiol 
compounds, such as N-acetylcysteine, to detoxify acrolein and chloroacetaldehyde was 
recognized, but when given systemically, N-acetylcysteine also conjugated therapeu
tivally active metabolites. Local instillation of N-acetylcysteine into the bladder failed 
to protect the renal pelvis or ureter (93). 

A detoxicant was sought for systemic administration that would act only in the 
urine to protect the whole urinary tract, without compromising therapeutic activity. 
In 1979, Scheef and associates published preliminary data indicating that 2-mercapto
ethanesulfonate, or MESNA, met these criteria (99). Subsequent trials have demon
strated that MESNA is the agent of choice for uroprotection because of its effective
ness, ease of administration, and lack of systemic toxicity (100). 
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Fig. 13. Chemistry of MESNA and endogenous thiols in vivo (93,102). 

The MESNA molecule has a negatively charged, water-solubilizing sulfo-group 
linked by an ethylene spacer to a strongly nucleophilic thiol group. MESNA is capable 
of inactivating alkylating agents, such as chloroacetaldehyde, or its oxidation product, 
chloroacetic acid, by covalent replacement of their halogen leaving groups (JOJ). 
When given with cyclophosphamide, MESNA can reversibly sequester 4-hydroxy
cyclophosphamide by substituting the 2-sulfoethanesulfide moiety in place of the 
hydroxyl. Most importantly, it can detoxify an a, /3-unsaturated ketone or aldehyde, 
such as acrolein, by conjugate addition to the olefinic double bond (102). The struc
ture and in vivo chemistry of MESNA are shown in Fig. 13. 

After entering the circulation, MESNA is rapidly oxidized to a nonnucleophilic 
symmetrical disulfide known as diMESNA. More than 900Jo of the circulating drug is 
in this form. Unsymmetrical disulfides are also formed by conjugation of MESNA 
with endogenous thiol compounds, such as cysteine. The disulfide products are inca
pable of systemic detoxification of acrolein, alkylators, or activated oxazaphosphor
ines, nor do they affect the activity of other electrophilic anticancer agents, such as 
cisplatin, nitrosoureas, or doxorubicin (93). 

In the renal tubule, a large proportion of the disulfides are reconverted to thiol 
compounds by reduction. The reducing agent is NADPH, and the reaction is catalyzed 
by GSH. The proposed catalytic cycle is shown in Fig. 14. The reaction takes place 
during glomerular filtration, and the thiols are released into the urine. Their protective 
action is present in the renal pelvis, ureter, and bladder (102). 

The discovery of MESNA was a pivotal step in the development of supportive 
care. The field is growing, as demonstrated by the development of hematopoietic 
growth factor (103) and stem cell support (104). 

6. RECENT CLINICAL TRIALS WITH IFOSFAMIDE 

Oinical trials of new anticancer agents are ordinarily conducted in sequential phases 
denoted phase I, II, and III (105). Occasionally, phases I and II are combined into a 
single sequence. Phase IV trials are conducted infrequently, when the need arises to 
monitor uncommon, idiosyncratic, or delayed complications of drug treatment. 
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Fig. 14. MESNA/diMESNA catalytic cycle (102). 
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Phase I clinical trials of anticancer agents have two objectives: providing the best 
available treatment and determining the optimal treatment dose. The method involves 
escalation of doses (one drug at a time in combination studies) to a level at which either 
the desired biologic effect is observed or the limit of tolerability is reached. In the latter 
case, the penultimate dose is then usually considered the MTD. Since patients with 
advanced cancer are usually chosen for phase I studies, the toxic end point is most often 
encountered, rather than the therapeutic. Nonetheless, the therapeutic intent is implicit; 
studies are not undertaken to see how sick a drug will make someone. 

Phase II trials are undertaken to provide a population of patients the most effective 
diagnosis-specific treatment available, to assess the degree of response of each evaluable 
patient, and to determine diagnosis-specific response rates and their statistical signifi
cance. Although Phase I trials may include diverse and sometimes unusual types of 
cancer, Phase II trials are more homogeneous and are often specific to one tumor type. 

Phase III investigations are comparative trials undertaken to determine whether a 
new treatment is better than standard therapy or other competitive therapies. Com
parative statistical inference requires randomized groups and a large sample. There
fore, Phase Ill trials are often cooperative studies requiring the joint effort of many 
hospitals (106). 

Single-agent clinical regimens were once the rule, but are now the exception. Most 
current ifosfamide studies include one or more other drugs. Structures of some of the 
drugs used in combination chemotherapy with ifosfamide are shown in Fig. 15. 
Several combinations currently under investigation are defined in Table 6. 

6.1. Phase I: Defining Doses and Toxicity Limits 
The toxicities of cyclophosphamide and ifosfamide are steeply dose-dependent, 

but for ifosfamide, schedule and route are also important determinants of certain 
specific toxicities (89). Dose-related renal failure was documented in early clinical 
trials with ifosfamide possibly because of pre-existing renal dysfunction and/or inade
quate hydration (92). The problem persists, but its incidence is declining as a result of 
closer monitoring of renal function and improved support. Nonetheless, high-dose 
continuous infusion of 5.0 or 8.0 g·m- 2 of ifosfamide produced renal deterioration in 
7/40 evaluable patients in a phase II single-agent study. The toxicities occurred despite 
administration of 400 or 600 mg·m- 2 of MESNA, before and during chemotherapy. 
Two of these patients died, and two others suffered renal tubular damage (107). 
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R2 R3 

OCH3 CH3 

OCH3 CHO 

NH2 CH3 

0 
OH 

Doxorubicin 

Fig. 15. Anticancer agents used in combination with ifosfamide. 

The schedule dependency of ifosfamide toxicity found in preclinical studies and 
confirmed in early clinical trials has not been ignored in phase I trials. FraCtionated 
single-agent ifosfamide doses of 2.4 g·m-2·d-t x 5 d with MESNA uroprotection 
have appeared in several reports (105). 

Intravenous fractionated dosing is labor-intensive, costly, and prone to accidents. 
These and other motivations have prompted the use of continuous infusions. In a re
cently published study, marathon 240-h continuous infusions of single-agent ifosfamide 
were given without stem cell support. The MTD was 1.2-1.3 g·m-2·d-t x 10 d (108). 

The most important route-dependent side effect of ifosfamide is neurotoxicity 
associated with oral administration. Symptoms of neurotoxicity occurred in 5/10 
patients who received ifosfamide po 1.5 g·m-2-d-t x 5 d and in 4/6 who received 
ifosfamide po 2.0 g·m- 2·d- 1 x 5 d (109). 

The neurotoxic side effects of ifosfamide are attributed to overproduction of chloro
acetaldehyde. Chloroacetaldehyde is a minor metabolite of cyclophosphamide, but is 
formed in significant amounts from ifosfamide. In sporadic cases, it is the most abun
dant ifosfamide metabolite. In two instances, patients who developed encephalopathy 
during ifosfamide treatment were relieved of their symptoms by treatment with meth
ylene blue (110,111), a redox regulator that has been used in the treatment of cyanide 
poisoning (112). 

It is frequently noted that, "the optimal doses and schedule of administration of 
ifosfamide still remain to be defined" (105). This may be a repercussion of the attrac
tive array of new treatment options that are now under development, with very specific 
disease states as targets. Some of these, which utilize ifosfamide-based chemotherapeu
tic combinations, may require dosage reduction in order to facilitate an overall increase 
in dose intensity. Other designs may employ up-to-date support measures, such as 
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administration of autologous hematopoietic progenitor cells, to counterbalance those 
adjustments (113,114). The establishment of "standard" doses, schedules, or routes 
of ifosfamide administration may be delayed indefinitely because its wide activity 
spectrum opens up so many avenues of clinical exploration. 

Two recent protocols demonstrate the broad range of scheduling that may be 
applied to a single drug combination. One of these, a 96-h concurrent, continuous, iv 
infusion of the three-drug ICE combination, with autologous hematopoietic stem cell 
reinfusion, had an ifosfamide MTD of 4.0 g·m-2·d-I x 4 d (104). For another ICE/ 
transplant protocol, divided daily doses of ifosfamide were given by 1-h iv infusion 
with an MTD of 3.35 g·m-2·d- 1 x 6 d. In the latter version of ICE, the carboplatin 
was given 11 h after each ifosfamide dose, by 1-h infusion. Etoposide was administered 
by 11-h continuous infusion twice daily when the other two drugs were off (113). 
These two studies span the range of possibilities from continuous, concurrent to dis
continuous, countercurrent scheduling. 

6.2. Phases II and III: Evaluation and Comparison 
Depending on the site and type of disease, ifosfamide treatment may be given in 

any of the following settings: induction, or primary therapy, where the patient is 
previously untreated and the intent is cure or at least remission; consolidation, treat
ment given to maintain a complete remission or convert a partial response after induc
tion into a complete remission (also termed intensification); and salvage, treatment 
given in the hope of re-establishing remission after relapse or to overcome the resis
tance of a refractory tumor. Neoadjuvant chemotherapy may be given prior to surgery 
to facilitate complete resection of bulky or otherwise inaccessible disease (105). 

End point data from different clinical trials need to be determined in a uniform 
manner, allowing comparison of intertrial results. Therefore, standard response 
descriptions have been established by the World Health Organization and the Inter
national Union Against Cancer. According to their criteria, the number of objective 
responses in a given clinical trial is the sum of patients exhibiting partial and complete 
responses. Complete response is the absence of clinical, histological, and biochemical 
evidence of disease for 2 mo or more. For assessment of partial response, pretreat
ment measurements are taken in all patients of the longest diameter (D) of each lesion 
and the widest diameter (d) perpendicular to this. The two measurements of each 
lesion are multiplied together, and all of these products are summed (E = D1d1 + 
D2d2 + D3d3 + . . . + Dndn). The measurements are repeated posttreatment for 
patients who do not have a complete response. If E(posttreatment)/E(pretreatment) ::5 

0.5 and no lesion increases in size and no new lesions are found, this constitutes a par
tial response (1 06). 

Among the malignancies against which ifosfamide/MESNA have been tested, 
alone or in combination with other agents, we must include pancreatic, head and neck, 
esophageal, gastrointestinal, colorectal, and renal cell cancers. Data are sparse, but 
for some of these diagnoses, the outlook is grim (105). Against this, there is guarded 
optimism for the development of ifosfamide/MESNA regimens, with or without 
other drugs, to combat lung, breast, gynecological and testicular cancers, lymphomas, 
sarcomas, and pediatric solid tumors. 

Within these seven disease categories are found tumors that differ widely in their 
sensitivity to chemotherapeutic agents. They are therefore subclassified according to 
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prognosis. For example, non-Hodgkin's lymphoma and nonsmall-cell lung cancer 
(NSCLC) have, on average, poorer treatment outcomes than Hodgkin's disease and 
small-cell lung cancer (SCLC). Comparative and noncomparative trials usually cover 
one, and rarely more than two diagnostic subtypes, since the data for each must be 
analyzed individually (106). 

6.2.1. LUNG CANCERS 

Lung cancers are the most common malignancies and their incidence is increasing 
(115). Although cisplatin or carboplatin in combination with etoposide are the more 
frequenly used regimens for SCLC (116), ifosfamide is highly active against this disease 
(117). Against extensive SCLC, single-agent ifosfamide gave an overall response rate 
of 480Jo (118). 

Combination chemotherapy is superior to single-agent treatment for SCLC (119). 
In a randomized trial with 166 patients with previously untreated, extensive SCLC, 
ifosfamide, etoposide, and cisplatin (VIP), given daily for 4 d, were compared with 
the standard etoposide/cisplatin regimen. Overall response rates were not significantly 
different (70% for VIP vs 66% for etoposide/cisplatin), but 1-, 2-, and 3-yr survival 
rates and toxicity were significantly greater with the three-drug combination (120). 

For initial chemotherapy of NSCLC, ifosfamide has provided objective response 
rates of <:::20% in single-agent trials with MESNA uroprotection (121). However, its 
inclusion into standard induction therapy {105) or high-dose triple or quadruple regi
mens (122), with autologous bone marrow reinfusion, has not improved them signifi
cantly. In the neoadjuvant setting, ifosfamide and MESNA have been combined with 
etoposide and cisplatin (VIP), allowing a 55% complete resection rate (123). 

6.2.2. BREAST CANCERS 

Breast cancers remain the most prevalent malignancies of women, and their inci
dence appears to be increasing (124). Metastatic disease is considered incurable, 
although high-dose cyclophosphamide-based combination regimens with stem-cell 
support are now being evaluated in the hope of curing at least some of these patients 
(125). Ifosfamide/MESNA also has substantial activity as a single agent against ad
vanced breast cancer (126), and this has prompted its integration into combination 
protocols (105). A trial of ifosfamide/epirubicin/fluorouracil gave a 79% objective 
response rate and 25% complete responses with 28 evaluable patients (127). 

6.2.3. GYNECOLOGICAL CANCERS 

Primary therapy of advanced ovarian carcinoma with ifosfamide gave a 33% 
objective response rate. This was viewed as similar to the response rate with conven
tional alkylating agents. In a Phase II Gynecologic Oncology Group (GOG) trial of 
ifosfamide for salvage treatment of ovarian carcinoma, there were 3 complete and 5 
partial clinical responses among 41 evaluable patients who were refractory to, or had 
relapsed after cisplatin treatment. In two other salvage trials against advanced ovarian 
carcinoma, lack of complete crossresistance was observed toward cyclophosphamide 
(3 objective responses/49 evaluable patients) and chlorambucil (3 objective responses/ 
12 chlorambucil refractory patients) (128). 

Another GOG trial of ifosfamide for salvage treatment of advanced squamous 
carcinoma of the cervix gave 3 responses, duration 1.8, 2.2, and 3.1 mo in 27 evalu
able patients. Two responders had previously relapsed after cisplatin and the third 
after carboplatin chemotherapy (129). 
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Salvage treatment of advanced or metastatic uterine sarcoma with ifosfamide gave 
5 complete and 3 partial responses among 26 patients with about equal numbers of 
homogeneous and heterogeneous miillerian tumors. Among 28 patients with advanced 
uterine leiomyosarcomas, 4 partial responses to ifosfamide were seen (129). 

6.2.4. TESTICULAR CANCERS 

About 95% of testicular cancers are seminomatous and nonsemanomitous germ
cell tumors. Approximately 250Jo of nonseminomatous tumors relapse after standard 
treatment. Salvage chemotherapy with ICE has achieved a complete remission rate of 
250Jo in a 42 patient study, with 40 evaluable (130). 

Standard treatment for early seminoma is radiotherapy, but for bulky disease, 
chemotherapy is the primary treatment modality. In these cases, cisplatin, bleomycin, 
and either vinblastine or etoposide are used for induction (131). Substitution of ifos
famide for bleomycin has given an 870Jo complete response rate in 24 patients with 
bulky disease (132). 

6.2.5. LYMPHOMAS 

Induction treatment of Hodgkin's disease by rapidly alternating cycles of two non
crossresistant regimens, such as cyclophosphamide/vincristine/procarbazine/predni
sone (COPP) and doxorubicin/bleomycin/vinblastine/dacarbazine (ABVD), has 
been supplemented with a third combination, ifosfamide/methotrexate/ etoposide/ 
prednisone (IMEP). In the first group of 38 patients to receive IMEP, the complete 
response rate was 950Jo (133). 

A small group of six patients treated with IMV as induction treatment for non
Hodgkin's lymphoma had 670Jo complete responses. This is about as good as cyclo
phosphamide/doxorubicin/vincristine/prednisone (CHOP), on the best standard 
induction protocol (134). 

For late consolidation and salvage treatment of Hodgkin's and non-Hodgkin's lym
phoma, the related combinations IME and MIME are promising additions to the 
armamemtarium (134,135). For salvage and late intensification treatment of non
Hodgkin's lymphoma, MIME has achieved a 600Jo objective response rate, 240Jo of 
which were complete responses in a 208 patient study (134). 

6.2.6. SARCOMAS 

For a group of 105 patients with advanced soft tissue sarcomas, the MAID com
bination achieved a 450Jo objective response rate. Median survival was 15.5 mo (136). 

High-dose ifosfamide (4 g ·m-2·d- 1 x 3d) without stem-cell support was able to 
overcome resistance to standard-dose ifosfamide (SDI) in a French study. Among 36 
evaluable patients, 12 achieved partial responses. Among the responders, five had 
been refractory to SDI, two were SDI resistant, four were listed as indeterminate SDI 
sensitive, and only one had not received SDI previously (110). 

Responding to Phase III results, The Soft Tissue and Bone Sarcoma Group of the 
European Organization for Research on Treatment of Cancer (EORTC) has deter
mined that ifosfamide is the latent alkylator of choice for soft tissue sarcoma (105). 
This decision was based on a comparative study of ifosfamide/MESNA vs cyclophos
phamide/MESNA that found a statistically significant difference in overall responses 
of 18 vs 80Jo, respectively (136). 
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Single-agent ifosfamide with MESNA uroprotection has demonstrated activity as 
salvage treatment against pediatric solid tumors resistant to cyclophosphamide (105). 

The ICE combination has produced > 500Jo objective response rates against persis
tent or recurring pediatric solid tumors of various diagnostic types. Investigations of 
new modalities of supportive care are under way, seeking to enhance recovery and 
allow greater dose intensification (137). 

7. OXAZAPHOSPHORINE DISPOSITION 

The in vivo dispositions of cyclophosphamide and ifosfamide are qualitatively 
similar, but quantitatively very different. What structural differences influence their 
comparative metabolism and pharmacokinetics? In cyclophosphamide, the ring 
phosphoramide group is secondary and the sidechain phosphoramide group is tertiary. 
This situation is reversed in ifosfamide. As a consequence, the relative rates of initial 
activation are not the same, nor are the active/toxic metabolite ratios. These quanti
tative differences in metabolism lead to dose- and schedule-dependent differences in 
pharmacokinetic half-life, whole-body clearance, and apparent volume of distribution. 

The in vivo activation and degradation of cyclophosphamide and the methods 
used to characterize its metabolites were described previously. Corresponding studies 
of ifosfamide are presented here. 

7.1. Metabolism of Ifosfamide 
Hepatic microsomal hydroxylation of the ifosfamide ring carbon adjacent to N3 

generates the primary activation products (Fig. 16). The C4-hydroxyl group may 
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occupy axial or equitorial positions on the chair conformers of the four diasterio
mers. Because they are too unstable in aqueous solution for direct isolation, cis- and 
trans-4-hydroxyifosfamide were derivatized by addition of ethanol during the in vitro 
microsomal oxidation of the 32P-labeled ifosfamide. The resulting derivatives, cis-and 
trans-4-ethoxyifosfamide, were separated by thin-layer radiochromatography and 
characterized by low-temperature (s l00°C} direct insertion MS (64). 

Akira Takamizawa and coworkers in Osaka, Japan described the synthesis of cis-
4-hydroxyifosfamide (mp 74-75 °C} by reduction of cis-4-hydroperoxyifosfamide 
with triethylphosphite (138). Subsequently, they discovered that cis-4-hydroperoxyi
fosfamide could be trans-isomerized in chloroform solution by a catalytic amount of 
4-toluenesulfonic acid. They separated the isomers by column chromatography and 
reduced the trans-4-hydroperoxyifosfamide with triethylphosphite to obtain trans-4-
hydroxyifosfamide (mp 49-50°C} (139). 

In aqueous solution, the underivatized conformers of 4-hydroxyifosfamide are in 
rapid pseudo-equilibrium. Their interconversion is mediated by hydrolytic cleavage of 
N3-C4 bond, which generates aldoisophosphamide hydrate. Reannulation may pro
ceed by nonspecific syn- or anti-addition of N3-H to the carbonyl group, leading to a 
mixture of isomers. The isomers and their equilibria were characterized by Jila Boal 
and associates in Washington, DC and Bethesda, MD, using 31P NMR spectroscopy 
(140). 

The individual steps involved in ifosfamide metabolism are analogous to those of 
cyclophosphamide (45), but there are important kinetic and thermodynamic differences 
that must not be overlooked. Although cyclophosphamide and ifosfamide are con
verted to their primary activation products by cytochrome P-450-catalyzed oxidation at 
positionally and stereochemically analogous ring sites, the human isozymes responsible 
are not the same. The major constitutive activator of cyclophosphamide is CYP2C9, 
but that of ifosfamide is the less catalytically efficient CYP3A4 isozyme (141). 

Interpatient differences in the extent of cyclophosphamide activation have been 
ascribed to phenotypic polymorphism in the CYP2C cluster (142). However, the Km 
of ifosfamide for these isozymes is so large that this polymorphism cannot be the 
reason for the observed variability of ifosfamide activation. 

Cyclophosphamide activation rates are enhanced by phenobarbital induction of 
CYP2B6. Cyclophosphamide metabolism by this inducible form of cytochrome P-450 
is more efficient than that of ifosfamide by eightfold, and it makes little (141) or no 
contribution to ifosfamide metabolism (142). 

Aldehyde dehydrogenases, found in most normal human cells, detoxify aldoiso
phosphamide (45). The product, carboxyisophosphamide, is eliminated in the urine. 
Further oxidation of 4-hydroxyifosfamide probably takes place in the liver, giving 4-
oxoifosfamide as a minor detoxification product, which also appears in the urine. 

The ability of normal cells to detoxify aldophosphamide is absent or weakly ex
pressed in oxazaphosphorine-sensitive tumor cells. This is a well-defined mechanism 
of selectivity for cyclophosphamide. It probably works for ifosfamide as well, 
although the definitive experiments have not yet been performed. 

Both carboxyisophosphamide and 4-oxoifosfamide have been found in human 
urine by Alan Boddy and Jeffrey Idle, of the University of Newcastle upon Tyne. 
They isolated ifosfamide, carboxyisophosphamide, 4-oxoifosfamide, 2-dechloro
ethylifosfamide, and 3-dechloroethylifosfamide by thin-layer chromatography and 
identified them by cochromatography of authentic standards (143). 
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T. A. Connors and coworkers originally identified 2- and 3-dechloroethylifosfa
mide during their characterization of cis- and trans-4-hydroxyifosfamide (64). The 
two dechloroethylated species, account for as much as 48 (144) or 500Jo (145) of an 
administered dose of ifosfamide in some patients. Their in vivo abundance and varia
bility are consequences of the 2-chloroethyl group on the ring nitrogen. Owing to 
steric hindrance, inductive effects, or both, the N3-substituted molecule is a poor 
substrate for the efficient, constitutive CYP2C9 or inducible 2B6 isozymes that rapidly 
activate cyclophosphamide (141). The less-efficient CYP3A isozymes that oxidize ifos
famide are apparently also less regioselective. The hydroxylation responsible for N
dechloroethylation of oxazaphosphorine mustards occurs vicinal to chlorine, producing 
an unstable phosphoramidol that spontaneously eliminates chloroacetaldehyde, a 
neurotoxic metabolite (146) that can also be harmful to kidney function (147,148). 

Most of an administered dose of ifosfamide is eliminated by the toxification and 
detoxification reactions described above. Its therapeutic power resides in the small 
remnant of ring-activated molecules that are converted to aldoisophosphamide, and 
then avoid further oxidation by entering sites of low aldehyde dehydrogenase activity. 
These sites lie specifically within tumor tissues. Here the cytotoxic isophosphoramide 
mustard is released together with acrolein. The 0-dealkylation of aldophosphamide 
and aldoisophosphamide is catalyzed by general base (149). Acrolein elimination 
from aldophosphamide may also be catalyzed by enzymes, possibly DNA polymerase
associated 3 ',5 '-exonucleases {150). If so, aldoisophosphamide could, likewise, be a 
substrate. 

Alarcon et al. first demonstrated the release of acrolein from ifosfamide after its 
microsomal conversion to aldoisophosphamide (151). The DNA-binding coproduct, 
isophosphoramide mustard, was identified by 31P-NMR (140). 

Cyclophosphamide is an analog of mechloroethamine, but ifosfamide is not. This 
distinction impacts their metabolism from beginning to end, but particularly at the 
level of DNA binding. Because cyclophosphamide and mechlorethamine have the 
same bis(2-chloroethyl)amino pharmacophore, their respective phosphoramide mus
tard and aziridinium metabolites span similar interhelical DNA crosslinking dis
tances. In contrast, the covalent binding arms of isophosphoramide mustard can con
nect more widely separated DNA nucleobases (Fig. 17). 

In addition to their structural dimensions, there are important kinetic properties 
that distinguish phosphoramide and isophosphoramide mustards. The 2-chloroethyl 
groups of isophosphoramide mustard, each occupying its own secondary nitrogen, 
are capable of cyclizing independently. However, phosphoramide mustard's chloro
ethyl groups share a single nitrogen and must cyclize in order. In view of these dif
ferences, one might expect the first alkylation step of isophosphoramide mustard to 
be twice as rapid as that of phosphoramide mustard, but it is not. Kinetic experiments 
have shown that step one is fourfold faster for phosphoramide mustard (t112 = 20 
min) than for isophosphoramide mustard (tu2 = 80 min). The apparent twofold 
statistical edge is heavily counterbalanced by the weaker nucleophilicity of isophos
phoramide mustard's nitrogens. 

The rate difference is even greater in the second alkylation step, since, at this point, 
both compounds have a single cyclizing group. The ttn for cyclization of the remain
ing chloroethyl group of the phosphoramide mustard monoadduct is unchanged, 20 
min. For the isophosphoramide mustard monoadduct, it is extended to 170 min. The 
biological consequences of these rate disparities are not entirely clear, but it has been 
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Phosphoramide 
mustard crosslink 

Fig. 17. Arm lengths of phosphoramide and isophosphoramide mustards. 

speculated that within the cell, proportionately more isophosphoramide mustard may 
endure the commute to the nucleus and end up in a DNA crosslink (140). 

7.2. Pharmacokinetics of Cyclophosphamide and Ifosfamide 
In vivo rates of absorption, distribution, and elimination of drugs and their conver

sion to metabolites are the concern of pharmacokinetics. Three fundamental pharma
cokinetic parameters are: elimination half-life (t112), apparent distribution volume 
(Vap), and whole-body clearance (Cit). They are interrelated according to the expres
sion: tu2 = (Vap/Ot){ln 2). 

Elimination half-life is the time required for clearance of one-half of a bolus dose 
from the body fluid, blood, or plasma in which it is uniformly distributed. Apparent 
distribution volume is the volume of the phase in which the drug initially distributes 
to give a peak concentration, Cmax. Thus Cmax is inversely proportional to V ap. Whole
body clearance (mL·min - 1) is the fractional relationship between the delivered dose, 
D (millimoles), and the total exposure, AUC (mmol·mL - 1·min) (152). 

7 .2.1. ANALYTICAL METHODS FOR PHARMACOKINETIC MONITORING 

Cyclophosphamide and ifosfamide are rich in nitrogen and phosphorus, and suffi
ciently volatile for sensitive and rapid gas chromatographic (GC) analysis with therm
ionic nitrogen-phosphorus (NP) detection. This is an effective method, with one 
caveat: relative sensitivity to analyte and internal standard can change with detector 
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Fig. 18. Thermal cyclization of cyclophosphamide and ifosfamide. 
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usage. This does not happen if the two compounds have the same percentage content 
of nitrogen and phosphorus. Therefore, cyclophosphoramide and ifosfamide are 
ideal internal standards for one another. 

Cyclophosphamide exhibits a slight thermal instability at GC injector port temper
atures owing to intramolecular alkylation of N3 by one of its chloroethyl groups (Fig. 
18) (153). Acylation of N3 with trifluoroacetic acid prior to GC analysis solves the 
problem (154). Intramolecular alkylation of ifosfamide was also formerly trouble
some, requiring protection of the nucleophilic nitrogen. This difficulty was overcome 
by modifying the GC operating conditions (155). However, the new method is not 
suitable for analysis of underivatized cyclophosphamide. Therefore, trofosfamide is 
used as the internal standard. 

Analytical resolution and quantitation of the stereoisomers of cyclophosphamide, 
ifosfamide, and their chiral metabolites are important, underutilized capabilities. Effi
cient separations have been achieved with cellulose-column HPLC (156) and capillary 
GC (157) with a bonded cyclodextrin stationary phase. 

The indirect analysis of 4-hydroxyoxazaphosphorines/aldo(iso)phosphamide by 
quantitative acrolein release, derivatization with 3-aminophenol (Fig. 19) and spectro
fluorometric quantitation (54,151), is subject to approximately twofold enhancement 
by other fluorogenic substances in blood. Resolution of these fluorochromes by high
performance liquid chromatography (HPLC) appears to be a reliable method for the 
cyclophosphamide metabolite, assuming subsequent hepatic ring hydroxylation of 
dechloroethylcyclophosphamide is insignificant (158). 

Dechloroethylcyclophosphamide and 3-dechloroethylifosfamide are the same sub
stance, although the ratio of enantiomers formed in vivo may differ. 3-Dechloroethyl
ifosfamide is unsubstituted at the N3 position. Therefore, it may be a good ring 
hydroxylation substrate for CYP2C9 or CYP2B6, enzymes that have no role in 
hepatic ifosfamide metabolism (142). Because of its greater catalytic efficiency vis-a
vis CYP3A4, for which ifosfamide is a substrate, conceivably more acrolein could be 
released from this inactive metabolite than from the parent drug. If so, 4-hydroxy-
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Fig. 19. Derivatization for analytical detection of oxazaphosphorine metabolites. 

ifosfamide levels determined by acrolein release assay would be overestimated. Rate 
and fate determinations in appropriate hepatic or microsomal systems have not been 
performed with this metabolite, but ought to be done. 

The foregoing considerations are a mandate for analysis of intact aldophosphamide/ 
aldoisophosphamide. A number of aldehyde derivatization reagents have been tried, 
but elimination of phosphoramide/isophosphoramide mustard during workup or 
analysis has been a persistent problem. This has been solved recently with the dis
covery of stable derivatives of aldophosphamide and aldoisophosphamide. The 
oximes formed by coupling these labile metabolites with pentafluorophenyl hydroxyl
amine are amenable to GC-MS analysis (Fig. 19). The method is specific, sensitive, 
and accurate (159). 

Assays have been developed that are suitable for pharmacokinetic monitoring of 
phosphoramides and isophosphoramide mustards in human plasma by GC with MS 
(160) and NP detection (161), respectively. 

For simultaneous determination of cyclophosphamide, carboxyphosphamide, 
4-oxocyclophosphamide, phosphoramide mustard, and nor-nitrogen mustard in urine, 
high-performance thin-layer chromatography with 4-(4 '-nitrobenzyl)pyridine stain
ing (Fig. 19) and photodensitometric detection appears to be efficient and reliable. 
The system has also been used extensively for analysis of 2- and 3-dechloroethylifos
famide, isocarboxyphosphamide, 4-oxoifosfamide, and isophosphoramide mustard 
in plasma and urine (143). 

Efficient GC methods for analysis of N-dechloroethylated ifosfamide metabolites 
by GC with NP detection have been reported that allow their determination in the 
same run with the parent drugs (155,162). 
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Chloroacetaldehyde in human blood has been derivatized with thiourea, isolated 
by solid-phase extraction, and analyzed by HPLC. The detection limit was 0.5 p.M 
(163). Another method uses direct GC with electron capture detection (155). The 
analyte is protected from reactive components in blood or plasma by addition of 
excess of formaldehyde. 

7.2.2. ORAL ABSORPTION 

Peak concentrations of cyclophosphamide occur 1 h, and of ifosfamide, 1-2 h 
after ingestion (164, 165). Bioavailability of oral cyclophosphamide and ifosfamide is 
slightly under lOOOfo. This is owing to first-pass metabolism. Therefore, Cmax values 
for the 4-hydroxy metabolites are higher than after iv administration. In view of this, 
the effective bioavailability is probably total (45). Oral cyclophosphamide is well 
tolerated, but po administration of ifosfamide is avoided, because toxicity is more 
frequent than by the iv route. The side effects are associated with elevated chloro
acetaldehyde levels (105). 

7.2.3. APPARENT DISTRIBUTION VOLUME 

Oxazaphosphorines are polar, water-soluble, nonlipophilic drugs. As a conse
quence, they distribute uniformly into total body water in nonobese patients. Appar
ent distribution volumes of cyclophosphamide and ifosfamide (L) are about 2/3 x 
body mass (kg) of the patient (166). 

7 .2.4. CLEARANCE 

Whole-body clearance of cyclophosphamide is approx 82 mL/min, but extremely 
variable from patient to patient, range 35-200 mL·min- 1• For a divided dose of ifos
famide, whole-body clearance on day one is about 70 mL·min- 1 increasing by day 5 
to about 120. Interpatient variability of ifosfamide clearance is similar to that of 
cyclophosphamide. Renal clearance of cyclophosphamide is approx 10 mL·min- 1 

and that of ifosfamide, 16 mL·min- 1 (166-168). 

7.2.5. HEPATIC ELIMINATION 

Elimination of cyclophosphamide and ifosfamide are predominantly by hepatic 
oxidation. Both drugs give large, interpatient differences in elimination half-life. 
Standard single or divided doses of cyclophosphamide or ifosfamide are eliminated 
according to first-order kinetics, consistent with a one-compartment, open model. 
The average elimination half-life of cyclophosphamide is approx 6 h; that of ifosfa
mide is 7 h {168). 

Data indicating biexponential elimination of ifosfamide, with tuz(m = 16 h (169), 
have been cited repeatedly over the years. These data should be re-examined with a 
view to the method of ifosfamide analysis. (1 4C]Ifosfamide was administered, and 
plasma and urine levels assayed as the radioactivity that partitioned into chloroform. 
Today we can presume that much of the 13-phase elimination would represent dechloro
ethylated species, whose partition coefficients are similar to that of ifosfamide (77). 
At the time the work was performed, little was known of the side chain elimination 
pathway, and the need for high-resolution separation was not recognized. 

The 4.8-fold slower hepatic elimination of ifosfamide vs cyclophosphamide was 
attributed to its lower affinity for a rat P-450 preparation, in vitro. However, the 
reported Km values for ifosfamide and cyclophosphamide, 19.4 and 4.0 mM, respec-
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tively, far exceed blood levels attainable in vivo. Identical Vmax values were seen for 
the two drugs, 5.4/Lmol·g protein- 1·h- 1• The data need to be reconsidered, in view 
of the miniscule catalytic efficiencies implied by these quantities (169). 

From the standpoint of hepatic elimination, the most consequential difference 
between cyclophosphamide and ifosfamide is the extent of dechloroethylation. For 
ifosfamide, this is normally 15-230Jo of an administered dose. However, some patients 
may eliminate as much as one-half of their ifosfamide dose by side chain metabolism. 
Ordinarily, 3-dechloroethylifosfamide is found in 2.5-fold greater abundance than 
2-dechloroethylifosfamide {170). Only about lOOJo of cyclophosphamide is eliminated 
by dechloroethylation {145). 

7.2.6. RENAL ELIMINATION 

Urine recovery of unchanged cyclophosphamide is about 130Jo of dose admin
istered. That of ifosfamide varies considerably (14-340Jo in children [171]) and averages 
180Jo (170). 

7 .2. 7. REcENT REviEws 

Additional details are available in recent reviews on pharmacokinetics and metabol
ism of cyclophosphamide (45) and ifosfamide (105,166). Despite its title, Ifosfamide 
Metabolism and Pharmacokinetics (Review) includes cyclophosphamide in a com
parative discussion (165). Lind and Ardiet have described the pharmacokinetics of oxa
zaphosphorines, chlorambucil, melphalan, BCNU, CCNU, fotemustine, thiotepa, 
alkylsulfonates, dacarbazine, and procarbazine in a unified presentation (168). 

In 1982, Gerald Zon prefaced a critical survey of cyclophosphamide analog devel
opment, with the observation, "it is rather ironic that the unmodified cyclophospha
mide molecule has not yet been displaced from its position of superior therapeutic 
value." (79) In this chapter, we have seen data indicating that ifosfamide has a 
broader activity spectrum than its prototype, and can induce some cyclophospha
mide-resistant sistant tumors to respond. Yet we cannot properly say that ifosfamide 
is truly superior. Its nonhematopoietic toxicity and 8.5-fold greater cost per dose have 
raised stern questions about its continued use in the high-dose setting (145). Nonethe
less, there are instances in which it does afford an appropriate replacement for cyclo
phosphamide. 

Zon's review concluded hopefully, "Assuming that cyclophosphamide continues 
to attract widespead attention, it seems inevitable that analogues having superior anti
cancer properties will eventually be realized." (79) The search goes on. 

8. IDENTIFICATION OF NEW AGENTS 

In the US, new agent screening protocols developed at the National Cancer Institute 
(NCI) are designed to uncover patterns of activity against a wide variety of human 
tumor cell lines. The panel consists of 60 cell lines, including NSCLC, SCLC, breast, 
central nervous system, ovarian and renal cancers, leukemia, and melanoma {172). 

Although the NCI's primary screen should be capable of selecting useful preacti
vated metabolite precursors, it would not be suitable for direct testing of latent pro
drugs, such as cyclophosphamide and ifosfamide, which require microsomal activa
tion. However, agents of this class may be properly evaluated by pretreatment with 
appropriate microsomal preparations prior to dilution and addition to cultures (173). 
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Fig. 20. Stereochemistry of rat cytochrome P450 catalyzed oxidation of 4-methylcyclophosphamide 
(175). 

Another possible approach would use recently developed tumor cell lines transfected 
with oxazaphosphorine-metabolizing CYP genes capable of expressing the required 
hydroxylating activity (174). 

8.1. Latent Oxazaphosphorine Analogs 
In the aftermath of ifosfamide, most of the new latent phosphorylated mustards 

have been synthesized strategically, with the goal of identifying substituents, positions 
of substitution, or stereochemical arrangements that confer desired properties, the 
foremost being efficient hepatic activation (79). 

8.1.1. 4-METHYL ANALOGS 

As part of a study of the stereochemistry of CYP hydroxylation, each of the four 
diasteriomers of 4-methylcyclophosphamide were prepared. They were incubated in 
vitro with liver microsomes from mice, rats, and rabbits. Rates of disappearance of 
the four diasteriomers were all similar, but with rat microsomes, only three gave acti
vated products (Fig. 20). The (2S,4R)-diasteriomer gave chloroacetaldehyde and de
chloroethylcyclophosphamide. The phosphorylated metabolites were identified by 
TLC and MS. Chloroacetaldehyde and the coproduct of 4-hydroxylation, methyl 
vinyl ketone, were trapped as 2,4-dinitrophenylhydrazones and identified by TLC 
against authentic standards. The metabolic intermediate prior to dechloroethylation 
was also isolated and identified as 1 '-hydroxy-4-methylcyclophosphamide by chem
ical ionization MS with deuteroammonia (175). 



60 Part I I Cytotoxic Agents 

Ring nor-analogue Isomer 

Fig. 11. Inactive ifosfamide pentagonal analog and isomer (176). 
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8.1.2. RING SIZE 

Negative results can be revealing, one example being a recent description of two 
ifosfamide analogs with five-membered rings (Fig. 21). One of these simply had one 
less methylene in the ring than the parent. The other was an isomer with a ring of 
methylene transferred to the N3 side chain, giving a 3-chloropropyl group. Like their 
elder cousins prepared as cyclophosphamide analogs (72), these compounds were in
active against cultured cells and in vivo. The authors concluded that latent precursors 
of isophosphoramide mustard also require a six-membered ring for initial hepatic 
activation (176). 

8.1.3. STERIC AND ELECTRONIC EFFECTS 

Other strategic studies have probed steric and electronic effects on the metabolism 
of cyclophosphamide. Individual cis- and trans-isomers of 5-fluoro- and 5-chloro
cyclophosphamide have been prepared for conformational analysis by 13C and 19F 
NMR and tested for biological activity in vitro and in vivo (177). 

The preferred solution conformations of both isomers of 5-fluorocyclophospha
mide were unlike that of cyclophosphamide, for which the chair form with an axial 
phosphoryl oxygen predominates (Fig. 22). as-5-fluorocyclophosphamide appears 
to be unique among cyclophosphamide analogs, its most stable conformer being the 
boat form with axial fluorine and phosphoryl oxygen atoms. The corresponding trans-
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isomer is a flattened chair with an axial fluorine and equatorial phosphoryl oxygen. 
In contrast, both isomers of 5-chlorocyclophosphamide are conformationally similar 
to cyclophosphamide. 

In vitro rat microsomal activations of coincubated cis- and trans-5-fluorocyclo
phosphamide were 4 and 460Jo, respectively, complete after 50 min at 37 °C. The cor
responding values for cis- and trans-5-chlorocyclophosphamide were 9 and 41 OJo. The 
assays measured disappearance of the parent compounds by GC of their trifluoro
acetylated derivatives. 

In vivo, cis-5-fluorocyclophosphamide was inactive against transplanted murine 
ADJ/PCY plasma cell tumors. Trans-5-fluorocyclophosphamide, cis-5-chlorocyclo
phosphamide and trans-5-chlorocyclophosphamide gave 900Jo reductions in tumor 
weight (ED9o), at 37, 9.4, and 6.6 mg·kg- 1, respectively. The ED9o of cyclophospha
mide was 2.25 mg·kg- 1 in this assay. The activity of cis-5-chlorocyclophosphamide, 
in vivo, was considered surprising by the authors because of its slow activation rate. 
However, there may be no discrepancy if exposures (AU C) to the active transport 
metabolite derived from the two isomers are the same. This pharmacokinetic 
parameter is probably the major determinant of activity (178). AUC should be in
dependent of activation rate if nonhepatic clearance is slow, since the open-chain 
metabolite enantiomers derived from the two unresolved diasteriomeric pairs are 
identical. 

Several similar strategic studies have been reported, with trifluoromethyl (179), 
phenyl (180), and other electron withdrawing (and donating) substituents. Some of 
them are mechanistically informative, but regretably, no latent analog other than 
ifosfamide has been as active or selective as the lead compound. Reviews by Zon (79) 
and Wojciech Stec (181) provide ample coverage of these analogs. 

8.2. Active Metabolite Analogs 
When the site of 4-hydroxylation of cyclophosphamide was found to be the liver, it 

became apparent that this step was not directly involved in tumor selectivity. This 
understanding spawned considerable interest in the development of new precursors of 
4-hydroxycyclophosphamide, aldophospharnide, and phosphoramide mustard that 
did not require hepatic activation (139). John Montgomery and Robert Struck have 
surveyed the synthesis of 80 potential precursors representing all three of these classes 
and some preactivated analogs (182). 

8.2.1. ANALOGS OF 4-HYDROXYCYCLOPHOSPHAMIDE 

Efficient syntheses of 4-hydroperoxycyclophosphamide (183) and 4-hydroperoxyi
fosfamide (184) by Takamizawa and coworkers provided abundant supplies for 
direct pharmacological study and as convenient precursors of 4-hydroxycyclophos
phamide and 4-hydroxyifosfamide. They also developed simple, reliable routes to the 
individual cis- and trans-isomers of the primary activation products of cyclophospha
mide and ifosfamide (Fig. 23) (139). 

Preclinical studies of 4-hydroperoxycyclophosphamide given 1 wk after allogeneic 
transplantation of human MX-1 breast carcinoma in nude mice showed superior 
activity compared with cyclophosphamide. Furthermore, the difference was greater 
when treatment was delayed to 3 wk after transplant. Activation studies showed that 
as the tumor advanced, the ability of the murine liver to activate cyclophosphamide 
decreased (185). 
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Fig. 23. Preparation of cis- and trans-4-hydroxyifosfamide (139). 

Clinical studies of iv administration of 4-hydropero:xycyclophosphamide or 4-
hydroperoxyifosfamide have not been reported to media accessible by Cancerlit of 
Medline information retrieval services. Trials of these compounds for purging, aimed 
at reducing residual disease from re-engrafted marrow or other autologous hemato
poietic precursor tissues, appear often and prominently in the literature (186). The 
implication may be that these compounds have gone the way of other rapid metab
olite generators, described below. 

In addition to their direct use in the clinic and laboratory, 4-hydroperoxycyclo
phosphamide and 4-hydroperoxyifosfamide are also efficiently reduced to 4-hydroxy
cyclophosphamide and 4-hydroxyifosfamide, respectively. These in turn may be con
verted in situ to other useful analogs, such as the 4-alkylsulfides (187), modeled after 
the reversible glutathione and cysteine conjugates (67). This chemistry, with MESNA 
as the thiol component, launched the next significant achievement in the field, the 
synthesis of mafosfamide (188). 

Mafosfamide is not formed directly from 4-hydro:xycyclophosphamide, but as a 
consequence of its tautomerization to aldophosphamide. Subsequent hydration of 
the aldehyde group to the gem-diol, its protonation and displacement of water from 
the oxonium intermediate by MESNA, forms the hemithioacetal. Recyclization, via 
another round of hydroxyl protonation and displacement of water by the primary 
phosphoramide give mafosfamide (Fig. 24) (189). 

In preclinical testing against L1210 ascites in mice, the TI of mafosfamide was 
comparable to that of cyclophosphamide. Bladder inflammation was examined and 
the mafosfamide-treated mice showed none, in contrast with the cyclophosphamide
treated animals. Intraperitoneal administration of mafosfamide did cause pericap-
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sular hepatic fibrosis. This was an early warning that local toxicity near the site of 
injection could present a serious problem for administration of mafosfamide (190). 

When clinical trials began, mafosfamide was administered intravenously as a single 
dose given every 3 wk. It had to be administered as a 2-3 h infusion because of severe 
pain along the injected vein. This side effect limited the dosage to 700 (191) or 1000 
mg·m-2 (192). The drug was reformulated as a lysine salt, but this did not ameliorate 
the pain. The authors concluded that rapid release of active oxazaphosphorine meta
bolites prior to systemic distribution was clinically untenable. They suggested that 
derivatives giving low concentrations of active metabolites within the injection vein 
may be more promising (191,192). As in the case of 4-hydroperoxycyclophospha
mide, mafosfamide is now widely used for purging (193). 

A strategic study has pointed the way to regulating the formation of aldophospha
mide analogs and release of acrolein and phosphoramide mustard derivatives from 
4-hydroperoxy- and 4-(2-sulfoethyl)thiooxazaphosphoranes. Chul-Hoon Kwon and 
Richard Borch measured the associated rates and equilibria at 37 oc, pH 7 .4, in 100 
mM phosphate. 4-Hydroperoxy and 4-(2-sulfoethyl)thio derivatives of: 

1. Cyclophosphamide; 
2. 3-Methyl cyclophosphamide; 
3. Ifosfamide; and 
4. Trofosfamide 

were investigated (Fig. 25). Ring opening of the 4-hydroxylated derivatives of these 
precursors was acid-catalyzed for derivatives of 1 and 2, but base-catalyzed for those 
of 3 and 4. In contrast with the 4-hydroxy derivatives of 1, 3, and 4, ring opening and 
subsequent generation of N-methyl phosphoramide mustard and acrolein from the 
4-hydroxy derivative of 2 were markedly slower. Half-lives for these ring-opening 
reactions were: 1. 9.9; 2. 23; 3. 6.9; and 4. 3.3 min {194). 
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Fig. 25. Kinetics and mechanism: N-dealkylation of cis-4-hydroxy analogs (194). 

8.2.2. ALDOPHOSPHAMIDE ANALOGS 

The prototype aldophosphamide precursor was its diethyl acetal (Fig. 26). It was 
originally prepared as a synthetic precursor from which aldophosphamide would be 
generated by mineral acid or Lewis acid treatment. However, the reaction did not 
yield the desired product (183). It was later tested against L1210 ascites in mice and 
was devoid of activity (182). 

Recognizing that hydrolysis of acyl acetals is spontaneous at pH 7 .4, Yu-Qiang 
Wang and David Farquhar of the M. D. Anderson Cancer Center in Houston, TX, 
prepared diacetylacetal derivatives of aldophosphamide, four analogs with N-substi
tuents (monomethyl, dimethyl, monoethyl, and diethyl), and two with methoxy and 
ethoxy groups in place of the primary amino group (Fig. 26). 

Aldophosphamide diacetylacetal was highly cytotoxic against cultured murine 
L1210 lymphoblastic leukemia cells with an IC,o of 0.9 p.M (1-h exposure). The IC,o 
values of the more active analogs were as follows: monomethyl, 39; monoethyl, 28; 
and diethyl, 78 p.M. These values were similar to those of mafosfamide, 42 and 
4-hydroperoxycyclophosphamide, 90 p.M. The other derivatives were less active, 
with IC,o values ranging from 150 to > 300 p.M. Half-lives of hydrolysis to form the 
aldehyde in O.OSM phosphate buffer at 37 °C, pH 7.4 ranged between 29 and 42 h. 
Thus, the compounds were sufficiently stable for preparation of injectable solutions. 
When they were catalytically hydrolyzed with pig liver carboxylate esterase, half-lives 
ranged from 36-42 s (195). In the case of mafosfamide, such rapid release of cytotoxic 
products was associated with local toxicity. Available publications on clinical applica-
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tions describe the suitability of acetaldophosphamide (196) and its isomer, acetaldo
ifosfamide, as the compounds are commonly called, for bone marrow purging (197). 

Eight perhydrooxazine analogs of aldophosphamide were synthesized and 
characterized by Richard Borch and Ronald Valente (198). They invoked an alter
native mechanism of intracellular phosphoramide release, initiated by acid-catalyzed 
opening of the perhydrooxazine ring to form an enamine, shown in Fig. 27. Two of 
the compounds had pairs of 2-chloroethyl groups on both phosphoramide nitrogens. 
Sensitivity of wild-type L1210 and P388 cells on tissue culture to 1-h exposure to 
either of these tetrakis(2-chloroethyl)amidophosphorane oxides was greater than to 
4-hydroperoxycyclophosphamide. Against cyclophosphamide-resistant L1210 and 
P388 cells, they were 6- to 70-fold more effective than 4-hydroxycyclophosphamide. 

The presence of mustard groups at all four phosphoramide valences appeared to be 
an important factor contributing to potency. This aspect of the molecular design was 
intended to avoid detoxification by ethylene bridging between the two nitrogens, which 
may occur when a primary or secondary phosphorylated amino group is present. 

The perhydrooxazine analogs' low level of cyclophosphamide crossresistance may 
be owing to absence of substrate activity for aldehyde dehydrogenases. Aldehyde 
dehydrogenase overproduction is a common mechanism of oxazaphosphorine resis
tance development (16). On the other hand, the in vivo selectivity of oxazaphosphor
anes used in the clinic today may depend on their efficient detoxification by aldehyde 
dehydrogenases in the host's nonneoplastic regenerating cells (199), such as those of 
blood and bone marrow (200). The anticancer activity of the perhydrooxazinophos
phoramidates against transplanted L1210 ascites cells in mice (T/C s 170"7o) was sub
stantially lower than that of 4-hydroperoxycyclophosphamide (T/C = 240%) (198). 
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Fig. 27. Perhydrooxazinophosphorodiamidate mustards: activation mechanism and activity (198). 

These strategic studies emphasize the difficulty of maintaining selectivity while 
overcoming resistance. Drug resistance development by tumor cells is also a strategic 
attack against the drug's selectivity mechanisms. 

8.2.3. PHOSPHORAMIDE MUSTARD ANALOGS 

Phosphoramide mustard, the first active member of its class, was synthesized by 
Orrie Friedman before the advent of cyclophosphamide. In view of its precedence, 
phosphoramide mustard is the true prototype, and cyclophosphamide, the second
generation analog. In its preclinical activity spectrum, phosphoramide mustard was 
better than several clinically approved nitrogen mustards of the time, including some 
in use today (Fig. 1) (201). 

Phosphoramide mustard is less active than cyclophosphamide against most trans
planted tumors, and less cytotoxic than 4-hydroperoxycyclophosphamide or mafos
famide against most cultured tumor cell lines. Clinically responsive cell types, such as 
acute lymphocytic pre-B-lymphoblast and T blast II leukemias, Burkitt's B blast I, 
and histiocytic monoblast lymphoma cell lines are 14- to 26-fold more sensitive in 
culture to 4-hydroperoxycyclophosphamide than to phosphoramide mustard. Acute 
and chronic myelocytic leukemia and normal hematopoietic progenitor cells are 
6.5-to 7 .2-fold more sensitive to 4-hydroperoxycyclophosphamide than to phosphor
amide mustard (45). 

The differences in activity between the aldophosphamide precursors and phos
phoramide mustard may be owing, in part, to transport. 4-Hydroxycyclophospha
mide/aldophosphamide readily penetrates perfused U937 human histiocytic leukemia 
cells. The U937 cell membrane is relatively impermeable to phosphoramide mustard 
influx or efflux. Phosphoramide mustard generated within U937 cells after perfusion 
of 4-hydroxycyclophosphamide/aldophosphamide is retained after the cells are trans
ferred to drug-free medium. 4-Hydroxycyclophosphamide/aldophosphamide effluxes 
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Fig. 28. Halogen-substituted phosphoramide mustard analogs (205). 

from the cells into drug-free medium (202). Similar results have been obtained with 
Ehrlich ascites (203) and P388 cells (204). 

With another active, phosphorylated mustard, Struck et al. showed that cytotox
icity differences between active and latent phosphorylated mustards involve more 
than just transport (205). The compound in question was synthesized as part of a 
study of isophosphoramide and triphosphoramide mustards, the cytotoxic metab
olites of ifosfamide and trofosfamide, respectively. The parental mustards and eight 
derivatives, with one or both chlorogroups replaced by bromine or fluorine atoms, 
were screened against cultured cells and transplanted murine tumors in vivo. Of par
ticular interest was CB-IPM, the chlorobromo derivative of isophosphoramide 
mustard (Fig. 28). Tested against human ACHN renal and NCI-H23lung tumor cell 
lines in tissue culture, CB-IPM was 5- and 50-fold, respectively, more potent than 
4-hydroperoxycyclophosphamide. Against SK-MEL28 melanoma and SNB-7 CNS 
tumor cells, it was 5- and 2.5-fold, respectively, less sensitive than 4-hydroperoxy
cyclophosphamide. Against DLD-1 colon cells, CB-IPM appeared to be inactive. 

Halogen substitution on one mustard group is unlikely to alter the steric or elec
tronic properties of isophosphoramide mustard enough to overcome a major trans
port problem. The panel of five human tumor cell lines described above exhibit a 
range of sensitivities to other latent and active oxazaphosphorine metabolites. As 
such, they afford an excellent representation of nature's variety, pertinent to cellular 
uptake and other cytotoxicity determinants. 

A number of in vivo experiments were performed with BC-IPM. Against IP L1210 
leukemia in mice, BC-IPM produced 4/6long-term survivors, as did isophosphamide 
mustard, vs 2/6 for cyclophosphamide. For BC-IPM, ILS was 38807o (2/6 dying 
mice), compared with 133% for cyclophosphamide (4/6 dying mice). Against sub
cutaneous, cyclophosphamide-resistant L1210 cells, 2/6 BC-IPM-treated mice were 
long-term survivors, but CPA was inactive. However, against subcutaneous, wild
type L1210 cells, cyclophosphamide gave 6/6long-term survivors, compared with 2/6 
for BC-IPM. Against subcutaneous murine 16/C mammary tumor, BC-IPM gave a 
60"1o longer tumor growth delay than cyclophosphamide. However, response of the 
subcutaneous B16 melanoma transplant favored cyclophosphamide by 2.6-fold over 
BC-IPM, in a tumor growth delay assay (205). 

Although comparison with ifosfamide would have made the interpretation more 
definite, the in vivo data for BC-IPM and cyclophosphamide suggest that the selec
tivities of these model systems may not be based entirely on aldehyde dehydrogenase 
detoxification. Some of the total cellular burden of 4-hydroxycyclophosphamide is 
conjugated with GSH (206), for which the GSTM1 system is catalytically active. The 
effect of GSTM1 is not significant for phosphoramide mustard (207). GSTM1 is 
lacking in certain lung and breast cancers (208). This system may play a role in deter
mining whether cells are more sensitive to BC-IPM or cyclophosphamide. The 
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Fig. 29. Hexose-linked phosphoramide mustards (212,224). 

deleterious effect of acrolein (209) and chloroacetaldehyde (210) on glutathione and 
GST (211) levels may limit the tolerated dose of cyclophosphamide or ifosfamide. 

In view of evidence that ionized phosphoramide mustards are poorly transported 
into some tumors, scientists at ASTA Medica AG, Frankfurt am Main, have taken a 
two-pronged approach to overcome the deficiency. They have masked the ionizing 
diamidophosphate oxygen of isophosphoramide mustard by esterification with the 
1-hydroxyl group of glucose (Fig. 29). In doing so, they hoped to gain the additional 
benefit of glucose transmembrane transport, since the derivative (D-19575) is an 
analog of glucose-1-phosphate. The IC9o of D-19575 against L1210 and KB cells 
was 6.3 and 5.2 p,M, respectively, in a colony-forming assay. Corresponding values 
for isophosphoramide mustard were 1.4 and 8.1 p.M. Both ifosfamide and D-19575 
were curative (6/6 mice) against P388 ascites transplants. The best dose of ifos
famide given QD x 5 was 0.57 mmol·kg- 1·d- 1 x 5 d. That of D-19575 was 0.65 
mmol·kg-l·d- 1 x 5 d. Phlorizin, an inhibitor of the sodium-dependent glucose 
transporter, decreased cytotoxicity of D-19575 and increased renal recovery of the un
changed drug (212). 

8.3. Overcoming Drug Resistance with Bioreductive Alkylators 
Insensitivity of the hypoxic fraction of neoplastic cells within a tumor to conven

tional anticancer agents has been recognized as a serious impediment to curative treat
ment (213). There may be a bright side, however, because the disorganized vasculature 
associated with hypoxia distinguishes tumor cells from their normal counterparts. 
This distinction may provide a more specific basis for cell killing than proliferation 
rate, the predominant mechanism of current therapies (214). The development of 
N-oxides (215), nitroheterocycles (216), and quinones (217) as bioreducible precursors 
of toxic metabolites has been widely explored. 
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Fig. 30. Bioreductive alkylators. 

The cytotoxicity of activated cyclophosphamide was greater against hypoxic than 
aerobic Chinese hamster V79 cells (218) and murine C3H mammary carcinoma (219) 
in tissue culture, but the effect was not reproducible in murine 16/C (220) or B16 
melanoma (221) in vivo. 

Juxtaposition of latent drug activation and selective nitro group reduction by 
hypoxic cells has led to the synthesis of a compound that releases phosphoramide 
mustard when its nitro group is reduced (Fig. 30). Four hours of exposure to the 
compound at concentrations between 50 and 300 pM gave > 4.5 logs of cell kill against 
an hypoxic HT -29 human colon carcinoma cell line, but < 1log of cell kill against the 
same cells in aerobic culture (222). 

The bioreductive activation of phosphorylated mustards was further elaborated in 
the synthesis of a series of (4-nitrophenyl)alkanol derivatives esterified with tetrakis(2-
chloroethy)diamidophosphoryl chloride. Nitro-reduction was intended to release the 
tetrakis mustard and various iminoquinone methides. One of these compounds (Fig. 
30) was selectively cytotoxic to hypoxic HT-29 cells, giving a 2-log cell kill from a 4-h 
exposure to 0-25 p,M concentrations. Four hours of exposure between 0 and 100 
p,M killed about 1/2 log-1 log of aerobic HT -29 cells and 112 log of aerobic murine 
bone marrow reticulocyte/macrophage progenitor cells. Four other compounds were 
cytotoxic toward hypoxic and aerobic cells, indicating that they are activated by pro
cesses other than hypoxia-dependent nitro reduction (223). 

An ancillary cellular consequence of hypoxia is lactate acidosis in response to 
glucose feeding. Glucose feeding of hypoxic tumor cells readily generates acidosis 
down to pH 6.2. In vivo blood glucose levels of 20-25 mM are needed to maintain 
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this pH. This effect has been exploited in the design of a selective precursor of aldo
phosphamide. The compound, denoted HEX-ALD, is the acetalglycoside of aldo
phosphamide and 2,3-dideoxy-D-erythro-2-hexenopyranoside (Fig. 29). 

Aerobic MlR rat mammary carcinoma cells were exposed to 100 JLg/mL HEX-ALD 
for 72 h at pH 7 .4, giving < 1 log of cell kill. After 48 h at pH 6.2, a cell kill of > 4logs 
was seen. Although the required exposure time was excessive, the authors indicated 
that they were preparing new analogs that will hopefully be more acid-labile (224). 

9. CONCLUSION 

The studies reviewed above show that the selectivity mechanisms of phosphorylated 
mustards are multifactorial, with governing determinants that vary from tumor to 
tumor. In terms of drug design and development for the future, a variety of agents 
with differing transport, cytotoxicity, and selectivity mechanisms are needed. Our 
vision of the future should include optimizing the administration of these agents on a 
per-patient basis. Regimen selection based on tumor isozyme expression (GST mRNAs, 
for instance [225]), and pharmacokinetic dosing, are two steps in this direction. 

All anticancer agents, old and new, must be utilized in the safest, most effective 
ways possible. This calls for an unrelenting commitment to discovery of broader and 
better supportive care, focused on end-organ protection. The search for new end
organ support modalities is as important as drug development in the overall treatment 
picture, especially because supportive care impacts on tolerable dose intensity. 

Following each defeat of an end-organ toxicity comes a new round of dose rein
tensification (17). Current manifestations of this progress are the high-dose regimens 
developed in the wake of hematopoietic growth factor (226) and progenitor cell sup
port (227). Every advance across the log-linear dose-response curve leads inevitably 
toward the one cell limit (228). High hopes are pinned on the reiteration of this cycle 
to the point of curative treatment with minimal side effects (229). 
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1. INTRODUCTION 

Several of the most important principles in cancer drug development are illustrated 
by the discovery of the nitrosoureas as antitumor agents: the success of random 
screening in finding new agents; the importance of the assay system in evaluating new 
agents; the use of structure-activity relationships in developing more active agents 
when a lead compound is discovered; and the understanding and further develop
ments that arise from mechanism of action studies. These contributions are all dis
cussed in the following chapter. Additionally, since the nitrosoureas are still under 
active investigation, it is reasonable to hope that further advances in basic research 
may lead to additional improvements in the clinical use of these agents. 

2. INITIAL DISCOVERY AND ANALOG SYNTHESIS 

In the 1950s, after the alkylating agents had become established as useful chemo
therapeutic agents, the National Cancer Institute organized a comprehensive screen
ing program to discover new compounds with antitumor activity {1). Several animal 
tumors were investigated for use in the screening assay, and the L1210 murine leu
kemia line was chosen for much of the testing; literally thousands of synthetic and 
naturally occurring compounds were tested for activity against this tumor. In 1960, 
Greene and Greenberg reported that the synthetic compound, N-methyl-N '-nitro-N
nitrosoguanidine (MNNG), resulted in a moderate increase in the life-span of mice 
carrying intraperitoneal L1210 cells (2). As discussed in Section 3, the choice of this 
animal species for screening purposes probably favored the discovery of the nitro
soureas-the therapeutic index is high in rodents because these animals have high 
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Fig. 1. Structures of MNNG, MNU, and CENU. CENUs in clinical use in this country include: 
BCNU (R = chloroethyl), CCNU (R = cyclohexyl), and MeCCNU (R = methylcyclohexyl). 

levels of a DNA repair enzyme, 0 6-alkylguanine-DNA alkyltransferase, which pro
tects normal cells from some of the DNA damage caused by the nitrosoureas. 

Since MNNG represented a new class of compounds, the National Cancer Institute 
decided to investigate its activity further and to synthesize analogs of MNNG in an 
attempt to fmd more active derivatives. A synthetic program was started at the 
Southern Research Institute in Birmingham, AL, and new compounds were tested for 
activity against L1210 cells (3,4). 

One of the first congeners tested, N-methyl-N-nitrosourea (MNU), whose struc
ture is shown in Fig. 1, proved to be significantly more active against ip injected L1210 
cells than MNNG (5). Even more importantly, given the scarcity of agents effective 
against central nervous system malignancies, this compound was active against intra
cerebrally implanted L1210 cells as well (5). 

These findings led to a systematic study of the effects of varying the structure of 
MNU on the antitumor activity of this compound; see Fig. 1. Replacing the methyl 
group in theN-position with alkyl groups that did not contain a halogen atom had lit
tle effect on activity (6). However, replacing this group with a 2-chloroethyl or a 
2-fluoroethyl group resulted in a major increase in activity (3,4,6, 7). Compounds 
with a 2-bromoethyl group in this position were less active than the 2-chloroethyl 
derivatives, and compounds with a 2-iodoethyl group were inactive. 2-Chloroethyl 
derivatives were chosen for development over 2-fluoroethyl derivatives, because the 
latter can give rise to the toxic metabolite, 2-fluoroacetic acid (4). 

The compound containing two 2-chloroethyl groups, N,N 1 -bis(2-chloroethyl)-N
nitrosourea (BCNU), proved to be especially active; it cured mice that had been 
injected with a lethal dose of L1210 cells either intraperitoneally or intracerebrally (7). 
Ultimately, this compound was the first nitrosourea to be chosen for clinical trial. 

With the advantage of 2-chloroethyl substitution at the N-position established, 
attention was paid to the effects of varying substituents at the N 1 -position. By vary
ing the hydrophobicity of this group, it was possible to change the lipid solubility of 
the entire molecule. This was important because the activity of the nitrosoureas against 
intracerebrally implanted L1210 was attributed to their fat solubility allowing them to 
penetrate cell membranes by passive diffusion. A compound bearing the hydrophobic 
cyclohexyl group at the N 1 -position, N-(2-chloroethyl)-N 1 -cyclohexyl-N-nitrosourea 
(CCNU), was especially effective against intracerebrally implanted L1210 cells and 
was chosen for further development on this basis (8). Hansch and his colleagues 
established the relationship between lipid solubility and antitumor activity for a wide 
range of nitrosoureas (9,10). 

An additional objective of the synthetic program was to find nitrosoureas that 
would be effective against solid tumors. To this end, nitrosoureas were tested for 
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activity against a panel of solid animal tumors and human tumor xenografts (11). 
N-(2-chloroethyl)-N '-(trans-4-methylcyclohexyl)-N-nitrosourea (MeCCNU) proved 
to be more active than BCNU or CCNU against one of these, the Lewis lung carcin
oma, and was chosen for further development for this reason (11). 

At about the same time that the synthetic nitrosoureas were being developed, a 
naturally occurring methylnitrosourea derivative, streptozotocin (STZ), was also 
found to have antitumor activity (12). This interesting compound, whose structure is 
shown in Fig. 2, had less bone marrow toxicity than MNU. This observation led 
Montgomery and his colleagues to synthesize the chloroethyl analog of STZ, chloro
zotocin (CLZ), whose structure is also shown in Fig. 2 (13). 

3. INITIAL CLINICAL TRIALS 

Because of their activity against animal tumors, clinical trials of the N-(2-chloro
ethyl)-N1-alkyl-N-nitrosoureas (CENUs) were begun with great enthusiasm. Especially 
encouraging were the results obtained in the treatment of brain tumors. In keeping 
with animal data showing that CENUs could cure mice that had been injected intra
cerebrally with L1210 cells, these agents had moderate activity against CNS neoplasms 
in humans (14-16). Both BCNU and CCNU were effective, but the more lipid-soluble 
CCNU had no clear superiority over BCNU. The responses were more modest than 
hoped for, but they were nevertheless definite, and the CENUs remain one of the few 
classes of drugs effective against gliomas and other CNS tumors. 

The CENUs also had activity against Hodgkin's and non-Hodgkin's lymphoma, 
malignant melanoma, tumors of the gastrointestinal tract, and some other solid 
tumors (17), and are currently used in combination with other agents in the treatment 
of these malignancies (18). Nevertheless, it was disappointing that the CENUs were 
not more active in the clinic in view of their high activity in animal models (19). As 
described below, the probable explanation for this is that levels of the DNA repair 
enzyme, 0 6-alkylguanine-DNA alkyltransferase, are higher in the normal tissues of 
rodents than in humans, thus enhancing the therapeutic ratio in the animal models 
that were used to evaluate the CENUs. 

The naturally occurring nitrosourea, STZ, was also introduced into clinical trials in 
the 1970s. This compound had previously been shown to be diabetogenic in animals 
(20) and, consistent with that finding, had activity against islet cell carcinomas in 
humans (21). Furthermore, STZ was found to be less toxic to the bone marrow than 
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Fig. 3. Decomposition of a CENU. Chloroethylation results from the production of a chloroethylat
ing species like chloroethyl diazonium hydroxide, and carbamoylation results from the production 
of an isocyanate. 

the CENUs. As discussed below, the presence of the sugar moiety on STZ prevents 
protein carbamoylation by this compound, and it was anticipated that other nitro
soureas containing the same sugar would not be myelosuppressive. Unfortunately, 
however, the chloroethyl analog of STZ, chlorozotocin, was found to have bone 
marrow toxicity (22). 

4. MECHANISM OF ACTION STUDIES 

Early investigations of the nitrosoureas suggested that they were in a different cate
gory from the "alkylating agents," a group of compounds that are known to react 
with DNA and that are thought to produce their therapeutic effects through DNA 
modification. Not only did the nitrosoureas have a different chemical structure from 
the classical alkylating agents, many of which are related to nitrogen mustard, but 
their spectrum of activity in animal models was different and even their bone marrow 
toxicity in humans differed from that of the nitrogen mustards, being slower in onset. 

It became apparent early in the investigation of the nitrosoureas that these com
pounds decomposed rapidly in aqueous solution, and that they had the capacity both 
to alkylate DNA and to carbamoylate proteins (23). The decomposition scheme shown 
in Fig. 3 accounted for this; the chloroethyl diazonium hydroxide moiety shown at 
the left could alkylate DNA and the isocyanate moiety shown at the right could carb
amoylate proteins (23). The ability to carbamoylate proteins clearly distinguished the 
nitrosoureas from the mustards at a molecular level. 

An alternate or additional point of view was that the DNA modification produced 
by the nitrosoureas was qualitatively different from that produced by the mustards 
and that differences in biological activity reflected this difference. In studying the 
reactions of MNU with DNA, Lijinsky et al. had shown that a fully deuterated methyl 
group was transferred intact from MNU to DNA (24). We reasoned that an analo
gous transfer of a chloroethyl group from a CENU would confer alkylating ability on 
the DNA itself and would lead to secondary reactions, including DNA crosslinking 
(25). The first indication that such reactions occurred came from the isolation of a 
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Fig. 4. DNA crosslinks formed by the CENUs. A. 1,2-bis(7-guanyl)-ethane; B. 1-(3-cytosinyl),2-(1-
guanyl)ethane. 

derivative of cytosine, 3,N4-ethanocytosine, that had evidently been formed by an 
initial transfer of a chloroethyl group to a base N, followed by an intramolecular con
densation reaction (25,26). 

Kohn then showed that DNA modified by CENUs underwent reversible denatura
tion, indicating that interstrand crosslinks had indeed been formed (27). This, of 
course, led to a search for the nature of the crosslink. Ultimately, the two crosslinked 
entities shown in Fig. 4, 1,2-bis(7-guanyl)ethane and 1-(3-cytosinyl),2-(1-guanyl)ethane, 
were isolated from DNA treated with BCNU (28,29). For steric reasons, it seemed 
probable that 1,2-bis(7-guanyl)ethane (the "GO crosslink") was intrastrand in nature 
and that 1-(3-cytosinyl),2-(l-guanyl)ethane (the "GC crosslink") was responsible for 
interstrand crosslinking, but this has never been firmly established. 

It seemed probable that 1,2-bis(7-guanyl)ethane was formed by the sequential 
attachment of a chloroethyl group to the N-7 position of one guanine followed by its 
reaction with the N-7 position of a second guanine. Neither of the base positions that 
are connected by the -CH2CH2- bridge in 1-(3-cytosinyl), 2-(1-guanyl)ethane is very 
reactive, however, and it was not immediately clear how this crosslink was formed. 

Meanwhile, in an important discovery, Erickson et al. had shown that the sensiti
vity of human tumor cells to the nitrosoureas was inversely related to their ability to 
remove alkyl groups from the 0 6- position of guanine; cells that had higher levels of 
0 6-alkylguanine-DNA alkyltransferase ("alkyltransferase") were resistant to the 
action of the nitrosoureas (30). Consequently, we proposed the scheme shown in 
Fig. 5 to explain both the formation of the GC crosslink and the role of alkyltrans
ferase in conferring resistance to the action of the nitrosoureas (29). 

The first step in the crosslinking reaction shown in Fig. 5 is the transfer of a chloro
ethyl group from the CENU to the 0 6-position of guanine in DNA. This is followed 
by an intramolecular condensation to form the intermediate, 1,06-ethanoguanine, 
which ultimately reacts with the N-3 position of cytosine to form the GC crosslink. 
However, alkyltransferase can remove the chloroethyl group from the 0 6-position of 
guanine before crosslinking can occur. If this happens, the DNA is truly repaired; the 
modified 06-chloroethyl guanine is restored to its original unmodified form, and the 
cell is protected from toxicity. Alkyltransferase also recognizes the second inter
mediate in this pathway, 1,06-ethanoguanine, but in this case, the protein becomes 
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Fig. 5. Reaction of a CENU with guanine in DNA. The attachment of a chloroethyl group to the 
0 6-position of guanine leads to a crosslink in a four-step reaction. However, this process can be in
terrupted by alkyltransferase, which causes resistance by removing the chloroethyl group before 
crosslinking can occur. R = deoxyribose contained in the DNA structure. 

bound to DNA, and additional steps are necessary to restore the DNA to its original 
condition (31). 

The formation of the 0 6-chloroethyl guanine in DNA was finally demonstrated by 
Parker et al. (32), and the other steps shown in Fig. 5 have been fully established (33). 
GC crosslinks are depleted in cells that are resistant to the action of CENUs (34), and 
the evidence that GC crosslink formation is cytotoxic is altogether convincing. In 
fact, the GC crosslink is probably the first crosslink whose formation has been directly 
linked to cytotoxicity. This information is now being put to use, since inhibitors of 
alkyltransferase are being tested for their ability to restore the sensitivity of tumor 
cells to CENUs (see Section 5). 
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However, formation of the GC crosslink is not essential for antitumor activity, 
because the methylating agents, MNU and STZ, are also active. These agents methy
late the 0 6-position of guanine, which suggests that 0 6-alkylation itself is cytotoxic 
(35). Nevertheless, the CENUs produce a variety of other DNA modifications, and it 
seems probable that some of these modifications that do not involve the 0 6-position 
of guanine also contribute to their cytotoxicity. 

Some evidence for this was obtained several years ago in studies of adapted Escher
ichia coli (36). When either uvrA-deficient or recA-deficient mutants were adapted by 
growth in MNNG, they became more resistant to the cytotoxic action of MNNG and 
to N-ethyl-N-nitrosourea, but they remained sensitive to BCNU. More recently, Wu 
et al. have investigated the effects of transfecting alkyltransferase into wild-type and 
excision repair-deficient Chinese hamster ovary (CHO) cells (37). Both of these cell 
lines are deficient in alkyltransferase and are sensitive to MNNG, but the excision 
repair-deficient strain is more sensitive to N-(2-chloroethyl)-Nl-nitrosourea (CNU) 
than is the wild type. When human alkyltransferase is transfected into either cell line, 
sensitivity to MNNG is greatly diminished. However, the transfected excision repair
deficient cells are still more sensitive to CNU than are the transfected wild-type cells. 
The authors suggest that this difference represents the ability of the excision repair 
mechanism to recognize a CNU-induced GG intrastrand crosslink that is cytotoxic to 
these cells (37). 

Other studies have suggested that purine glycosylases may also play a role in the 
resistance phenomenon. HPLC profiles of the DNA modifications present in resis
tant glial cells that have been treated with CNU show that several adducts besides the 
GC crosslink are absent or diminished in amounts in comparison with the amounts 
present in sensitive cells (34). Since both alkyltransferase and 3-methyladenine DNA 
glycosylase II are upregulated in the E. coli adaptive response to methylating agents 
(38), it seems likely that glycosylases may also participate in the resistance of mam
malian cells to DNA-modifying agents. Bacterial 3-methyladenine DNA glycosylase 
II, has in fact, been shown to act on all of the CNU-modified bases in Fig. 6 (39,40) 
At least two of these, 1,2-bis(7-guanyl)ethane and N 2,3-ethanoguanine, probably 
disrupt the DNA structure in a way that may be cytotoxic. Furthermore, biochemical 
assays have shown that glycosylase levels are elevated in a resistant glial cell line that is 
apparently depleted in some of the modified bases shown in Fig. 6 (41). 

In summary, the haloethylnitrosoureas exert their cytotoxic action by modifying 
DNA. The formation of one lesion, 1-(3-cytosinyl),2-(1-guanyl)ethane, is clearly a 
lethal event, and it is likely that other DNA modifications are cytotoxic as well. At the 
same time, DNA repair is an important cause of resistance: one repair enzyme, alkyl
transferase, prevents the formation of the lethal GC crosslink, and other repair en
zymes probably act on other DNA modifications that are cytotoxic. 

Our understanding of the mechanism of action of these agents is not complete, 
however. For example, the first step in DNA modification, transfer of the chloroethyl 
group to a DNA base, is more complicated than indicated in Fig. 3. By a mechanism 
that is not yet fully established, the carbon-halogen bond in the CENU is broken dur
ing alkylation, and the carbon that was originally attached to the halogen becomes 
the one that attaches to the DNA base (42,43). Also, one would expect that the distri
bution of DNA adducts would be the same for different CENUs if the agents acted 
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Fig. 6. Modified bases released from CENU-treated DNA by bacterial 3-methyladenine DNA glyco
sylase II. A. 7-(2-chloroethyl)guanine; B. 7-(2-hydroxyethyl)guanine; C. 1,2-bis(7-guanyl)ethane; D. 
N 2 ,3-ethanoguanine. 

by generating a common alkylating intermediate as shown in Fig. 3, but the distribu
tion is actually different for different agents (44). 

Also not explained by a simple alkylation mechanism is the observation that these 
agents have a preference for guanine-rich sequences in DNA (45). Clearly, neighbor
ing bases affect the alkylation sites, and this raises the possibility that CENUs could 
be targeted to specific regions, perhaps increasing their toxicity to tumor cells more 
than to normal cells. 

Finally, the role of carbamoylation is not completely elucidated. CENUs with car
bamoylating activity inhibit several enzymes involved in DNA repair, presumably by 
reacting with proteins involved in the repair process. Thus, it is possible that the ability 
of some CENUs to damage DNA and, at the same time, to inhibit repair may con
tribute to their antitumor activity (46). 

5. FURTHER DEVELOPMENTS 

Since alkyltransferase activity is closely linked to CENU resistance, attention has 
turned to methods of inhibiting this enzyme as a means of restoring sensitivity (47). 
Inhibition is favored by the fact that the reaction is stoichiometric. A single molecule 
of alkyltransferase has the ability to remove just one alkyl group from an 0-alkyl
guanine in DNA; the alkyl group that is removed is transferred to the alkyltransferase, 
which is thereby inactivated. 

Two approaches to inactivation have been used. In one approach, STZ is given 
somewhat before the CENU; in the interval before CENU administration, alkyltrans
ferase is consumed in repairing the DNA methylation caused by STZ (48,49). In the 
second approach, a low-mol-wt inhibitor is given to inactivate the alkyltransferase 
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directly (50,51). Both approaches have been shown to work, but the latter seems to be 
particularly promising and is being pursued actively at the present time. 

The use of low-mol-wt inhibitors began with the observation that exposure of 
mammalian cells to 0-methylguanine and certain other 0-alkylguanines caused a 
major decrease in cellular alkyltransferase activity (50,51). 0 6-Methylguanine was 
shown to be a substrate for alkyltransferase, although it is a very poor substrate in 
comparison with 0-methylguanine in DNA (50). Relatively high concentrations of 
0-methylguanine were required to produce inhibition, and a search for more effec
tive inhibitors was initiated. 

0-Benzylguanine was found to be much more active than 0-methylguanine, pro
ducing as much inhibition at a concentration of 2.5 p.M as 0-methylguanine did 
at 0.2 mM (52). Other 0-alkylguanine inhibitors have been synthesized, and their 
ability to inactivate alkyltransferase has been tested; compounds having easily dis
placed allyl or benzyl groups are most active (53,54). Research in this area is being 
pursued actively, and the critical question will be whether the alkyltransferase inhibi
tors sensitize tumor cells to the cytotoxic action of the CENUs more than they sen
sitize normal cells. 

Meanwhile, the search for more active CENUs continues. Derivatives that include 
carrier steroid or amino acid groups that may target the CENU to particular tumor 
cell populations have been synthesized as reviewed recently (55). At a molecular level, 
attempts have been made to increase the sequence specificity of these agents by link
ing them to peptides that bind in the minor groove of DNA (56,57). Although these 
agents do show a different specificity of reaction, they have not yet shown any increase 
in antitumor activity. 

6. SUMMARY 

As mentioned in Section 1., the development of the nitrosoureas has illustrated 
several important aspects of cancer drug discovery. First, the lead compound was dis
covered by a random screening process that focused attention on a chemical structure 
different from any that had been used previously in the treatment of cancer. Careful 
synthetic work combined with an ongoing evaluation of antitumor activity led to the 
development of significantly more active compounds. 

Both the initial screening and the drug development program emphasize the impor
tance of the choice of assay system for evaluating antitumor activity. In this case, the 
major role of alkyltransferase in both causing tumor resistance and protecting normal 
cells from toxicity illustrates the problems that may arise from testing compounds in a 
model that has different DNA repair capabilities from those found in human cells. As 
an aside, this particular problem might now be avoided by engineering animal tumor 
models with human DNA repair genes. 

Finally, mechanism of action studies have helped greatly in understanding the 
limitations of the CENUs and, perhaps, in overcoming them. Study of the CENUs 
has provided us with a specific example of a cytotoxic DNA modification whose for
mation can be prevented by a particular cellular enzyme. At the same time, indica
tions that other CENU-induced DNA modifications may be cytotoxic suggest that 
effective antitumor agents may produce a variety of DNA modifications that depend 
on different repair modalities to produce complete resistance. 
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SUMMARY 

1. HISTORICAL ASPECTS 

It is now over 20 years since the platinum-based drug cisplatin (cis-diamminedich
loro platinum [II]) was added to the armamentarium available to the oncology physi
cian. Interestingly, the chemical identity of cisplatin was first established in the 
mid-19th century (and known as Peyrone's chloride) and, were it not for the well
documented serendipitous observations of Barnett Rosenberg while performing 
experiments investigating the effects of electric fields on bacteria, its antitumor pro
perties may have remained undiscovered (1). Cisplatin has long been accepted to 
confer significant antitumor activity against a variety of neoplasms; in particular, as a 
result of the introduction of cisplatin-containing chemotherapy regimes, over 800Jo of 
men presenting with testicular cancer are now cured of their disease (2). Initial studies 
at the Royal Marsden Hospital (London) by Wiltshaw and Carr also established that 
cisplatin conferred promising activity against ovarian cancer (3). Combination regi
mens including cisplatin (typically with cyclophosphamide) generally produce clinical 
complete remissions in approx 50% of patients with advanced disease. Moreover, 
long-term followup studies in patients with advanced ovarian cancer have shown that 
combination chemotherapy containing cisplatin enhanced survival by at least 10% at 
5 and 10 yr postdiagnosis compared to the accepted best available drugs of the pre
cisplatin era (4). In addition to these dramatic effects on the long-term survival of 
cancer sufferers, cisplatin also offers substantial palliative benefit to patients with 
small-cell lung, bladder, cervical, and head and neck carcinomas (2). 

In spite of demonstrable dramatic efficacy against these neoplasms, from early 
days, cisplatin was observed to suffer from two major drawbacks: (1) its particularly 
severe normal tissue toxicities, and (2) the propensity of many tumors to be resistant 
ab initio or to acquire resistance to its tumor inhibitory properties. Therefore, there 
has been substantial effort to discover and develop analogs of cisplatin that address 
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Fig. 1. Structures of analogs designed principally to reduce the toxicity of platinum-based chemotherapy. 

these two limitations. This chapter summarizes early efforts to improve on cisplatin, 
the current clinical status of analog development (a total of 13 platinum complexes 
are currently undergoing or have recently undergone clinical trial), and future pros
pects for the discovery of new platinum-based anticancer drugs, particularly with 
respect to the circumvention of resistance mechanisms known to limit the efficacy 
of cisplatin. 

2. THE STATUS OF DEVELOPMENT OF CISPLATIN ANALOGS 

2.1. Analogs Developed to Reduce the Toxicities of Cisplatin 

In contrast to the circumvention of tumor resistance to cisplatin (see Section 2.2.), 
efforts to ameliorate the drug's severe adverse effects (predominantly nephro-, gas
trointestinal-, and neurotoxicities) have met with considerably more success (Fig. 1). 
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Table 1 
Dose-Limiting Toxicities of Cisplatin Analogs 

Analog 

Car bop latin 
I prop latin 
Zeniplatin 
Enloplatin 
DWA2114R 
254-S 
CI-973 
JM216 
Tetraplatin 
Oxaliplatin 
Lobaplatin 
Cycloplatam 
L-NDDP 

Dose-limiting 
toxicity 

Thrombocytopenia 
Thrombocytopenia 
Neutropenia 
Neutropenia 
Leukopenia 
Leukopenia, thrombocytopenia 
Neutropenia 
Leukopenia, thrombocytopenia 
Neuropathy 
Neuropathy 
Thrombocytopenia 
Myelosuppression 
Neutropenia, thrombocytopenia 

Other 
notable toxicity 

Diarrhea 
Nephrotoxicity 
Nephrotoxicity 

Nephrotoxicity 

95 

A summary of the dose-limiting toxicities of these analogs is shown in Table 1. To 
date, the most successful advance has been provided by carboplatin (cis-diammine-1, 
1-cyclobutane dicarboxylato platinum [II]; Paraplatin), which remains the only cis
platin analog to have been licensed worldwide and to have entered routine clinical 
practice (5). 

2.1.1. CARBOPLATIN 

From the initial clinical trials with carboplatin in the early 1980s, it was clear that 
the drug was substantially less toxic than cisplatin, not only in terms of nephrotoxi
city, but also in terms of nausea, vomiting, and neurotoxicity. Myelosuppression, 
primarily thrombocytopenia (see Table 1) is dose-limiting (6). Today, the main area 
of contention with carboplatin revolves around whether this less toxic analog should 
replace cisplatin as the first-line treatment for patients where cisplatin-based therapy 
has proven efficacy (i.e., those presenting with ovarian or testicular cancer). Numerous 
randomized trials (especially in patients with advanced ovarian cancer) have been per
formed; overviews of these trials have also been published (7). Conclusions drawn 
from such studies should bear in mind that: 

1. Accrual to some of the larger studies did not include early stage (IC,II) good prognosis 
groups; 

2. The median followup of some of the studies is still at too early a stage to comment on 
comparative effects on long-term survival; and 

3. The doses of cisplatin and carboplatin have varied from trial to trial (it is generally 
accepted that carboplatin is approximately fourfold less dose-potent than cisplatin; thus 
doses of 400 vs 100 mg/m2 , respectively, should be compared). 

Nonetheless three major conclusions may be drawn (7): 

1. Carboplatin is less toxic to the kidneys, nerves, and gastrointestinal system than 
cisplatin; 

2. Response rates in ovarian cancer are broadly comparable; and 
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3. Survival rates among similar prognostic groups at comparable doses (see above) are 
similar. 

Recently published long-term followup results of the first randomized trial of cis
platin (100 mg/m2 q 4 wk for 5 courses and 30 mg/m2 for another 5 courses) vs carbo
platin (400 mg/m2 q 4 wk for 10 courses), performed at the Royal Marsden Hospital, 
London, between October 1981 and June 1984 in 131 patients with advanced epithel
ial ovarian cancer, have shown that the two drugs produce similar long-term survival 
(8). With a median followup of 9 yr, 5-yr survival rates were 150Jo (95% confidence 
interval [CI], 8-26%) for cisplatin (median survival duration of 19.5 mo) and 19% 
CI, 11-30%) for carboplatin (median survival duration of 13 mo ); none of these dif
ferences were statistically significant (8). 

Although these analyses have led some to propose that the less toxic carboplatin 
rather than cisplatin should currently be considered the standard choice of platinum 
compound in the first-line treatment of advanced ovarian cancer (typically in com
bination with cyclophosphamide, e.g., 9), this view has not yet gained universal 
acceptance. Similarly, carboplatin has been shown to possess equivalent activity to 
cisplatin in germ-cell tumors of the testis and is less toxic (10). 

A further advantage of carboplatin might be in studies of dose intensity (see 
Section 3.2.2.), since the drug largely lacks nonhematological toxicity (thus allowing 
high doses to be given with hematologic support by growth factors). Second, as 
developed by Calvert and colleagues, dosage calculations in terms of the area under 
the plasma concentration vs time curve (AUC) based on pretreatment renal function 
are applicable (11); dose (mg) = AUC x (glomerular filtration rate + 25) .. Car
boplatin AUC values of 5 mg/mL x min for previously untreated patients were 
recommended. 

Carboplatin undoubtedly offers patients a more acceptable level of morbidity com
pared to cisplatin, but clinical data suggest that the two agents share crossresistance. 
For example, in the above-described Royal Marsden Hospital randomized trial (8), 
where the study design allowed crossover between the two arms, patients who crossed 
over from one platinum to the other owing to progressive or nonresponding disease 
exhibited a low (14.3%; 95% Cl, 4.8-30.25%) response rate to the other platinum 
compound. 

2.1.2. IPROPLATIN (CHIP) 

Similarly to carboplatin, iproplatin (JM9, CHIP, [cis-dichloro-trans-dihydroxo-bis 
{isopropylamine} platinum {IV}) (Fig. 1) was developed on the basis of a favorable 
preclinical toxicity profile to that of cisplatin with accompanying retention of anti
tumor efficacy (12). To date, iproplatin is the only platinum analog in addition to car
boplatin to have undergone extensive phase II/III evaluation. The results of these 
trials, including large randomized trials with carboplatin, support the following 
conclusions (13-15): 

I. As with carboplatin, the dose-limiting toxicity of iproplatin is thrombocytopenia. 
2. lproplatin is active in cisplatin-responsive disease (e.g., ovarian cancer), but shares 

crossresistance with cisplatin and carboplatin, and thus does not offer significant activ
ity in cisplatin refractory disease. In patients with ovarian cancer, previously treated 
with either cisplatin or carboplatin, response rates to iproplatin were 12o/o in 60 patients 
resistant to cisplatin and 11% in 18 patients resistant to carboplatin (14). 
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3. In randomized trials of iproplatin vs carboplatin in ovarian (14) (120 patients) and cer
vical (15) (394 patients) cancers, iproplatin was more toxic (especially in terms of gas
trointestinal effects) and less active than carboplatin. In the ovarian trial, median 
survival was 114 wk for patients in the carboplatin arm (400 mg/m2 q 28 d) and 68 wk 
for patients receiving iproplatin (300 mg/m2 q 28 d) (p = 0.008). 

Based on such clinical data, iproplatin appears to offer no advantage over carbo
platin, and therefore, its future use would appear to be limited. 

2.1.3. 0rHER ANALOGS 

Since the introduction of carboplatin and iproplatin in the early to mid-1980s, 
several other analogs designed mainly to reduce the toxicity of cisplatin-based chem
otherapy have entered clinical trial (Fig. 1). Many of the complexes (e.g., zeniplatin, 
enloplatin, and the Japanese-based DW A2114R and CI-973) possess identical leaving 
group chemistry (oxygenated leaving groups conferring good aqueous solubility and 
greater stability) to carboplatin. However, and perhaps surprisingly, both zeniplatin 
and enloplatin caused some nephrotoxicity in patients while in phase I clinical trial. 
Their future clinical role would appear to be limited. In addition, another analog, 
254-S (cis-diammine [glycolato] platinum, synthesized in Japan) has also produced 
one severe episode of renal toxicity. 254-S is currently undergoing phase II/III trials in 
Japan, generally using a schedule of 100 mg/m2 q 4 wk (16). In a phase II trial in 
patients (n = 15) with advanced germ-cell testicular cancer, prostatic cancer (n = 16), 
or transitional-cell carcinoma of the urinary tract (n = 35), objective response rates 
were 80, 18.8 and 28.60Jo, respectively. DWA2114R in phase II trials has also shown 
response rates broadly comparable to that observed for cisplatin, e.g., a 44% response 
rate was observed in patients (n = 34) with advanced ovarian cancer {17). 

In addition to studies based in Japan, CI-973 was evaluated in a five-daily dose 
schedule phase I at the Fox Chase Cancer Center, Philadelphia (18). In common with 
the Japanese phase I, neutropenia was dose-limiting, and in contrast to carboplatin, 
thrombocytopenia was infrequent. No responses were recorded; the recommended 
phase II dose of CI-973 was 30 mg/m2/d for 5 d. In another US-based phase I study 
using a bolus q 28-d schedule, similar results were reported; granulocytopenia was 
dose-limiting, no responses were observed, and recommended phase II doses were 230 
and 190 mg/m2 for previously untreated and treated patients, respectively (19). 

2.1.4. ORALLY ACTIVE PLATINUM DRUGS: JM216 
The success of carboplatin is testimony to the importance of considering patient 

quality of life issues in cancer chemotherapy. Since cisplatin and carboplatin require iv 
administration, scientists at the Institute of Cancer Research, London, in conjunc
tion with the Johnson Matthey Technology Centre and Bristol Myers Squibb, have 
attempted to facilitate patient comfort and convenience further during platinum-based 
chemotherapy through the discovery and development of platinum complexes cap
able of oral administration. Moreover, through potential treatment on an outpatient 
basis, hospitalization costs may be substantially reduced. Such studies have led to the 
introduction of the first clinically used orally administrable platinum complex: bis
acetato-ammine-dichloro-cyclohexylamine platinum (IV) (JM216) (Fig. 1). Preclin
ically, JM216 possesses several encouraging properties (20,21): 
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1. Rodent toxicology resembled carboplatin rather than cisplatin; myelosuppression was 
dose-limiting; 

2. Ferret emesis studies showed that JM216 was substantially less emetic than cisplatin; 
3. Orally administered JM216 showed antitumor activity broadly comparable to intrave

nously administered cisplatin/carboplatin in murine tumor and human ovarian carci
noma xenograft models; 

4. JM216 exhibited greater antitumor activity using a daily x 5 schedule q 21 d compared 
to administering the same total dose as a bolus q 21 d; and 

5. In vitro, JM216 showed evidence of circumvention of acquired cisplatin resistance, 
especially in tumor cells where resistance was attributable to reduced drug transport. 

JM216 entered phase I clinical trial at the Royal Marsden Hospital, London, in 
August 1992. Two phase I trials have now been completed; a single dose q 21 days 
and a schedule of daily administration on days 1-5, q 21 d. In agreement with pre
clinical rodent studies, myelosuppression (including both leukopenia and thrombocy
topenia) was the dose-limiting toxicity. Emesis has been controllable, and no nephro
or neurotoxicity has been observed. A partial response and a reduction in the ovarian 
tumor marker CA125 were observed in a patient with ovarian cancer, which recurred 
after treatment with cisplatin (22). In late 1994, JM216 entered phase II trials in 
Europe and North America in patients with ovarian and lung carcinomas. 

2.2. Analogs Designed Principally to Circumvent Tumor Resistance 
As stated above, compared to efforts aimed at reducing the side effects of plat

inum-based chemotherapy, progress in overcoming tumor resistance to cisplatin has, 
thus far, met with little success in the clinic. Thus, circumvention of resistance remains 
the major goal in current platinum drug discovery programs. 

2.2.1. 1,2-DIAMINOCYCLOHEXANE (DACH) PLATINUM COMPLEXES 

The earliest lead to compounds that might offer clinical utility against cisplatin 
resistance arose over 20 years ago in studies by Burchenal and colleagues through 
their discovery of so-called DACH containing platinum complexes (23). Notably, 
these complexes exhibited activity in murine L1210 leukemia tumor models possessing 
acquired resistance to cisplatin. However, since this observation has not been trans
lated to all other murine or human acquired cisplatin-resistant tumor models (e.g., in 
our own studies using the murine ADJ-PC6 plasmacytoma [24] and various human 
ovarian carcinoma xenografts [25]), doubt has been cast on the predictive utility of 
this mouse leukemia for human malignancies. Following formulation difficulties with 
early DACH complexes selected for clinical trial (e.g., JM82, PHIC), two more water
soluble derivatives have recently undergone phase I clinical trial: tetraplatin and oxali
platin (Fig. 2; Table 1) (26-28). Disappointingly, in the phase I trials of both tetraplatin 
(26,27) and oxaliplatin (28), severe neurotoxicity has proven a limitation to their 
therapeutic efficacy. At this time, it is uncertain whether tetraplatin (where severe 
neurotoxicity was observed in patients receiving a cumulative dose above 200 mg/m2 

using a day 1, day 8 q 28 d schedule [26] and above 165 mg/m2 using a daily x 5 
schedule [27] will be progressed to phase II evaluation. 

Oxaliplatin has also exhibited neurotoxicity during a phase I trial (28). Compre
hensive phase II data for single-agent oxaliplatin have not yet been reported. How
ever, four partial responses were observed in the phase I study (in patients with eso-
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Fig. 2. Structures of analogs designed principally to circumvent tumor resistance. 

phageal [2 cases], lung [1], and urothelial cancer [1]) (28). In addition, oxaliplatin 
(20 mg/m2 I d for 5 d q 21 d) has been used in a randomized chronomodulated vs fixed 
infusion rate chemotherapy regime along with 5-fluorouracil (600 mg/m2/d for 5 d 
q 21 d) and folinic acid (leucovorin) (300 mg/m2/d for 5 d q 21 d) in patients with 
colorectal cancer metastases (29). In 47 patients, drug delivery was kept constant, 
whereas in 45 patients it was chronomodulated (5 fluorouracil and leucovorin at 0400 
h and oxaliplatin at 1600 h). Whereas peripheral sensitive neuropathy was dose
limiting in the chronomodulated arm (attributed to the oxaliplatin), a significantly 
higher (and encouraging) objective response rate (5307o, 95% CI = 38-68% com
pared to 32%; 95% CI = 18-46%) was observed in the chronomodulated arm. How
ever, the contribution of oxaliplatin to the activity of this complex treatment protocol 
is difficult to ascertain. 

Another approach to the clinical evaluation of DACH complexes has been pro
vided through liposomal preparations of DACH complexes. A phase I trial with 
L-NDDP has reported dose-limiting toxicities of neutropenia and thrombocytopenia 
(30). However, drug stability formulation, and delivery problems remain to be over
come before this approach can be fully evaluated. 
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2.2.2. 0rHER ANALOGS (FIG. 2) 

Two other platinum analogs that, at least from preclinical data, may offer some 
utility against acquired cisplatin resistance, are in early clinical trials. Lobaplatin 
(D-19466) has completed phase I evaluation in Germany and the Netherlands (31,32). 
Thrombocytopenia was dose-limiting; responses (one partial, one complete) occurred 
in two patients with ovarian cancer (both pretreated with cisplatin and carboplatin) in 
the 5-d trial (31), and one partial response was observed in another ovarian cancer 
patient pretreated with platinum in a trial using a schedule of 72-h infusion every 4 wk 
(32). The results of phase II trials using this interesting complex are awaited. As with 
carboplatin, resulting plasma AUCs following administration of lobaplatin appeared 
to be dependent on renal function. 

To date, clinical trials with cycloplatam have been conducted only in Russia and 
await full reporting. 

3. FUTURE PROSPECTS 
Tumor resistance remains the major factor that limits the clinical effectiveness of 

cisplatin/carboplatin. Various strategies to circumvent clinical resistance, based largely 
on increasing knowledge of how cisplatin exerts its cell killing effects and of mecha
nisms of resistance, may be envisaged. These include: 

1. Development of analogs of cisplatin; 
2. Dose intensification of cisplatin/carboplatin: 
3. Pharmacological modulation of resistance mechanisms; and 
4. Combination with other active anticancer drugs with nonoverlapping toxicities and 

mechanisms of resistance. 

3.1. Mechanisms of Resistance to Cisplatin 
asplatin reacts primarily by stepwise exchange of its two labile chlorides (leaving 

ligands) for water or hydroxyl ions (Fig. 3). The fmal positively charged, highly reac
tive, diaquo species (which is the same for cisplatin and carboplatin) is then capable 
of reacting with nucleophilic sites on DNA, RNA, or proteins. The presence of high 
chloride ion concentrations in extracellular fluid (approx 100 mM) suppresses the 
aquation reactions and allows the uncharged complex to penetrate cell membranes. 
However, on entering a cell, where the cytoplasmic chloride concentration is much 
lower (as low as 4 mM), the chloride ligands begin to exchange. Replacement of the two 
chloride ligands of cisplatin by the bidentate cyclobutane dicarboxylic acid (CBDCA) 
ligand in car bop latin results in a complex more than 100-fold resistant to the above 
aquation reactions; in chloride-free phosphate buffer, pH 7 .0, cisplatin had a half-life 
of 2.4 h compared to a half-life of 268 h for carboplatin (33). 

The cell killing effects of cisplatin appear to be the result of the formation of an 
assortment of stable bifunctional adducts on DNA, which then block replication 
and/or inhibit transcription (34,35). The most common adduct (60-650Jo) involves 
binding of platinum to the nitrogen on position 7 of the imidazole ring of adjacent 
deoxyguanosines along the same strand of DNA (the GpO 1 ,2-intrastrand adduct). In 
addition, ApG (20-25%) and GpXpG and ApXpG (5-6%; where X is any base) 
1,3-intrastrand adducts, monofunctional adducts (2-3%), DNA-protein crosslinks, 
and 0-G interstrand crosslinks (ISCs, 2%) are also found. Moreover, recent evidence 



Chapter 4 I Platinum Complexes 

p-170 
glycoprotein MT-Pt 

!.tanothionein 
Signal transduction I M' 
pathways ® 

NH3'\. /OH 
Pt 

NH( 'oH 

GSH,GSH 

GSH-- Pt-- GSH 
S-X 

Plasma 
membrane 

Cytoplasm 

101 

C\ DNA cross link 
~ fonnation and rem01al. Tolerance. 

Damage recognition proteins. 

~3 ~H3 ~3 ~H3 
PI PI 
/' /' 

-G-G- -A-G-
-C-C- -T-C-

(60-65%) (20-25%) p53 

~3 ~H3 
Pt 

-t-\-
-C-G-

(-2%) 

Nucleus 

bc/-2, bax, 
apoptosis. 

Fig. 3. Platinum drugs: mechanism of action and mechanisms of resistance. 

measuring the sequence specificity of cisplatin DNA binding in the N-ras gene from 
cells exposed to cisplatin suggests that a novel adduct in the sequence 5 '-TACT-3' 
may also be formed (36). However, controversy still remains regarding the relative 
role of each of the various DNA adducts induced by cisplatin (especially intra- vs in
terstrand adducts) in mediating cell killing. On the one hand, there is supportive evi
dence emphasizing the importance of 1,2 intrastrand adducts. The inactive trans
platin (37) is sterically unable to form the major GpO and ApG 1 ,2-intrastrand 
adducts formed by cisplatin. Instead, a high proportion of DNA monoadducts are 
formed (up to 85"7o of adducts following a 1-2 h drug incubation with DNA (38). 
These are mainly detoxified through rapid reaction with glutathione. A minority 
slowly rearrange to form bifunctional 1,3 or 1,4 G-G ISCs or DNA ISCs. Further
more, the GpG intrastrand adduct has been shown to be poorly repaired compared to 
GpXpG and monofunctional adducts (39,40). Interestingly, both the G-G and A-G 
intrastrand adducts unwind DNA by 13 o, whereas the GXG (1,3) intrastrand adduct 
unwinds DNA by 23°; bending of the DNA double helix is similar (32-35°) for all 
three adducts (41). 

Although they represent only approx 2"7o of total adducts formed by cisplatin, 
other fmdings suggest that ISCs may be important determinants of cytotoxicity. Early 
studies in L1210 leukemia cells, using cis- and trans-platinum, showed a relationship 
between cell killing and levels of ISCs (42); although both isomers produce ISCs in 
naked DNA, only cisplatin produces substantial ISCs in whole cells. Moreover, two 
independent studies determining repair at the level of individual genes in paired cis
platin-sensitive and cisplatin-resistant human ovarian carcinoma cell lines have shown 
a marked increase in the gene-specific removal of ISCs in resistant lines, but no differ
ence between sensitive and resistant lines in the removal of intrastrand adducts (43,44). 
Recent data have also indicated that the nature of the ISCs formed by transplatin and 
cisplatin in purified DNA differs with cisplatin favoring crosslink formation between 
guanines and transplatin between guanine and complementary cytosines (45). 
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Table 2 
Genes/Proteins That May Play a Role 

in Determining Tumor Sensitivity /Resistance to Cisplatin 

Gene/protein 
CPR2oo 
SQMl 
ERCCl 
HMO domain proteins 

(including HMGl and 2) 
c-Ha-ras 

c-myc 
c-jos 
HSP60 
p53 

Comment 

Increased drug efflux 
Decreased drug accumulation 
Increased DNA repair 
Increased repair(?)/ shielding from 

repair(?) 
Increased drug resistance 
Decreased uptake/increased MT 

Reference 

52 
53 
79,80 
73-76; 79,80 

81 

Increased drug resistance 82 
anti-jos ribozyme reverses resistance 83 
Heat-shock protein, chaperonin 87 
Mutations associated with drug resistance 60,86,88 
Cell-cycle checkpoint control/DNA repair 

The type of crosslinks that eventually lead to death of the cell following exposure 
to cisplatin and how they bring about cell death are unknown. However, it appears 
likely that a programmed cell death, or apoptosis, is triggered in a variety of cell types 
(46), including in our own panel of human ovarian carcinoma cell lines (47). 

Largely through the use of in vitro murine and human tumor cell lines, three 
major mechanisms of resistance to cisplatin have been identified: 

1. Decreased intracellular transport of drug; 
2. Increased cytoplasmic detoxification through increased levels of thiol-rich species, such 

as glutathione and/or metallothioneins; and 
3. Enhanced removal of platinum-induced adducts from DNA and/or increased tolerance 

to platinum-DNA adducts (Fig. 3A, B, and C) (see 48 for a review). 

In addition, a number of genes and proteins (some directly associated with the three 
main cellular mechanisms of resistance described above) have been shown to be in
volved in determining the cellular sensitivity of tumor cells to cisplatin. These are 
summarized in Table 2. 

3.1.1. DECREASED DRUG TRANSPORT 

Many (but not all) acquired cisplatin-resistant cell lines (including our own 
41McisR human ovarian carcinoma) (49) exhibit a decrease in platinum accumulation 
(typically two- to fourfold) compared to their respective parent line (see 50 for a 
review). However, the mechanism by which platinum drugs enter cells remains unclear, 
with supportive laboratory evidence for roles for both passive diffusion (e.g., the 
uptake of cisplatin is not saturable) and active transport (e.g., uptake can be mod
ulated by a variety of pharmacological agents including the Na + /K + -ATPase in
hibitor, ouabain). This has led some to postulate that cisplatin may enter cells by both 
passive diffusion and partly through facilitated transport via a gated channel (50). In 
contrast to the increased efflux of drug observed in tumor cells with multiple resis
tance to other commonly used anticancer drugs (such as doxorubicin, paclitaxel, 
etoposide, and the vinca alkaloids, mediated through 170- and/or 190-kDa mem-
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brane glycoproteins), cisplatin resistance mediated at the level of the plasma mem
brane appears to occur mainly through reduced drug influx (50). None of our own 
acquired cisplatin-resistant human ovarian carcinoma cell lines exhibit increased 
levels of P-glycoprotein (51). 

Although at least two studies have reported changes in membrane proteins that 
appear to be associated with decreased drug uptake (52, 53; Table 2), these proteins (a 
200-kDa glycoprotein and a 46-kDa protein, SQM1) have not, as yet, been identified 
in additional cell lines. Further, it is not yet clear whether reduced drug uptake also 
plays a role in determining clinical resistance to platinum drugs. 

3.1.2. INCREASED CYTOPLASMIC DETOXIFICATION 

As with reduced drug accumulation, many (but again, not all) in vitro studies have 
provided evidence for a role for the cytoplasmic thiol-containing tripeptide gluta
thione (GSH) in mediating platinum drug resistance (e.g., 54). In our own studies 
using eight human ovarian carcinoma cell lines exhibiting a 100-fold range in intrinsic 
sensitivity to cisplatin, GSH (but not glutathione S-transferase [GST]) levels showed a 
significant correlation with cisplatin sensitivity; the most resistant line possessing 
fourfold higher GSH levels than the most sensitive (55). Evidence for a direct interac
tion between cisplatin and GSH inside tumor cells involving 2 mol of GSH complexed 
with 1 mol of platinum to form bis(glutathionato )-platinum has also been reported 
(56). Elimination of this complex from tumor cells has been proposed to occur via an 
ATP-dependent glutathione S-conjugate export pump (the OS-X pump, which has 
recently been shown to be functionally overexpressed in acquired cisplatin-resistant 
HL-60 human leukemia cells [57] and has been linked to another efflux protein, 
multidrug resistance related protein (MRP), associated with a form of multidrug re
sistance [58]). Cytoplasmic detoxification of platinum-based drugs may also occur 
through binding to metallothioneins (MT), a class of cysteine-rich, low-mol-wt iso
proteins. Increased levels of MT have been reported in at least some acquired cis
platin-resistant cell lines (59). 

A number of studies have attempted to correlate clinical platinum resistance of 
ovarian cancer to increased levels of GST (60-63) or MT (64). However, apart from 
one study (62), which used a semiquantitative intensity of staining method and 
reported a higher intensity of staining for GST 1r in resistant tumors, these results do 
not support a role for either GST or MT in clinical platinum drug resistance. 

3.1.3. INCREASED DNA REPAIR/TOLERANCE 

Studies using both bacterial enzymes (Escherichia coli UVRABC nuclease [65]) 
and mammalian cell extracts [66] indicate that platinum-DNA adducts are removed 
from DNA by nucleotide excision repair. The E. coli UVRABC nuclease has been 
shown to incise the eighth phosphodiester bond 5 1 and the fourth bond 3 1 toG-Gin
trastrand crosslinks, thereby excising an oligomer containing the adduct [65]. Resis
tance to cisplatin in many acquired resistant cell lines, including our own studies, ap
pears to be owing to either an enhanced repair /removal of platinum adducts from 
DNA or an increased tolerance to such adducts (67,68). Moreover, the possible rele
vance of DNA repair in determining responses to platinum-based therapy in ovarian 
cancer patients has been highlighted in studies measuring RNA levels encoding for the 
ERCCl human DNA repair gene (69, 70). Patients who were clinically resistant to 
cisplatin- (or carboplatin)-based therapy had a 2.6-fold significantly higher expression 
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level of ERCCl in their tumor biopsy than did patients who responded to that therapy. 
There is some evidence to suggest that the hypersensitivity of testicular cancer cell lines, 
which correlates with the clinical sensitivity of this tumor, might also be related to 
defective removal of platinum-DNA adducts (71, 72). 

3.1.4. 0rHER PROTEINS/GENES 

Over recent years, proteins, termed structure-specific recognition proteins (gen
erally of approx 28 and 80-100 kDa), have been identified in mammalian cell extracts 
that bind specifically to the two major types of cisplatin-induced DNA 1,2,-intrastrand 
crosslinks and do not bind to adducts induced by transplatin (73, 74). These proteins 
have been shown to possess high mobility group (HMG) domain motifs (e.g., SSRP1) 
(74); in addition, HMG1 and HMG2 themselves (proteins of 28.5 and 26.5 kDa, 
respectively) can recognize and bind to DNA platinated with cisplatin (75, 76). The 
exact function of these damage recognition proteins, however, is presently unknown. 
Models have been proposed for their involvement in promoting the repair of cisplatin
damaged DNA or, in contrast, in blocking access of repair enzymes to damaged 
DNA. Support for the model involving shielding of ISCs from DNA repair enzymes 
has arisen from studies in yeast mutants where deletion of the HMG domain protein, 
lxr1, led to a twofold decrease in sensitivity to cisplatin (77). In addition, HMG do
main proteins have recently been shown to inhibit specifically the repair of cisplatin
induced 1,2-intrastrand crosslinks by human excision nuclease (78). Alternatively, 
some support for the repair supposition is provided by observations that some (but 
not all) cisplatin-resistant tumor cell lines (some of which have an increase in DNA
repair capacity) also exhibit an increase in levels of damage recognition proteins 
(73, 79). In addition, a damage recognition protein complex, B1, has been shown to 
contain a protein involved in an early stage of mammalian excision repair, human 
single-stranded binding protein (HSSB) (80). 

Other genes/proteins that may have an involvement in determining cellular sensitiv
ity to platinum drugs include various oncoproteins (e.g., p21RAS, MYC, FOS/JUN, 
and BCL2/BAX/BCLx), the p53 tumor suppressor gene, and a 60-kDa mitochon
drial chaperonin heat shock protein (HSP60) (see Table 2) (81-88). Transformation 
of mouse fibroblasts with ras oncogenes produced a four- to eightfold increase in 
cisplatin resistance associated with a 400'/o decrease in accumulation and a 3.3-fold 
elevation in MT levels (81). Cisplatin has been shown to induce cell death through a 
programmed death pathway (apoptosis); at least some pathways of cell death appear 
to be activated through the wild-type p53 gene (84). Interestingly, testicular tumors 
(which are hypersensitive to cisplatin) have been reported rarely to exhibit p53 muta
tions, whereas tumors less responsive to chemotherapy commonly acquire p53 muta
tions (85). Moreover, p53 mutations have recently been shown to be associated with 
decreased sensitivity of human lymphoma cells to DNA-damaging agents, including 
cisplatin (86), and nuclear immunoreactivity of p53 in ovarian carcinomas has been 
associated with shorter overall survival in at least some studies (e.g., 60). Elevated 
constitutive levels of HSP60 have been observed to correlate with clinical resistance of 
ovarian cancer (87). Modulation of various intracellular signal transduction pathways 
(e.g., those mediated by protein kinase Cor via the epidermal growth factor) may 
also influence sensitivity and resistance to cisplatin (89). Intriguingly, there is also 
evidence suggesting that some forms of resistance to cisplatin may only be operative 
in vivo and may not be apparent in two-dimensional tissue-culture systems (90). 
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In addition to the many platinum analogs currently in clinical trial (see Section 2.), 
including the DACH-containing complexes tetraplatin and oxaliplatin, and lobapla
tin and JM216, which all circumvent cisplatin resistance in at least some (typically 
L1210 leukemia) preclinical models, further analog development is ongoing. Since 
cisplatin and carboplatin both possess symmetrical diammine carrier ligands, our 
efforts in collaboration with chemists at the Johnson Matthey Technology Centre, 
have centered on asymmetric ammine/amine (or mixed amine) platinum complexes 
(e.g., JM216) (see Section 2.1.4.), which may bind to DNA in a different manner to 
that of cisplatin (e.g., to differing sequences of DNA or to produce a differing spec
trum of adducts). Consequently, recognition by the HMG domain damage recognition 
proteins and/or repair proteins might differ. Moreover, in additional efforts to design 
novel platinum complexes which should bind to DNA in a manner distinct from that 
of cisplatin (and carboplatin) we, and others, have pursued the idea of activating the 
trans geometry of platinum complexes (91-93), whereas Farrell and colleagues have 
synthesized a series of novel neutral bis(platinum) complexes where two cis-diammine 
platinum groups are linked by an alkyldiamine of variable length (94). 

The realization that some trans platinum complexes are as active as their cis 
counterparts in vitro and, moreover, for the trans ammine(amine) dichlorodihydroxo 
platinum(IV) complexes, in vivo (92), contravenes the original structure-activity rules 
for platinum complexes based on cis and transplatin (37). Our studies have centered 
on JM335 (trans ammine [cyclohexylamine]dichlorodihydroxo platinum[IV]), which 
is the first transplatinum complex to demonstrate marked in vivo activity against both 
murine (including two acquired cisplatin-resistant models) and human (ovarian car
cinoma) subcutaneous tumors. Other recently reported novel synthetic approaches in
clude the demonstration of in vivo antitumor activity (P388 leukemia) for platinum(ll) 
organoamides, which do not possess a hydrogen substituent on any nitrogen donor 
atom (general formula; Pt(NRCH2)2L2 where R = polyfluorophenyl and L = 
pyridine or substituted pyridine) (95) and for a series of 2-substituted-4,5-bis(amino
methyl)-1 ,3-dioxolane platinum(II) complexes (96). 

3.2.2. DosE INTENSIFICATION OF CISPLATINICARBOPLATIN 

In recent years, attempts have been made to increase the doses of cisplatin admin
istered to patients in the hope of achieving improved response rates. Although the 
renal and gastrointestinal toxicities of cisplatin may be ameliorated through iv hydra
tion and forced diuresis and 5HT3 inhibitor antiemetics, respectively, disabling neuro
toxicity has proven to be dose-limiting (97). Carboplatin may be better suited to such 
studies (especially in combination with hematological support with growth factors) 
(98), since the main toxicities of carboplatin are hematological and dosage calcula
tions based on kidney function are applicable (1 1). However, although a randomized 
trial of high- (100 mg/m2) vs low- (50 mg/m2) dose cisplatin in advanced ovarian 
cancer (both administered with cyclophosphamide every 21 d) has shown a clear sur
vival advantage for the higher dose schedule (99), results with carboplatin (particularly 
for doses producing AUC values higher than 5-7 mg/mL x min) are presently less 
clear (100). Further clinical trials, including comparison of carboplatin AUC values 
of 6 vs 12, are ongoing. Thus, it remains an area of controversy concerning whether 
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increased doses above a certain level will be reflected in improved patient survival. 
Our own data, using a panel of human ovarian carcinoma cell lines, have shown a 
difference in intrinsic cellular sensitivity to carboplatin and cisplatin of 30- and 100-
fold, respectively (101), and, typically, acquired cisplatin-resistant cell lines are 5- to 
10-fold resistant (48,102). Thus, dose escalations of a similar magnitude may be 
necessary in the clinic. In addition, attempts have been made to increase the dose in
tensity of platinum in patients by combining platinum drugs with generally nonover
lapping toxicities (e.g., as recently reported for carboplatin and oxaliplatin [103]). 

3.2.3. MODULATION OF PLATINUM RESISTANCE MECHANISMS 

To date, attempts at the modulation of platinum resistance mechanisms have gen
erally been conducted in preclinical models and have not reached the stage of clinical 
trials. However, a diverse range of agents has shown promise (see 104 for a review), 
and at least some may reach clinical trial in the near future. Examples include mod
ulation at the level of the plasma membrane using the antifungal agent, amphotericin 
B, reduction of GSH levels using buthionine sulfoximine (which is already undergo
ing clinical trial with the nonnephrotoxic bifunctional alkylating agent, melphalan), 
and inhibition of DNA repair using aphidicolin. 

3.2.4. COMBINATIONS WITH 0rHER ANTICANCER AGENTS: PACLITAXEL 

Although the vast majority of currently available anticancer drugs do not exhibit 
significant activity against ovarian tumors that are, or have become, resistant to cis
platin, in recent years, paclitaxel (taxol), a natural tubulin binding taxane extracted 
from the bark of the Pacific Yew, has shown a promising level of activity (105). 
Response rates in the region of 20-300Jo have been reported in platinum refractory 
ovarian cancer; clinical studies combining cisplatin and paclitaxel and, more recently, 
carboplatin and paclitaxel, are also ongoing. 

4. SUMMARY 

While much has been achieved in making platinum-based chemotherapy more 
acceptable to the patient (principally through the introduction of carboplatin) the key 
issue of circumvention of tumor resistance to cisplatin has, disappointingly, met with 
limited clinical success. In particular, the thorough clinical evaluation of platinum 
complexes possessing the DACH ligand appears to be precluded at present owing to 
dose-limiting neurotoxicity. Other attempts to develop analogs to reduce the toxicity 
of cisplatin (e.g., iproplatin, zeniplatin, 254-S) have shown no clear advantages over 
carboplatin. However, laboratory-based studies have shed significant light in recent 
years on the underlying mechanisms by which tumors acquire resistance to cisplatin; 
this should guide the way toward either improved platinum drugs targeted against 
particular mechanisms of resistance or pharmacological modulation of resistance 
mechanisms by nonplatinum drugs. 
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SuMMARY: WHERE Do WE Go FROM HERE? 

1. INTRODUCTION: DAUNORUBICIN AND DOXORUBICIN: 
PROTOTYPICAL ANTHRACYCLINES 

The clinical activity of actinomycin D against Wilm's pediatric kidney tumor and 
choriocarcinoma in the early to mid-1950s resulted in a widespread effort to discover 
other antibiotic substances for potential use in the treatment of malignancies. As a 
result, cancer chemotherapy was altered immeasurably more than 30 years ago by the 
independent discoveries by Grein (1), Dubost (2), and their colleagues of an anthracy
cline antibiotic, derived from a Streptomyces soil mold, with significant experimental 
activity against leukemias. Structurally this intensely red product whose common 
name, daunorubicin, reflects both its Italian (daunomicina) and French (rubidomy
cine) origins, consists of a planar anthraquinone attached to a daunosamine sugar; 
the latter has been shown to stabilize intercalation of the molecule with DNA, which 
for many years was considered to be the principal mechanism of anthracycline action 
(3). Subsequently, although not necessarily through DNA interaction, this structural 
requirement has proven essential for the multiple potential mechanisms of action now 
identified for anthracyclines, including inhibition of DNA topoisomerase I (4) and II 
(5), inhibition of helicases (6), generation of toxic free radicals (7), alteration of mem
brane structure and function (8-10), and endonucleolytic cleavage (11). 

Encouraging early activity data for daunorubicin (12-14) prompted a search for 
other anthracyclines with improved therapeutic activity, a quest that continues to 
the present day. In 1969, DiMarco and colleagues (15) reported that doxorubicin 
(Adriamycin®), a closely related (14-hydroxy) analog of daunorubicin (Fig. 1), pos
sessed superior preclinical activity to daunorubicin, with a broad spectrum of activity 
against leukemias, lymphomas, and solid tumors (16). Notwithstanding more recent 
clinical data supporting daunorubicin activity against a variety of solid tumors (17-19), 
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Fig. 1. Structure of prototypical anthracycline agents, daunorubicin and doxorubicin. 

daunorubicin has become associated more closely with combination chemotherapy of 
leukemia, where it is considered to be less toxic than doxorubicin (20). By contrast, 
doxorubicin is employed not only as a single agent, but also as an important com
ponent of many combination chemotherapy regimens for the treatment of lymphoma, 
breast, and small-cell lung carcinoma, and sarcomas (21). Despite these successes, 
doxorubicin has proven ineffective against many tumors, including colon cancer, 
melanoma, chronic lymphocytic leukemias, CNS tumors, and renal cancer. 

2. LIMITATIONS TO ANTHRACYCLINE THERAPY 

2.1. Toxicities 
In common with most anticancer agents that possess a narrow therapeutic index, 

early reports of anthracycline clinical activity (12-14) documented acute toxicities 
against rapidly dividing cells, e.g., myelosuppression, gastrointestinal toxicity (nausea 
and vomiting), alopecia, and stomatitis. Indeed, leukopenia is the dose-limiting tox
icity with all clinically tested anthracyclines. Of equal importance was the recognition 
of the acute and chronic effects of doxorubicin and daunorubicin on the heart. Elec
trocardiographic changes have been documented during anthracycline administration 
(22), although the significance of these phenomena are equivocal (23,24). However, it 
is the insidious dose-dependent cardiomyopathy produced by these agents that has 
the greatest impact on their clinical utility. Cardiac tissue that, as a result of mito
chondrial multiplicity and low antioxidant levels (25), appears particularly susceptible 
to lipid peroxidation (26), undergoes progressive dose-related irreversible vacuoliza
tion and myocyte necrosis in response to doxorubicin and daunorubicin exposure. 
Correlation of drug exposure with overt signs of congestive heart failure have led to 
the now familiar recommendations of 450-550 mg/m2 being placed on total doxoru
bicin and daunorubicin dose exposure (22,27). However, this "safe" dose may be illu
sory; combination chemotherapy and thoracic irradiation are both known to exacer
bate myocardial damage at lower cumulative anthracycline levels (28); Lipschultz 
and coworkers (29,30) have identified cardiac abnormalities in patients who have 
received total doxorubicin doses as low as 45 mg/m2 • In addition, the aging of large 
numbers of long-term cancer survivors has produced increasing evidence of heart 
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failure many years following doxorubicin or daunorubicin exposure (31-35). Thus, 
the dilemma for the oncologist is how best to administer these highly active antitumor 
agents while at the same time minimizing the potential for the cancer-free patient to 
subsequently succumb to late heart failure. To provide for greater safety in the con
tinued use of daunorubicin and doxorubicin, there has been active research interest 
in the areas of dose schedule optimization, drug formulation, and antioxidant co
administration. 

Despite almost three decades of use, optimal dosage regimens have yet to be fully 
defmed (36,37). In consideration that drug fractionation or drug infusion reduces 
peak plasma anthracycline levels without reducing overall drug exposure (as measured 
by the area under the concentration time curve; AU C), a marked reduction in cardia
toxicity has been reported following weekly (27,38) or 48-96 h doxorubicin infusions 
(39,40). However, in demonstrating a correlation between high peak serum anthracy
cline concentrations and therapeutic response (41-43), others have suggested better 
tumor drug penetration by higher drug levels (38,44-46). Given the wide interpatient 
variability in anthracycline pharmacokinetics and the relatively small number of sub
jects in the studies conducted to date, deValeriola (36) has advocated larger prospec
tive studies to validate these data. 

Although liposomes remain a controversial area, following initial problems with 
physicochemical stability and marked extravasation of liposomes into the reticuloen
dothelial system, their potential value in reducing anthracycline cardiotoxicity has 
not been overlooked (47). Initial experimental studies with liposomal drug encapsu
lation have documented superior activity to the corresponding free agent (48-51). 
Among the number of clinical trials of liposomal encapsulated doxorubicin presently 
under way, significant antitumor activity and reduced toxicity of liposomal daunoru
bicin (DaunoXone®) have been demonstrated against Kaposi's sarcoma (52,53). 
Conversely, liposomal doxorubicin (Lipodox®) produced no evidence of activity 
against advanced renal cell carcinoma (54). The ultimate potential utility of liposomal 
drug formulations must await the outcome of such clinical trials. 

Implication of intracellular free iron in complexing with the planar anthraquinone 
portion of the anthracycline molecule to liberate free radicals and produce cardiomyo
pathy (55) had led to the evaluation of a number of iron-chelating agents, principally 
those related to edetic acid (EDTA), as cardioprotective agents. Dexrazoxane (ICRF-
187; Zinecard®) has undergone the most extensive preclinical and clinical evaluation. 
It has proven effective in reducing experimental free radical generation (56,57) and 
in reducing clinical cardiotoxicity of breast cancer therapy (58-60), although at the 
expense of a slight increase in myelotoxicity. However, the effects of this chelator on 
antitumor efficacy remain equivocal (61,62); for this reason, Zinecard, which has 
recently received FDA approval for use in conjunction with doxorubicin against meta
static breast cancer, is presently limited to use in patients who have already received 
> 300 mg/m2 doxorubicin (63). 

2.2. Drug Resistance 
Inability to achieve cytotoxic drug concentrations in the tumor with consequent 

treatment failure may relate, in part, to pharmacokinetic considerations of drug sanc
tuary or metabolism to inactive products, but more than likely to problems associated 
with the development of cellular drug resistance in subpopulations of tumor cells. 
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Since the first reports of in vitro drug resistance in 1968 (64) and 1970 (65), experi
mental investigation of mammalian cells has highlighted the many ways in which drug 
cytotoxicity can be circumvented. Of the numerous potential resistance mechanisms 
that have been identified, only two, the multidrug resistance (MDR) phenotype and 
the multidrug resistance-associated protein (MRP), have demonstrated some correla
tion with clinical drug resistance. Thus, the well-characterized MDR phenotype, with 
a membrane-associated P-glycoprotein (P-gp) encoded in human cells by the MDR 1 
gene (66,67), confers crossresistance to a broad spectrum of natural product drugs, 
including the anthracyclines. Although distribution of P-gp in secretory cells of the 
kidney, liver, pancreas, jejunum, and colon suggests some physiological role in normal 
tissue, it is now recognized that overexpression of MDR 1 mRNA or P-gp is associated 
with poor prognosis in human tumors, e.g., acute leukemia (68). A further membrane
associated efflux mechanism, the MRP pump, has now been characterized (69, 70) 
with the ability to extrude natural product drugs from the cell against the concentra
tion gradient. Unlike P-gp, whose function can be interrupted by MDR-reversing 
agents, such as verapamil or cyclosporin A, MRP action is not significantly affected 
by these reversing agents (71, 72). In common with P-gp, overexpression of MRP has 
demonstrated some clinical correlation with disease prognosis, e.g., for leukemias 
(73) and neuroblastoma (74). Both of these resistance mechanisms have received 
extensive literature reviews. 

Although these membrane protein pumps confer on the tumor cell the ability to 
reduce intracellular drug concentrations, for anthracyclines there is a further potential 
mechanism of resistance that does not involve drug trafficking, but rather altered 
intracellular topoisomerase I and II enzyme levels. These essential nuclear enzymes, 
which are intimately involved in cell division by controlling the topology of the DNA 
during strand separation and replication, catalyze the relaxation/supercoiling and 
catenation/ decatenation of DNA. In common with a number of anticancer agents, 
such as the epipodophyllotoxins, aniinoacridines, and mitoxantrone, daunorubicin 
and doxorubicin inhibit cell division through formation of stable drug-DNA-topo
isomerase II complexes (75). There is also evidence that some of the morpholinylan
thracycline analogs produce the same effect through an interaction with topoisomerase 
I rather than topoisomerase II. Such agents differ from actinomycin D (Dactino
mycin), which acts against both enzymes, by demonstrating no apparant interaction 
with topoisomerase II. In consequence of these drug-enzyme interactions, the inhibited 
religation of DNA is manifest as protein-associated single- and double-strand breaks 
(76). Resistance to topoisomerase-directed drugs is imparted by a decrease in the 
topoisomerase protein and/or a decline in catalytic activity (77). Although topoiso
merases remain a fertile research area, with extensive literature citation, at the present 
time there is no convincing correlation between altered topoisomerase activity and 
clinical drug resistance. 

Two approaches have been used to circumvent drug resistance clinically, combina
tion chemotherapy, and resistance modifying agents. As noted above, the P-gp 
pump confers crossresistance on the cell, thereby negating combination chemotherapy 
involving other natural product drugs. A number of agents have shown the ability to 
competitively inhibit P-gp activity in vitro; these include steroids, nonimmunosuppres
sive cyclosporin A derivatives, and calcium channel antagonists, such as verapamil. 
Unfortunately, verapamil has itself proven toxic at the clinical levels required for 
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Table 1 
Comparison of Anthracycline Analog 

Clinical Activity with that of Doxorubicin 

Analog 

Older agents 
Carminomycin 
Esorubicin 
Marcellomycin 
Quelamycin 
Rubidizone 

Current agents 
Aclarubicin 
Pirarubicin 
Epirubicin 
Idarubicin 

Clinical findings 

No advantage over doxorubicin 
Inferior to doxorubicin 

Toxicity 
Toxicity 
Toxicity 

No advantage over doxorubicin 
Comparable activity (less myelosuppression) 
Comparable activity (less toxicity) 
Activity data equivocal 
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reversal of drug resistance. Additionally, interaction of calcium channel antagonists 
with cardiotoxicity has been demonstrated experimentally by an increase in doxorubi
cin-induced myocyte damage in neonatal rat myocytes exposed to verapamil (78). 
Clinical trials are presently under way with other resistance modifiers. 

3. NEWER ANTHRACYCLINE DRUG DEVELOPMENT 

Although anthracyclines are of significant clinical utility in chemotherapy, cardio
toxicity and tumor drug insensitivity (natural or acquired) are clearly major impedi
ments to optimal clinical prognosis. Historically, the development of new anthracy
cline antitumor agents has focused primarily on improving the spectrum of clinical 
activity, reducing the cardiotoxicity, and overcoming known mechanisms of clinical 
drug resistance. Approaches to new anthracycline analogs include primarily isolation 
and evaluation of fermentation-derived antibiotic substances and semisynthetic modi
fication of parental antibiotics. Relatively little of clinical utility has come from the 
former approach, the most significant contributions being represented by car
minomycin (Table 1) and aclacinomycin (vide infra). Many more significant leads 
have come from structure-activity relationship studies of synthetically derived pro
ducts. However, despite the considerable promise of this class of antitumor agents 
and the extensive research conducted to date, there have been no new anthracyclines 
yet introduced to the marketplace whose clinical activity is superior to that of doxoru
bicin or daunorubicin. Based on these facts, a recent review article by Weiss (79) 
posed the question, "Will we ever find a better doxorubicin?" 

Of necessity, many of the earlier anthracycline analogs were developed for clinical 
trials at a time when our understanding of drug resistance was in its infancy. Selection 
of potential therapeutic agents was based initially on in vitro activity, usually against 
P388 leukemia cells. Use of such tools failed to provide detailed knowledge of the 
structure-activity relationships of the various analogs relative to drug resistance and, 
as a consequence, many interesting leads may have been overlooked (80). However, 
the field of drug resistance has now matured to the extent that many mammalian cell 
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lines that are drug resistant through a variety of well-defined mechanisms, e.g., cells 
expressing the MDR, MRP, and altered topoisomerase II (at-MDR) phenotypes, are 
now available as research tools. These are proving invaluable in the preclinical evalua
tion of new anthracycline analogs and in a more rigorous evaluation of the structure
activity relationships. 

3.1. The First Wave of Second-Generation Analogs 
Over the 30-yr span since the original discovery of doxorubicin and daunorubicin, 

several dozen anthracycline analogs have achieved the milestone of clinical evaluation 
as a result of promising preclinical studies (Table 1). Consistent with the then prevail
ing mechanistic view for anthracyclines, the earliest analogs were all based on the 
paradigm of avid DNA complexation. In general, these agents failed to show signifi
cant therapeutic advantage over the prototypical antibiotics, and trials with some 
were discontinued. However, as indicated below, several of the agents are currently 
marketed in various regions of the world. These appear to offer comparable anti
tumor activity, but somewhat lesser toxicity than the parental agent; none of them 
has demonstrated any clear therapeutic advantage over doxorubicin, especially against 
anthracycline-resistant tumors. 

3.2. Clinically Approved Analogs 
Aclacinomycin (Aclarubicin®), originally developed in Japan, is presently available 

in France, although studies in the US have failed to demonstrate any therapeutic 
advantage over doxorubicin and daunorubicin (79). Likewise, tetrahydropyranyldoxo
rubicin (Pirarubicin®) is marketed in France and Japan and has undergone clinical 
trials in the U.S. Data for this agent, recently reviewed (81), have demonstrated only 
comparable antitumor activity to doxorubicin. The major difference between them 
appears to be one of lesser acute toxicity (leukopenia, alopecia, nausea, vomiting) 
and, possibly, risk of cardiotoxicity (up to 700 mg/m2) for Pirarubicin. However, 
these differences do not appear to provide a compelling case for further trials of this 
agent in the US. 

4 '-Epidoxorubicin (Epirubicin), presently marketed worldwide with the exception 
of the US, was originally selected on the basis of reduced experimental cardiotoxicity 
compared to doxorubicin (82). Clinical trials with this agent have confirmed that when 
doxorubicin and epirubicin are compared on a equimolar basis, the latter does indeed 
demonstrate less acute and cardiotoxicity (83,84), primarily as a result of pharmaco
kinetic differences between the two agents. Epirubicin has a much faster conversion 
to its 13-carbinol metabolite (4 '-epidoxorubicinol), with extensive glucuronide conju
gation facilitating the excretion process (85). However, when the two agents are com
pared on an equi-myelosuppressive basis, their acute toxicity is comparable (86) and 
epirubicin clearly produces fatal cardiotoxicity (87,88), the cumulative dose limit for 
this agent being 900-1000 mg/m2 (about 9 mo of therapy). Thus, epirubicin shows 
some advantage in terms of toxicity, but in common with many of the clinically ap
proved analogs, its spectrum of clinical activity is not sufficiently different from that 
of doxorubicin that this analog represents an therapeutic advantage against anththra
cycline-insensitive tumors. 

4-Demethoxydaunorubicin (idarubicin; Idamycin® ) is presently the only anthracy
cline analog that is marketed worldwide, being active against leukemias and breast 
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carcinoma both by iv and oral administration, although the latter formulation is not 
marketed in the US. In contrast to daunorubicin and doxorubicin, whose principal 
metabolic products, the respective 13-carbinol species, are less cytotoxic than the 
parental agent, 4-demethoxydaunorubicinol (idarubicinol) has demonstrated equi
potency with idarubicin in cell-culture systems (89). However, this difference does not 
appear to have provided a significant advantage, since idarubicin demonstrates no 
clear-cut advantage over doxorubicin in terms of toxicity (79) or antitumor activity. 
Some iv drug studies demonstrate an advantage, whereas others fail to substantiate 
these findings (90,91). Comparison of oral idarubicin with iv doxorubicin has high
lighted problems of variation in bioavailability (12-490Jo) of oral administered drug 
(92), resulting in lower response rates by this route (93-95). Data on in vitro activity 
against drug-resistant tumors are also equivocal, with some studies showing a lack of 
crossresistance between idarubicin and daunorubicin in MDR leukemic cell lines (96) 
and others finding crossresistance in relapsed tumor samples from children with acute 
lympoblastic leukemia (97). Certainly in clinical trials, idarubicin produced best anti
tumor activity in patients who had not previously received anthracycline therapy (98). 

3.3. Newer Developmental Agents 
If one were to summarize the record of accomplishments of anthracycline analog 

development up to this point, it is clearly one of unfulfilled promise, with the various 
"me too" agents showing only marginal clinical differences from their respective 
parental agents and none clearly demonstrating activity in anthracycline-insensitive or 
resistant tumors. Notwithstanding these disappointments, it has become increasingly 
apparent from structure-activity studies that only minor modifications of the anthra
cycline structure can result not only in inactive agents, but more importantly analogs 
with in vitro activity, not only against MDR tumor cell lines, but also those expressing 
MRP and at-MDR phenotypes. It should also be recognized that minor changes in 
structure can result in differences in the way in which these agents are metabolized 
and eliminated (99). The principal structural modifications have been made on: (1) 
the daunosamine sugar, whose structural features are implicated by many investiga
tors (see Priebe et al. [100]) in DNA and cellular binding and intracellular drug trans
port, and/or (2) substitution at the C-14 position of the chromophore, which affects 
in vitro binding of drug with topoisomerase II, intracellular drug accumulation, and 
possibly intracellular drug targets. 

Additionally, one cannot overlook the possible importance of the quinone structure 
in the anthracycline chromophore to the overall biological activity of such agents. 
Thus, the difference in the pattern of cytotoxicity seen for 5-iminodaunorubicin in the 
NCI's disease-oriented screen compared with doxorubicin is suggestive of a change in 
biological activity for this agent. Based on these data, Acton has proposed structure
activity studies using a series of phenazine-di-N-oxides as models (101); however, this 
worthwhile work is incomplete at present. 

Several thousand analogs have been synthesized to data, and new ones appear with 
regularity in the scientific literature. As Acton (101) noted, "it has always been easier 
to find active analogues than to choose among them." For the sake of expediency 
then, we will consider only selected novel analogs that have either reached clinical 
trials or are in late-stage preclinical development and for which a considerable body 
of scientific data therefore exists. It is important to note that although these agents 
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Fig. 2. Structures of anthracycline analogs in early clinical trials or advanced preclinical development. 

are representative of the various types of modification that have been investigated, 
there may be other analogs from each group under active investigation around the 
world. Thus, the selected agents include: some of the morpholinyl-anthracycline deriv
atives that appear to possess different nuclear targets and to require metabolic activa
tion for their full biological effect; the lipophilic N-alkyl- and N-acyl-analogs AD 32 
and AD 198, which appear to possess novel mechanistic properties, in part unrelated 
to a topoisomerase 11-directed target; two halogenated, deaminated topoisomerase 11-
directed analogs ME2303 and Annamycin; and the dual-mechanistic hybrid anthracy
cline-nitrosourea, AD 312. Chemical structures for all of these agents are to be found 
in Figs. 2 and 3. 

3.3.1. MoRPHOLINYL ANTHRACYCLINES: MX2 

With the exception of studies with liposomally formulated daunorubicin and doxo
rubicin, there are currently no clinical trials of systemic anthracycline therapy in the 
US. However, a number of interesting morpholinyl analogs have been synthesized; 
some of these are currently undergoing clinical trials in Japan (102). This group of 
agents has arisen, in part, from the initial observations by Acton and colleagues 
(103,104) that cyclo-alkylation of the amino nitrogen on the daunosamine sugar, to 
reduce the basicity of the nitrogen and avoid P-gp-mediated efflux, dramatically 
increases antitumor activity (Fig. 2). Subsequently, a large number of analogs have 
been synthesized to investigate the effects of substitution on the morpholine ring. 
These efforts have yielded analogs that, in general, are 10-1000 times more potent 
than doxorubicin, in vitro. Of these, cyanomorpholinyl provided the most notable 
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Fig. 3. Structure of the novel hydrid anthracycline-alkylator N-(2-chloroethyl)-N-nitrosoureidodauno
rubicin (AD 312). 

increase in biological activity with no evidence of either cardiotoxicity or crossresistance 
to doxorubicin (103,105,106). Unlike parental doxorubicin, methoxymorpholinyl-, 
morpholinyl- and cyanomorpholinyldoxorubicin all undergo covalent binding, pro
ducing DNA crosslinking in cells with an active metabolism, the last analog yielding 
cyanide in the process (107). This metabolically dependent DNA interaction, for 
which an intact morpholine ring structure appears critical, is considered the explana
tion for th~ir greater antitumor activity vs doxorubicin in vivo, relative to in vitro 
studies (108-110). As noted earlier, mechanistic differences are evident between the 
actions of morpholinyl-doxorubicin and doxorubicin on topoisomerase (Table 2). 
Whereas doxorubicin produces protein-associated double-strand breaks in DNA, 
morpholinyl-doxorubicin yields only single-strand breaks (111). Subsequently, pro
blems with the stability of the cyanomorpholinyl analog appear to have precluded its 
further development as a clinical agent. However, morpho line substitution remains 
an active area of interest; a number of analogs, e.g., MX2 and Ro31-3294, that incor
porate this substituent have been investigated and have proven capable of circum
venting P-gp resistance, at least in cell-culture systems. MX2 has reached the stage of 
clinical evaluation. 

3 1 -Deamino-3 1 -morpholinyl-13-deoxo-10-hydroxycarminomycin (MX2) is presently 
in clinical trials in Japan against brain tumors, leukemias, lymphomas, and breast 
cancer. Preclinical data show that MX2, which is more lipophilic than doxorubicin or 
daunorubicin, has activity against implanted carcinomas and is effective against a 
doxorubicin-resistant P388 leukemia line in vitro and in vivo (112). This differs from 
the only partial effectiveness reported for the morpholinyldoxorubicin analog against 
such cells (113). Of potential significance, MX2 is orally active against P388leukemia 
at serum levels comparable to those produced by iv drug administration; it also has 
some activity in an intracerebrally implanted L1210 leukemia model (114). The major 
dose-limiting toxicity of MX2 is myelosuppression, comparable to that of doxorubi
cin (112), although lower cardiotoxicity has been observed in a rabbit cardiotoxicity 
model (1 12). In escalating dose Phase I trials (1.5-54 mg/m2 , total dose), neutropenia 
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and thrombocytopenia were evident as the dose-limiting toxicities (102); no objective 
responses were seen. 

Despite these encouraging data, questions have been raised regarding the potential 
therapeutic variability of such drugs as the morpholinyl-anthracyclines, which rely, in 
part, on metabolic activation by cytochrome P450 enzymes for their full biological 
activity (46). If expression of this family of enzymes is as variable in tumors as it is in 
normal tissue, such as liver, this would predict potentially yet a further form of (partial) 
resistance to this type of agent. The full implications of this process for morpholinyl 
analogs must await clinical evaluation. 

3.3.2. N-ACYL-ANALOGS: AD 32 
A change in the basicity of the daunosamine nitrogen has also been effected by 

3 '-N-acyl substituents. However, simple N-acyl substituents on daunorubicin or 
doxorubicin, e.g., acetate, propionate, and so forth, are easily cleaved enzymatically 
and, as a consequence, such substituted antracyclines simply serve as prodrugs of the 
parent antibiotics. As discussed below, however, trifluoroacetylation yields a stable 
amide bond and results in an agent with remarkably different pharmacologic proper
ties compared with doxorubicin. Various acyl substituents on the 14-carbinol moiety 
of trifluoracetylated anthracyclines have also been examined with a view to improving 
drug lipophilicity and more effective drug cell penetration. One such analog of current 
clinical interest is N-trifluoroacetyladriamycin-14-valerate (AD 32). 

AD 32 differs from doxorubicin in having a five-carbon aliphatic ester at the 14-
carbinol position and a trifluoroacetyl substitution on the glycosidic amino group. As 
a result of high lipid solubility, AD 32 rapidly traverses cell membranes, and drug
associated fluorescence accumulates in the cytoplasm, whereas doxorubicin is trans
ported slowly into cells and becomes localized in nuclei and on chromosomes (115,116). 
AD 32 does not intercalate or bind to DNA by any other mechanism (117), long con
sidered to be the principal mechanistic basis of cytotoxicity for anthracyclines. Thus, 
doxorubicin inhibits primarily DNA synthesis, whereas AD 32, despite a failure to 
complex with DNA, produces rapid inhibition of both DNA and RNA synthesis. 
Extensive studies have shown unequivocally that AD 32 does not serve as a doxorubi
cin prodrug. Furthermore, although extensively metabolized, neither can the biological 
activity of AD 32 be ascribed simply to a biotransformation product. Thus, whereas 
doxorubicin is a potent intercalator of DNA and an inhibitor of topoisomerase II 
(Table 3), AD 41 (N-trifluoroacetyladriamycin), the principal (in vitro and in vivo) 
biotransformation product of AD 32, undergoes only a minor degree of DNA inter
calation and comparatively low inhibition of topoisomerase II activity (118). AD 32 is 
superior to doxorubicin in a broad range of rodent leukemia and solid tumor models 
with respect to both antitumor activity and degree of toxicity (119-121). In Lewis 
lung tumor-bearing animals, AD 32 persists in tumor tissue for a longer time than 
doxorubicin; this selectivity could result in greater exposure of tumor tissue to the 
drug or its active metabolites (119). Based on clinical studies of systemically adminis
tered drug conducted at the Dana-Farber Cancer Institute, this drug is well tolerated 
at doses up to 600 mg/m2 , with leukopenia and thrombocytopenia being the dose
limiting toxicities (122-125). Overall the toxicity profile of AD 32 in these earlier 
clinical studies showed several significant advantages over that of doxorubicin: no 
cardiotoxicity was observed, even at cumulative dose levels of 16.5 g/m2 ; no contact 



T
ab

le
 3

 
T

he
 E

ff
ec

ts
 o

f 
3 

1 -
N

-A
cy

l 
an

d 
3 

1 -
N

-A
lk

yl
 S

ub
st

it
ut

io
n 

o
n

 t
he

 B
io

lo
gi

ca
l 

A
ct

iv
ity

 
an

d 
D

N
A

/T
op

oi
so

m
er

as
e 

D
 I

nt
er

ac
ti

on
s 

o
f 

Se
le

ct
ed

 A
nt

hr
ac

yc
li

ne
 A

na
lo

gs
 a

nd
 T

he
ir

 P
ri

nc
ip

al
 B

io
tr

an
sf

on
na

ti
on

 P
ro

du
ct

s 

A
ct

iv
it

y 
D

N
A

 
T

op
oi

so
m

er
as

e 
II

-
A

nt
hr

ac
yc

li
ne

 a
na

lo
g,

 a
bb

re
vi

at
io

n 
In

 v
iv

oa
 

In
 v

itr
ob

 
in

te
rc

al
at

io
nc

 
m

ed
ia

te
d 

cl
ea

va
ge

d 

D
ox

or
ub

ic
in

 
+

+
 

+
+

+
 

+
+

+
 

+
+

+
 

D
au

no
ru

bi
ci

n 
+

+
 

+
+

+
 

+
+

+
 

+
+

+
 

4 
1 -

E
pi

-d
ox

or
ub

ic
in

 (
E

pi
ru

bi
ci

n)
 

+
+

 
+

+
+

 
+

+
+

 
+

+
+

 
3 

1 -N
-A

cy
l 

su
bs

ti
tu

te
d 

an
al

og
s 

N
-T

ri
fl

uo
ro

ac
et

yl
ad

ri
am

yc
in

-1
4-

va
le

ra
te

 (
A

D
 3

2)
 

+
+

+
 

+
+

 
0 

0 
N

-T
ri

fl
uo

ro
ac

et
yl

ad
ri

am
yc

in
 (

A
D

 4
1)

 
+

+
+

 
+

+
 

+
 

+
 

3 
1 -N

-A
lk

yl
 s

ub
st

it
ut

ed
 a

na
lo

gs
 

N
-B

en
zy

la
dr

ia
m

yc
in

-1
4-

va
le

ra
te

 (
A

D
 1

98
) 

+
+

+
 

+
+

 
+

+
 

0 
N

-B
en

zy
la

dr
ia

m
yc

in
 (

A
D

 2
88

) 
+

 
+

+
 

+
+

+
 

0 

0
In

 v
iv

o 
ac

tiv
iti

es
 (

pe
rc

en
ta

ge
 i

nc
re

as
e 

in
 l

if
e-

sp
an

) 
w

er
e 

co
m

pa
re

d 
ag

ai
ns

t 
P3

88
 c

el
ls

 a
t 

th
e 

re
sp

ec
tiv

e 
op

ti
m

al
 d

ru
g 

do
se

s.
 

bi
n 

vi
tr

o 
ac

tiv
iti

es
 (

L
D

,o
 a

nd
 L

D
oo

) 
w

er
e 

co
m

pa
re

d 
ag

ai
ns

t 
C

E
M

 a
nd

 L
12

10
 c

el
ls

 b
y 

gr
ow

th
 i

nh
ib

it
io

n 
an

d 
cl

on
og

en
ic

 a
ss

ay
s,

 r
es

pe
ct

iv
el

y.
 

c 
D

N
A

 in
te

rc
al

at
io

n 
w

as
 a

ss
es

se
d 

by
 re

la
xa

ti
on

 o
f F

or
m

 l
pC

15
 D

N
A

 b
y 

to
po

is
om

er
as

e 
I 

in
 t

he
 p

re
se

nc
e 

o
f v

ar
io

us
 c

on
ce

nt
ra

ti
on

s 
o

f t
he

 te
st

 
an

al
og

s.
 

dP
la

sm
id

 D
N

A
 in

 a
 c

el
l-

fr
ee

 s
ys

te
m

 w
as

 u
se

d 
to

 c
om

pa
re

 d
ru

g-
in

du
ce

d 
to

po
is

om
er

as
e 

11
-m

ed
ia

te
d 

D
N

A
 c

le
av

ag
e.

 

1
-'

 
N

 
~
 

;;p '"
t .... -..._ (
)
 

~
 s. 0 >< r;·
 

&'
 

(1
) ::s .....
 "' 



Chapter 5 I Anthracyclines 125 

toxicity was evident during inadvertent paravenous extravasation; and less gastroin
testinal irritation and alopecia were produced. These initial studies also documented 
clinical activity against several different tumor types (124). 

Based on the penetrant qualities of AD 32 and, for an anthracycline-type drug, a 
remarkable absence of cardio- and contact-toxicity, the potential utility of this drug 
as an intracavitary agent has been pursued. Initial evaluation of AD 32 administration 
by topical application was undertaken using the intravesical (ive) route (125-128), 
with a view toward managing superficial bladder carcinoma. Based on these findings, 
AD 32 progressed to Phase I clinical trials of ive drug instillation in patients with 
superficial bladder cancer. Clinical pharmacologic monitoring shows comparable 
negligible systemic drug pharmacology to that observed in the animal model, con
sistent with a lack of systemic toxicity (129). Presently, complete responses have been 
sustained (mean followup = 2 yr) in 8/32 previously heavily treated patients who pre
sented with recurrent tumor (130). Phase II/III studies of AD 32 ive for treatment of 
BCG-refractory carcinoma in situ are currently ongoing. In addition, Phase I studies 
of ive AD 32 employed in an adjunctive role to prevent reseeding of tumor, immedi
ately following transurethral resection, are now under way with appropriate clinical 
pharmacology monitoring. Clinical studies with ive AD 32 are in progress as a neo
adjuvant approach to the treatment of Stage Ta/Tl papillary disease. The potential 
role of ive AD 32 in the treatment of muscle-invasive (Stage T 2) bladder cancer is cur
rently under active consideration. 

The potential use of AD 32 as an intraperitoneal (ip) agent against ovarian carcin
oma has also been examined in preclinical studies, wherein ip instillation (q 14 d x 3) 
of AD 32 at concentrations up to 900 mg/m2 in rats produced no evidence of inflam
matory response, contact toxicity, or peritonitis (131), whereas parallel metabolic 
studies indicated a pharmacokinetic advantage for drug administration by this route 
(132). These data have been confirmed in a Phase I trial of ip AD 32 involving dose 
escalation up to the maximally tolerated dose of 600 mg/m2 (133). Normalization 
of CA-125 antigen levels was evident in 260Jo of patients, and elimination or control 
of peritoneal ascites was accomplished in 44% of subjects, brief neutropenia being 
the dose-limiting toxicity. Additional clinical studies of ip AD 32 are now begin
ning. Experimental studies have now expanded into other topical applications for 
AD 32, including intrapleural (134), intraprostatic (135,136), and more recently, 
intralesional injection for tumors of the oral cavity and intraventricular administra
tion for brain tumors. 

3.3.3. N-ALKYL ANALOGS: AD 198 

In addition to circumventing P-gp-mediated drug efflux, alkylation at the basic 
nitrogen site on the anthracycline daunosamine sugar can also modulate the ability of 
a drug to interact with topoisomerases and to intercalate DNA. A novel anthracycline 
analog representative of this structural change currently under development is N-ben
zyladriamycin-14-valerate (AD 198), which additionally contains the same lipophilic 
acyl substituent at the 14-carbinol position as seen in AD 32. Thus, this highly lipo
philic adriamycin analog combines superior antitumor activity relative to doxorubicin 
in several syngeneic tumor models (Table 3) with significantly lower systemic toxicity 
(137,138). Furthermore, AD 198 demonstrates the ability to bypass multiple mechan
isms of drug resistance, not only in vitro, but in vivo, as well. For example, against 
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a resistant subline of B16 melanoma totally unresponsive to doxorubicin, AD 198 
remains as effective as against the parent sensitive line (138). N-Benzyladriamycin 
(AD 288) is the principal biotransformation product formed from AD 198, both in 
vitro and in vivo, with lower levels of N-benzyladriamycinol (AD 298) also being seen. 
Although AD 288 is more cytotoxic than doxorubicin in vitro, this agent, when given 
directly, is significantly less effective than AD 198 against P388 and L1210 leukemias 
in vivo (137,139). In vitro differences between AD 198 and doxorubicin include: irre
versible G2/M blockade of the cell cycle (140); a weaker binding with isolated purified 
DNA (138, 141 ); production of DNA strand breaks on alkaline elution assays, despite 
an inability to inhibit isolated mammalian DNA topoisomerase II (142); potent mem
brane lytic activity (138); rapid and extensive drug accumulation and high retention in 
both sensitive and resistant cell lines (139, 143, 144); and lack of crossresistance in 
MDR phenotypic, as well as "atypical" (topo Il-mutant) cell lines (139,145,146). 

Although the mechanism(s) by which AD 198 exerts its cytotoxicity remains to be 
fully elucidated, it is clear that the overall effect contains both a nuclear and a cyto
plasmic component, the latter occurring as a result of biotransformation. In this 
regard, a series of studies examining the cellular actions of AD 198 have highlighted 
the concept that anthracycline metabolites can be distinct from their parental agents 
both in the mechanism(s) of cytotoxicity and potential cellular resistance. Thus, 
AD 288, the major biotransformation product of AD 198, localizes in the nucleus an 
shows comparable DNA intercalation to that of doxorubicin, but is without activity 
against topoisomerase II, at least in isolated systems (Table 3). By contrast, AD 198, 
which is also without activity against isolated topoisomerase II, does not enter the 
nuclei of intact cells, but localizes in the perinuclear region of the cytoplasm in a punc
tate pattern suggestive of lysosomal/mitochondrial distribution (147). Cells expressing 
either the MDR or at-MDR phenotypes are crossresistant to AD 288. However they 
are sensitive to AD 198. Mouse macrophage-like 1774.2 and P388 AD 198-resistant 
sublines, produced through selective (AD 198) pressure, independently express the 
mdr-1b isoform of P-gp as a result of the metabolic conversion of AD 198 to 
AD 288 under the selective conditions used; modified conditions of high concentration
short duration exposure do not result in P-gp overexpression. 1774.2 AD 198-resistant 
variants show no change in topoisomerase II activity, based on the P4 DNA unwinding 
assay, an unsurprising result since AD 198 does not appear to interact with this enzyme. 
Additionally, no increased levels of glutathione-S-transferase activity and no differ
ence in total cytoplasmic AD 198 accumulation are found when compared to parental 
cells (148). Reversal of AD 198 resistance by verapamil in the absence of changes in 
drug efflux suggests that resistance to this novel lipophilic anthracycline may be related 
to changes in intracellular drug compartmentalization, possibly into phagosomes that 
are abundant in macrophages. AD 198 has clearly demonstrated membrane perturba
tion effects, both in terms of structural integrity and, at minimally cytotoxic doses, in 
synergizing the cytotoxic effects of nuclear directed drugs, such as doxorubicin (149). 
Whether the effects of this highly lipophilic agent are nonspecific "detergent-like" or 
have targets within the membrane remains to be established, as does the apparent 
unique resistance mechanism seen in the mouse macrophage-like cell line. 

Thus, AD 198 has proven capable of circumventing the clinically significant forms 
of drug resistance, and it appears to produce cytotoxicity, in part, through a novel 
mechanism. Based on its absence of cardiotoxicity, lower systemic toxicity when com-
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pared with doxorubicin, superior antitumor activity seen in appropriate models, and 
its proven ability to circumvent mechanisms of drug resistance, AD 198 is expected 
soon to enter Phase I clinical trials in the U.S. Recent studies have demonstrated the 
ability of AD 198 to accumulate and persist at high concentration in rat lung tissue 
following iv administration (150). Such drug concentrations, in excess of the LD9o for 
AD 198 against a panel of human lung carcinoma cell lines (clonogenic assay; 3-h' 
drug exposure}, suggest the potential for lung tumor-directed therapy with this agent. 

3.3.4. 3'-DEAMINOANTHRACYCLINES: ME2303 AND ANNAMYCIN 

It is now evident from a number of different types of anthracycline analogs that 
substrate specificity for the P-gp-mediated efflux pump is, in part, dependent on the 
basicity of the C-3 1 nitrogen on the daunosamine sugar, but that neither loss of 
charge at this position nor extreme lipophilicity of the drug molecule alone necessarily 
circumvents resistance in MDR cells (151). As an alternative to the N-substituted 
analogs like the morpholinyl-anthracyclines or AD 32 and AD 198, modulation of the 
basicity at this position has also been accomplished by a number of 3 1 -OH analogs. 
In addition, halogens, such as fluorine or iodine at the C-2 1 position, show electron
withdrawing properties, which assist in stabilizing the glycosidic bond. Two such 
analogs, having a C-3 1 hydroxyl substitution and a halogen at the C-2 1 position, have 
undergone extensive preclinical/clinical evaluation. 

2 1 -Fluoro-3 1 -hydroxyldoxorubicin-14-pimelate (ME2303) is one of a series of 
such substituted analogs (152), in this instance, a pimelate on the C-14 position func
tions to increase solubility (Fig. 1). ME2303 is superior to doxorubicin in vitro against 
a panel of resistant human and murine tumor cell lines (153). In vivo, ME2303 is effec
tive by iv and ip administration against P388 leukemia and iv against colon carcinoma, 
Lewis lung carcinoma, and M5076 melanoma. Partial activity was also claimed in 
vivo against a doxorubicin-resistant P388 subline (153). Entry of this compound into 
Phase II clinical trials in Japan has been reported (79), although subsequent literature 
reports are lacking. 

Substantial differences between 3 1 -deamino-4 1 -epi-3 1 -hydroxy-2 1 -iodo-4-demeth
oxyadriamycin (Annamycin) and ME2303 include an iodine rather than a fluorine 
on the C-2 1 position, epimerization of the C-4 1 hydroxyl function, and demethoxyla
tion at C-4. These factors provide for increased drug lipophilicity and improved 
liposomal drug entrapment. Priebe and Perez-Soler have called these two factors, 
modification of the anthracycline structure to allow both circumvention of P-gp and 
easy packaging in liposomes for improved drug delivery, the "double advantage" 
(154). In vitro, liposomal Annamycin (L-Anna) has comparable potency to doxorubi
cin against sensitive P388, CEM, and KB-3-1 cells, but is more effective than doxoru
bicin against doxorubicin-resistant sublines (80). Uptake of L-Anna in these lines is 
less than for the sensitive cells, but is unaffected by inhibitors of P-gp, such as verapa
mil or cyclosporin A. Anthracycline concentrations in Annamycin-dosed mice bear
ing B16 melanomas are consistently higher than for doxorubicin-treated animals, 
especially in tumor and lung (155). Activity of Annamycin in vivo is related to the 
liposomal formulation used, with small unilamellar vesicles producing greater sur
vival (74-950Jo) than L-Anna (63-730Jo) or Annamycin (39-45%) against Lewis lung 
carcinoma, M5076 reticulosarcoma, and KB-3-1 and KB-V1 human tumor xenografts 
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(156). Based on these data and a positive evaluation in preclinical toxicity studies, 
liposomal Annamycin has recently entered Phase I clinical trials in the US. 

3.3.5. NOVEL HYBRID .ANTHRACYCLINES: AD 312 

N-(2-Chloroethyl)-N-nitrosoureidodaunorubicin (AD 312) combines within the 
molecule two structural features that are associated with antitumor efficacy, the anthra
cycline structure, which provides for DNA intercalation and protein-associated DNA 
strand breaks through an interaction with topoisomerase II, and a nitrosourea alky
lating moiety, as in drugs like lomustine (CCNU) and carmustine (BCNU), to inhibit 
DNA synthesis and repair (118, 157). Animal studies have confirmed the ability of the 
AD 312 molecule to distribute into tissues following iv administration (158). Gluta
thione conjugates characteristic of a nitrosourea alkylating agent are evident in rat 
urine following AD 312 administration (159); additionally, the functionality of DNA 
alkylation by AD 312 has been confirmed by in vitro assay (157). The relative lack of 
toxicity of AD 312 vs doxorubicin is evident in the Bertazzoli mouse model (160), 
wherein AD 312 at 5x the doxorubicin dose produces only minimal evidence of cardio
toxicity compared to the extensive cardiomyopathy seen with doxorubicin (161). 

AD 312 is active in vitro against sensitive and doxorubicin-resistant P388 cells. In 
vivo, AD 312 is 1000Jo curative of disease against parental or doxorubicin-resistant 
P388 leukemia cell lines, with single, multiple, and even following delayed treatment 
(157). AD 312 activity in the P388 doxorubicin-resistant subline, which has reduced 
levels of topoisomerase II enzyme (146), may be partly attributed to the nitrosourea 
portion of the molecule; the doxorubicin-resistant P388 subline is known to retain 
sensitivity to alkylating agents (162). Additionally, AD 312 shows significant activity 
against a P388 subline made resistant to BCNU. Significantly, the activity of AD 312 
in this model is markedly superior to that of doxorubicin, daunorubicin, or admix
tures of daunorubicin and BCNU or CCNU (163,164), and is effective at doses that 
are not associated with significant bone marrow suppression, the latter observation 
being remarkable for an agent than incorporates two normally potent hematotoxic 
moieties. Human xenograft studies have revealed AD 312 to possess markedly 
superior activity against doxorubicin-resistant ovarian (A2780/DOX5) and doxorubi
cin-insensitive advanced bladder (UCRU-BL13) carcinoma lines (165). Against the 
A549 human lung tumor model, AD 312 shows superior activity (56-> 80 d tumor 
growth delay) compared to doxorubicin or cisplatin (165). Activity against lung tumors 
is further confirmed in the aggressive FCCL-8 human-derived tumor model, wherein 
AD 312 produces dramatic tumor regression at all dose levels tested (27-40.8 mg/kg); 
doxorubicin is without significant effect in this assay (166). These finding and the 
apparent persistence of AD 312 in lung tissue following iv administration {158) suggest 
that AD 312 may have clinical utility against human lung carcinoma, in addition to 
other drug-refractory tumor types. Based on these data, the novel hydrid drug 
AD 312 is anticipated to enter clinical trials in the US soon. 

4. SUMMARY: WHERE DO WE GO FROM HERE? 

Despite the considerable toxicity problems associated with anthracyclines, con
tinued use of such agents as front-line tumor therapy is testimony to their effective
ness relative to other chemotherapeutics. With the passage of time, there has neces-
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sarily been a greater understanding of the processes involved in cardiotoxicity, and 
the use of cardioprotective agents, such as Dezrazoxane, offers the hope that this life
threatening side effect will ultimately be therapeutically controllable. Nevertheless, 
the emergence of drug-resistant cell populations, through mechanisms that we now 
recognize as potentially being infinitely more complex than simple overexpression of a 
P-gp membrane pump, remains as the greatest hurdle for improved anthracycline 
chemotherapy. All of the various anthracycline analogs outlined above appear, at 
least in experimental systems, to have potential for improved chemotherapy by their 
ability to circumvent some experimental resistance mechanisms; their ultimate test 
will come in the clinical trials where so many earlier aspirations have fallen short. 
However, the collective knowledge gained from these earlier disappointments, coupled 
with the many structure-activity studies that have now been conducted and the greater 
sophistication of current laboratory techniques, predicts a brighter future in anthra
cycline research. As outlined above, our capacity to control both cellular drug trans
port and lethal targets is at hand. Combination of one or more relatively nontoxic 
anthracyclines with different cellular target sites into a drug "cocktail" and/or for
mulation of drugs in liposomes may ultimately yield a better therapeutic result than 
our current concepts of anthracycline therapy. Conversely, the potential exists for 
"dual mechanistic" drugs that either combine two distinct antitumorals into one 
molecule or are structurally configured such that on biotransformation, they liberate 
a product with a different mechanism of action and cellular target site. An obvious 
need for improved anthracycline antitumor drugs remains. In answer to Weiss' ques
tion, "Will we ever find a better doxorubicin?" we believe the answer is yes, but 
probably not in terms of a major new systemic entity with a wide spectrum of activity, 
but rather for well-prescribed indications based on clear pharmacologic rationales 
and appropriate pharmacokinetic support. 
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1. INTRODUCTION 

The helical structure of DNA was proposed in 1953 by Watson and Crick (1). 
Twelve years later, Vinograd and collaborators (2-4) found that the helix axis can 
also be coiled in circular DNA. This structure was called supercoiling. This finding 
was extended to linear DNA by Pettijohn and others (5-8). It is now known that 
practically all DNA in vivo is supercoiled (9). Because most of the functions of DNA 
require untwisting, the importance of the enzymes required for this is self -evident. 
The first such enzyme identified was called the protein~ (10). It is now called topo
isomerase I (topl) because in untwisting the supercoiled DNA, it breaks only one of 
the two strands, whereas topoisomerase II (top2), initially called gyrase, breaks both. 
Topoisomerase type I enzymes are ubiquitous, having been found in every prokary
otic or eukaryotic cells investigated so far with the exception of sea urchin sperm (JJ). 

Eurkaryotic Topo I enzymes show extensive homology among themselves and form 
a group distinct from the bacterial topoisomerases I (12). Topoisomerase I inhibition 
became an important topic in cancer chemotherapy through the finding that Campto
thecin (CAM), an alkaloid of plant origin, is the best known inhibitor of topl and 
also a very potent anticancer agent. CAM is contained in a Chinese tree, Camp
totheca acuminata. During a systemic search for natural anticancer products in 
plants, an alcoholic extract from such plant demonstrated high activity against L1210 
mouse leukemia. Wall, who had supplied the alcoholic extract, proceeded to identify 
the active constituent of it (13, 14) and called it Camptothecin. CAM rapidly reached 
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clinical testing (15-19). Unfortunately, in order to render the compound hydrosolu
ble, the sodium salt of CAM was prepared and used exclusively for iv injection in the 
clinical trials. Such sodium salt, which is produced by opening the lactone E ring of 
the CAM molecule, is practically devoided of anticancer activity (14,20). Nor surpris
ingly, the clinical trials resulted in failure and were abandoned. Contemporary with 
the clinical trials, research demonstrated that CAM inhibited DNA and RNA syn
thesis, and caused DNA fragmentation in cultured mammalian cells (21-28). Some
time afterward, in the late 1980s, the mechanism of action of CAM started to be 
clarified. Topoisomerase I was identified as the primary target of CAM (29,30) and 
of its derivatives (31,32). Top1, in order to act, has first to form a complex with DNA 
and then rolls along the DNA molecule releasing the supercoiling. At any moment, 
there is on one side of the top1 a portion of DNA still supercoiled and on the other 
another portion uncoiled. CAM and derivatives stabilize and prolong this situation 
(33), rendering the cleavable complex (DNA + top1 + CAM) vulnerable to degrada
tion by other nucleases that first produce reversible, and then irreversible, DNA 
damage (34-37). In effect, cells in the S phase are about 1000 times more sensitive to 
CAM than cells in other phases of the cell cycle (38). Working on the premise that 
CAM and its derivatives are cytotoxic, by stabilizing the DNA-top1 complex and 
finding higher content of top 1 in colon carcinomas than in the normal colon mucosa 
in 1989, Giovanella et al. (39) successfully treated xenografts of human colon cancer 
in nude mice with two water-insoluble CAM derivatives (9-amino,20[RS]Camptothe
cin-9AC and 10-11-Methylene-dioxy,20[RS]Camptothecin). These results were rapidly 
confirmed and extended to other malignancies (20,40). It was established that only 
the S form of these compounds is active. At about the same time, two water-soluble, 
but close lactone ring CAM derivatives were also developed, CPT-11 (Irinotecan) (41) 
and Hycamptamin (Topotecan) (42). Both these drugs were introduced into clinical 
research (43,44), as were the nonidrosoluble CAM and 9AC. Let us examine in detail 
the characteristics of the four camptothecin drugs that have reached clinical trials. 

1. 20(S)-Camptothecin (NSC 94600)-CAM 

CAM, the mother compound of this family, is contained in different parts of 
several plants, C. acuminata, Mappia Foetida, and so forth, and it is extracted from 
them by organic solvents. Chemically, CAM is 4-Ethyl-4-Hydroxy-1H-pyrano-[3 ', 
4':6,7]Indolizino[1,2-b]Quinoline-3,14 (4H,12H)-Dione: 

H 
I 

0 

It has a mol wt of 348, and is water-insoluble, and poorly soluble in alcohols and 
chloroform. It is, however, readily dissolved in sodium hydroxyde with opening of 
the lactone ring and formation of the sodium salt. 

CAM is highly fluorescent and can be detected by fluorescence in nanogram quan
tities. Several syntheses of CAM have been described (45-53), but none of them has 
been used so far for industrial production. Availability, however, is good because the 
plants from which it is extracted, first among them C. acuminata, grow abundantly 
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and rapidly in tropical and semitropical climates. Extraction is relatively easy and sim
ple, using several solvents. Interest in these compounds was raised first by the finding 
of antitumor activities in such extracts (54-56), and CAM was the first of them to be 
identified and isolated (13,14). After the failure of clinical trials owing to the 
mistaken belief that the sodium salt of CAM possesses the same anticancer activity as 
the mother compound-whereas it contains only about 1007o of the same (14,20)
CAM remained unused for 20 years. After the finding in 1989 of the high antitumor 
activities of some of its nonwater-soluble derivatives, CAM itself was tested against 
xenografts of human tumors and found to be very active (20). Extensive toxicological 
and pharmacological studies in mice, dogs, and pigs determined that this compound 
is relatively well tolerated with a primary toxicity consisting of inflammatory ileitis 
totally reversible after treatment cessation (Giovanella et al., unpublished results). 
Secondary myelosuppression has also been observed under strenuous treatment in 
dogs. CAM was active when administered im, sc, and orally. It proved largely ineffec
tive when administered iv by bolus injection (Giovanella et al., unpublished results). 
Because of its intense fluorescence, CAM can be easily detected in biological fluids in 
nanogram quantities. CAM is excreted mostly through the bile and feces, although a 
substantial amount is also eliminated in the urine. Plasma levels of CAM have dif
ferent profiles according to the route of administration. Intramuscular injection sup
plies the most sustained levels, and oral administration give much shorter profiles. In 
mice, to maintain the same plasma levels, CAM was administered twice weekly im 
and daily orally (same dose). Phase I clinical trials of CAM were conducted at the 
Stehlin Foundation in Houston, Texas (57). Fifty-two patients were enrolled in the 
study. Thirteen of them had colon cancer, eight breast, seven melanoma, five lung, 
five prostate, three pancreas, two myeloma, two sarcoma, and one each of liver, 
kidney, larynx, rectum, cholahgiole cancer, Hodgkin's lymphoma, and non-Hodgkin's 
lymphoma. All of them had advanced disease refractory to available therapy. The 
schedule used was daily administration of oral CAM in gelatin capsule for 3 wk 
followed by 1 wk of rest, 3 wk of treatment, 1 wk of rest, and so on. Initial dose was 
0.3 mg/m2 escalated following a Fibonacci progression (58-60). Toxicity generally 
manifested itself around doses of 8-10 mg/m2 , and consisted mostly of diarrhea 
(40% of patients) and some episodes of cystitis (17% of patients). Significant drops 
of leukocyte counts were observed in only two cases, both of whom were heavily pre
treated with other chemotherapies. All toxicities were totally reversible. The general 
policy has been of suspending treatment until normalization of patient condition and 
then restart of treatment at the lower dose level (toxicity observed at level 10, treat
ment restarted at level 9). With these precautions, the treatment has been well 
tolerated. The maximum tolerated dose (MTD) was established to be 8.7 mg/m2/d. 
Responses have been observed in six patients. One complete response in a non
Hodgkin lymphoma remained in complete remission for 4 mo after discontinuation 
of CAM treatment, which had been given for 1 yr. The patient died following explor
atory celiotomy for diverticulosis. No tumor was present. Two melanoma patients 
had major regression of multiple skin tumor nodules. Two breast cancer patients had 
disappearance of liver masses by CAT scan, confirmed in one case by autopsy. One 
patient with prostate cancer experienced loss of bone pain with fall of rapidly rising 
PSA from 63 to 29. Three additional patients, one with lung cancer, one with mela
noma, and one with breast cancer, exhibited stable disease for more than 6 mo while 
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on the drug. In each case, the disease was in a rapidly escalating phase prior to the 
treatment. Pharmacokinetics in humans gave the best fit for second-order kinetics. 
The mean maximum concentration of CAM (total drug) in blood was calculated to be 
39 ng/mL. Phase II trials are in progress at the Stehlin Foundation in Houston and at 
Dana Farber Center in Boston on breast cancer patients. 

2. CPT 11 (IRINOTECAN) 

CPT 11 is obtained by chemical modification of CAM introducing an ethyl group 
at the 7-position, then an hydroxyl group at the 10 position (61,62), and then binding 
a piperidinopiperidinocarbonyl group to the hydroxyl group (62,63). Chemically, CPT 
11 is 7-ethyl-10-[4-(1-piperidino )-1-piperidino ]carbonyloxycamptothecin and is water
soluble. Its mol wt is 586. 
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CPT 11 was found to have antitumor activity against murine transplantable 
tumors (64,65) when administered iv, ip, or orally. It also demonstrated activity 
against xenografts of human tumors (66,67). Several Phase I trials have been con
ducted with iv administration under various schedules in Japan, the US, and Europe 
(68-72). Mostly the drug was administered by 90-min iv infusion. When given once a 
week, repeated three times (68), the maximum tolerated dose (HTD) was 100 mg/m2 / 

infusion. Daily infusions for 5 d (69) had an MTD of 30 mg/m2/infusion. Gastroin
testinal toxicity and leukopenia were the dose-limiting factors. Phase II studies 
(73-79) were conducted on leukemias, lymphomas, cervical cancers, colon cancers, 
and lung cancer. 

As in Phase I studies, gastrointestinal toxicities and myelosuppression were dose
limiting. Twenty to 30% partial responses were observed with some total responses, 
particularly in non-Hodgkin lymphomas. It is interesting to note that these total 
responses were observed with prolonged treatment, but not with single-dose schedules 
(73). CPT 11 has been combined with other anticancer agents, particularly cisplatinum 
(80,81) alone, and with granulocyte colony-stimulating factor (82). In advanced un
treated nonsmall-celllung cancers, 500Jo partial responses were observed with these 
regimens. With the use of the colony-stimulating factor, it was possible to increase the 
dose of CPT 11 by 33%, and diarrhea became the limiting factors. Cisplatinum was 
administered on day 1 at 80 mg/m2 • CPT 11 was given (90-min iv infusion) on days 1, 
8, and 15 at the dose of 60 mg/m2 without and 80 mg/m2 with colony-stimulating 
factor. 

3. TOPOTECAN-SKF104864 (NSC 609699) 

Topotecan is prepared by chemical modification of 10 hydroxy CAM, which is a 
natural product present in small amounts in the tissues of C. acuminata and other 
plants. It is extracted together with CAM and can be separated later. Chemically, 
Topotecan is 9-dimethylaminomethyl-10-hydroxy-camptothecin and is water-soluble. 
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Its mol wt is 421. This compound was found to have anticancer activity in vivo and in 
vitro (83-87) against murine and human tumors. 

Shortly afterward, Topotecan entered Phase I clinical trials in the US and in 
Europe with various schedules iv bolus or infusions of various durations (88-96). 
Dose-limiting toxicity was mostly neutropenia. However, thrombocytopenia was also 
observed in some continuous infusion regimens (91-93). The median MTDs varied 
depending on the schedule. For 21-d continuous infusion repeated every 4 wk, MTD 
was 0.53 mg/m2/d. For a 24-h infusion every 3 wk, it was 8.4 mg/m2/d. 

Partial responses were observed in patients with nonsmall-celllung cancer, cancer 
of the ovary, esophagus, and colon carcinoma (~92,97,98). A complete remission 
was observed in a patient with nonsmall-celllung cancer. Another complete remission 
together with several partial ones were observed in acute leukemias treated with 120-h 
continuous infusions every 3 wk (95). A Phase II trial of nonpretreated metastatic 
melanomas treated with two 30-min iv infusions at 5-d distance and at the dose of 1.5 
mg/m2 has given 1 response in 17 treated patients (99). 

Another Phase II trial in pretreated small-cell lung cancer patients given Topotecan 
1.5 mg/m2 DX5Q3 for 2 weeks until progression or excessive toxicity results is in 
progress (100). Toxicity so far observed was mostly hematological. 

4. 9-AMINO-CAMPTOTHECIN-(NSC 603071); 
9-NITRO-CAMPTOTHECIN-(9NC) 

0 

These two derivatives of CAM should be treated as one since the finding by Hinz et 
al. (101) that 9NC is converted in the body of humans and other mammals into 9AC, 
presumably by reductases that are apparently quite ubiquitous, the same phenome
non having been observed in many tissues (101,102). The observation in 1989 (39) 
that 9AC was a potent inhibitor of human colon cancer xenografts was one of the 
fmdings that triggered the revival of interest in CAMs as anticancer agents. This com
pound and 9NC had been synthesized (103,104) by nitration of CAM (which pro
duces 9NC and the inactive 12-nitrocamptothecin), separation of 9NC, and reduction 
of the same to 9AC. Both 9NC and 9AC were found to be very active against L1210 
leukemia with the same t/c, 348 (104). The amino compound was found to be the 
most active derivative of CAM in inducing Topo !-mediated cleavage of linear DNA 
(32)-however, 9NC was not tested on this occasion. 
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After the finding of potent antitumor activity against xenografts by 9AC, several 
other papers confirmed and extended it, utilizing both in vivo and in vitro systems, 
and both 9NC and 9AC (105-1 11). Both of these compounds proved to be very 
potent anticancer agents against a very large spectrum of human tumors. After tox
icology studies in mice and dogs, 9AC entered Phase I clinical trials at Dana-Farber 
Cancer Center in Boston and at the Naval Hospital in Bethesda in 1994, and 9NC in 
1995 at the Stehlin Foundation in Houston, TX. 

5. PHARMACOLOGY AND PHARMACOKINETICS 

Studies with iv injected H3 generally labeled CAM demonstrated widespread distri
bution of the drug in the various tissues and organs of the mouse and excretion mostly 
through bile and feces (1 12). Analytical methods for the determination of CAM and 
derivatives in biological fluids by HPLC were developed and used to determine the 
pharmacokinetics of CAMs in the biological fluids of humans and animals (1 13-1 16). 
Such methods allow for the determination of the closed and opened lactone forms of 
CAM and its derivatives at very low concentrations. Using HPLC methods, numerous 
studies were conducted on the pharmacokinetics of CAMs (90,92-94,117-126). 

Wide variations have been observed according to route of administration, deriva
tive, and animal species. In humans, terminal half-life, for the closed lactone form, 
appears to be 30-36 h for oral CPT and iv 9AC, respectively, which are both non
hydrosoluble (our observations; 126). Hydrosoluble derivatives (CPT 11 and Topote
can) are eliminated more rapidly in the 2-14 h range (90,94,120,122,123). 

A most imporant finding was that serum albumin binds preferentially to the open 
lactone form of CAM and its derivatives. This binding alters the equilibrium between 
the closed and open lactone forms in the serum in favor of the last and because it 
catalyzes the opening of the lactone ring (127-129). Because albumin binds with 
various avidities to different CAM derivatives, their lactone ring are opened with an 
efficiency directly proportional to the affinity of albumin for a given derivative. If it is 
remembered that the opening of the lactone ring completely inactivates these com
pounds as anticancer agents, the importance of this fmding cannot be overemphasized. 
The same authors found also that albumins of different species are more or less effi
cient in catalyzing the opening of the lactone ring with the mouse being the less efficient 
of the species studied and humans having the dubious distinction of being the most 
effective (130,131). Fortunately, it was also found that CAMs bind to lipids and lipo
proteins. The lactone ring of CAMs in these complexes remains closed (130,132-134). 

Data on metabolism of CAMs are scanty, and still not much is known about their 
excretion, which is accomplished through both urine and bile. 

6. RESISTANCE 

CAMs, both water-soluble and nonwater-soluble, show little or no crossresistance 
with other anticancer drugs and appear not to be substrates of the P-glycoprotein 
multidrug transporter (135-138). Only Topotecan seems to be affected by overexpres
sion of the MDR1 resistance gene (136,139) and even there, resistance is very low. 
Cells can become resistant to CAMs, however, both in vitro and in vivo under treat
ment. Resistant lines contain mutated top1 genes or display a loss of top1 activity 
more or less pronounced (140-156). Interestingly, some of these resistant cells exhibit 
an increased sensitivity to top2 inhibitors (157,158). 
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7. COMBINATION THERAPY 

Combination of Topotecan (159) and of CPT 11 (160) with cisplatinum has been 
tried in vitro based on the rationale of interfering with repair of cisplatinum-induced 
DNA damage (161). Clinical trials have been conducted (80) and are being run now. 
It is too soon to draw conclusions. 

Attempts to associate CAMs and ionizing radiations have brought very exciting 
results in vitro and in xenografts (162-167). The rationale for such association is that 
topl will attach to any fresh break in the DNA. CAMs will block the enzyme-DNA 
complex, and the irreversible degradation of DNA following will be multiplied by the 
number of DNA breaks in presence of CAMs. In animal models, doses of ionizing 
radiations and of 9AC, totally ineffective by themselves, produced total eradication of 
artificial brain metastases of human lung adenocarcinoma in nude mice (162,164,176). 

8. CONCLUSIONS 

The CAMs have already established themselves as very promising anticancer agents. 
Other top 1 inhibitors have appeared and are under investigation, but it is too soon to 
evaluate them. Many others will certainly appear in the near future, considering the 
interest in this type of compound existing now in many laboratories. Although this 
field is relatively young, the amount of published literature is already considerable. It 
was obviously already impossible to cover all the papers in existence. For more detailed 
treatment, consult some recent reviews (168-175) where subjects covered in this 
chapter receive a more comprehensive treatment. 

At the present moment, CAMs are undergoing intensive development, and various 
members of this family of compounds are in clinical trials more or less advanced, and 
others probably will reach this stage soon. 

Summarizing what we know today, we can list the following relatively well-estab
lished findings: 

1. CAMs can be divided in two categories, water-soluble (Irinotecan, Topotecan, and so 
on) and water-insoluble (CPT, 9NC, and so forth). The first category is easy to admin
ister, especially iv but appears to have less anticancer activity than the insoluble com
pound in xenograft models of human tumors. 

2. Prolonged administration appears to be more effective than high doses. Scheduling 
seems to be crucial for these drugs. In our experience, high doses for short periods are 
totally ineffective. In order to obtain eradication of human cancer xenotransplants in 
nude mice, sustained treatment for at least 3-4 wk is necessary, no matter what the 
route of administration. 

3. Only the close lactone ring form of CAMs has anticancer activity. Fortunately, such 
substances are very powerful. In vitro, 10-20 ng/mL will selectively kill tumor cells in 
72-96 h, leaving alive nontumor cells. (They stop proliferating, but resume division on 
removal of the drug.) 

4. In the serum, at pH of 7.4 and in the presence of albumin, the lactone ring of CAMs is 
rapidly open (below pH 7 .0, the ring does not open). Every effort is now made to over
come this difficulty, rendered more serious by the finding that human serum albumin is 
much more effective in catalyzing the opening of the lactone ring than any other 
albumin tested. Fortunately, it appears that whereas albumin catalyzes the opening of 
the lactone ring by binding preferentially to the carboxylate form of the CAMs, lipids 
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and lipoproteins tend to bind to the closed lactone form and to afford a degree of pro
tection to it. 

5. Any agent that will cause DNA breaks appears to be a candidate for combination therapy 
with the CAMs. The most obvious is ionizing radiation, which has already given 
exciting results in preliminary experiments. 

6. Under optimal conditions, against human tumor xenografts, the CAMs have demon
strated an astounding spectrum of activity, proving very effective against all malignant 
tumors studied. In vitro they have demonstrated a not less astounding degree of selectivity 
against malignant cells (defined functionally as cells capable of producing a malignant 
tumor when inoculated into nude mice). CAMs are always cytocidal for tumorigenic cells 
and cytostatic for nontumorigenic cells at equal doses. Viability of the nontumorigenic 
cells is preserved at the end of the experiments. 
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CoNCLUSIONs 

1. INTRODUCTION 

DNA topoisomerases represent a major focus of research not only for cancer 
chemotherapy, but also for gene regulation, cell cycle, mitosis, and chromosome 
structure. A number of reviews have been written on the subject (1-8). 

Several of the most active anticancer drugs, including etoposide (VP-16) and anthra
cyclines, poison cellular DNA topoisomerases II (top2). The genomic sites of top2 in
hibition differ for each class of drug, thereby providing a rationale for the molecular 
interactions of drugs with top2 ("stacking model") and for the differential activity of 
top2 inhibitors in the clinic. More recently, another class of top2 inhibitors with a 
different mechanism of action has been identified. Bis(2,6)-dioxo-piperazines block 
the catalytic cycle of top2 by preventing the formation of cleavable complexes. This 
chapter will describe the enzymatic and biological properties of top2 and the 
peculiarities of each class of inhibitor. Top2 inhibitors will be classified in two groups: 
top2 poisons, which trap cleavable complexes, and top2 suppressors, which prevent 
cleavable complexes from forming. 

1. DNA TOP2: ENZYMOLOGY AND CELL BIOLOGY 

DNA topoisomerases catalyze the unlinking of DNA strands by making transient 
DNA strand breaks and allowing another DNA to traverse through these breaks. 
Two types of topoisomerases have been described in mammalian cells, type 1 and 
type 2 topoisomerases (top1 and top2), and three types in yeast, including topoiso
merases III (3,8-13). DNA gyrase is the bacterial equivalent of top2. Antibacterial 
quinolones (nalidixic acid, ciprofloxacin, norfloxacin, and derivatives) are DNA 
gyrase inhibitors with no or very limited effect on the host human top2. Topoisomer
ase-mediated DNA breaks correspond to transesterification reactions where a DNA 
phosphoester bond is transferred to a specific enzyme tyrosine residue. 
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Fig. 1. Top2 catalytic cycle. (1): Noncovalent binding of the top2 dimer to the Qate DNA duplex. 
(2): DNA recognition and preferential binding to crossovers with G and Iransported duplexes. (3): 
ATP binding promotes the formation of a topological complex on the G duplex; 2-6-dioxopiperazines 
stabilize this intermediate. (4): DNA cleavage with covalent linking of each top2 monomer to the 5 ' · 
DNA terminus of the break on the G duplex (DNA-enzyme transesterification); (5): Poststrand 
passage cleavable complex; the transported (T) duplex comes out on the other side of the enzyme 
complex. (6): Religation of the G duplex (DNA-DNA transesterification) followed by ATP hydroly
sis and enzyme turnover. Top2 poisons block religation and trap cleavable complexes. 

Mammalian DNA topl and top2 differ in at least two ways. First, topl relaxes 
DNA by forming a covalent bond with the 3 1 -terminus of a DNA single-strand break 
(for recent review, see Gupta et al. [4)), whereas top2 functions as a dimer and forms 
a double-strand break with each top2 molecule covalently bound to the 5 1 -terminus 
of the DNA double-strand break (see Fig. 1 and caption). Second, the topl poisons, 
camptothecin and its derivatives, do not affect top2 (4, 14). Conversely, top2 poisons 
(etoposides, doxorubicin, amsacrine, and so on) do not trap topl cleavable complexes 
with the exception of a few DNA intercalators that trap cleavable complexes of both 
topl and top2: actinomycin D (15,16), intoplicine (17), and saintopin (18,19). 

Through its ability to open both strands of a DNA duplex Oike a Gate; see Fig. 1) 
and to catalyze strand passage (!ransport of another duplex through the gate; see Fig. 
1 [20]), top2 can perform a variety of DNA topoisomerization reactions. Although 
DNA relaxation is common to topl, conversion of circular DNA to knotted forms, 
and removal of pre-existing knots are specific to top2. Top2-catalyzed strand passage 
between independent DNA rings is vital, because it allows decatenation of mitotic 
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and meiotic chromosomes (see next paragraph). These biochemical reactions are 
commonly used to assay topoisomerase activities in vitro: relaxation of supercoiled 
plasmid DNA in the absence of ATP and Mg2+ in the case of top 1; and decatenation 
of kinetoplast DNA (kDNA) and unknotting of P4 DNA in the case of top2 {12). 

Top1 and top2 can complement each other in yeast, where the absence of one can 
be compensated by the presence of the other topoisomerase. However, yeast top2 
mutants are not viable and die at mitosis, because top2 is essential for chromosome 
condensation and structure (3,8-13,21-24), and for the proper segregation of mitotic 
(21-27) and meiotic (28,29) chromosomes. This is because, in addition to its DNA 
relaxing activity, top2 is essential for the separation of chromatin loops (decatenation 
of replicated DNA) and condensation of chromosomes, as well as proper segregation 
of sister chromatids (25-27,30-34). The accumulation of top2 at the end of S phase 
and during 02, and its concentration in the chromosome scaffold are consistent with 
the enzyme's roles during mitosis. The role of top2 in maintaining the structural in
tegrity of mitotic chromosomes has recently been disputed (24). However, a fraction 
of top2 remains selectively associated with the telophase chromosomes, indicative of 
an important function during mitosis (35). A relationship is possible between top2 
and cell-cycle-associated kinases/cyclins, since top2 phosphorylation increases during 
02/M (36), resulting in enhanced catalytic activity (see next paragraph). Both top2a 
and {j proteins are recognized by the monoclonal mitotic phosphoprotein antibody 
MPM-2 (37). The epitope for MPM-2 is conserved for a number of nuclear proteins 
and is dependent on phosphorylation during or just before M phase. Thus, both 
top2a and {j are probably regulated by mitotic kinase(s). One of the kinases generat
ing immunoreactivity with MPM-2 is MAP kinase (38), Today, evidence indicates, 
however, that top2 phosphorylation during 02/M in yeast is carried out by casein 
kinase II rather than cdk1-cyclin B (39,40). 

Phosphorylation at serine/threonines by casein kinase II or protein kinase C 
enhances top2 catalytic activity (41,42), but attenuates the effects of the top2 poisons, 
etoposide and amsacrine (43). Together with the result of Takano et al. (44) showing 
increased phosphorylation in a human KB cell line resistant to etoposide, these obser
vations suggest that top2 phosphorylation is important for determining the enzyme 
sensitivity to top2 inhibitors. Increased phosphorylation may activate the enzyme 
catalytic activity while reducing its sensitivity to top2 poisons. 

Two top2 isoenzymes have been isolated, top2a and top2{j. They differ in their 
molecular mass (170 dDa for top2a and 180 kDa for top2{j), enzymatic properties 
(45), cell-cycle regulation (46-48), and cellular distribution (49,50). They are encoded 
by different genes (45,51-54). The top2a gene is on chromosome 17q21-22 (51), and 
the top2{j gene on chromosome 3p24 (52,54). The top2 poison, teniposide (VM-26), 
and the top2 suppressor, merbarone, have been reported to be three- to eightfold more 
active on the top2a isoform (45). Recently, top2{j has been cloned, expressed as a 
recombinant protein (55), and shown to form heterodimers with top2a (Westergaard et 
al., personal communication). 

The top2 catalytic cycle is described in Fig. 1. Top2 dimers first bind reversibly to 
DNA [step 1 with a preference for DNA crossover regions (step 2)] (56). Hence, top2 
interaction with DNA is determined both by DNA superstructure (DNA crossovers, 
bends, and so on) (56-58) and local sequence (59-62). Although top2 interacts with 
preferred sequences, its specificity is far less stringent than restriction endonucleases. 
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This lack of stringency probably allows the enzyme to act at multiple sites of the 
genome in order to perform its vital functions. On ATP binding, the top2 dimer 
forms a topological complex with the two DNA duplexes inside the enzyme (step 3) 
(20,63,64). DNA cleavage (step 4) requires divalent cation (Mg2+ in vivo) and cor
responds to a nucleophilic attack from the catalytic tyrosine hydroxyl residue (Tyr 
804 for human top2 [9]) toward the 5 '-side of a DNA phosphodiester bond. This 
results in the formation of a DNA break associated with the covalent linkage of the 
5 '-DNA terminus to the catalytic tyrosine (DNA-enzyme transesterification reaction). 
The other DNA terminus is a 3 '-hydroxyl. Each top2 subunit of the homodimer 
cleaves one strand of the duplex with a stagger of 4 overhanging bases at the 5 '-DNA 
termini (steps 4-5, Fig. 1). The resulting double-strand break opens a gap in the first 
DNA duplex through which the other duplex can pass (strand passage reaction: steps 
4-5). This strand passage reaction is completely dependent on the binding of Mg·ATP, 
but does not require ATP hydrolysis. Following strand passage, top2 religates the 
DNA by a reverse transesterification reaction (step 6). In this case, the enzyme cata
lyzes the nucleophilic attack of the enzyme tyrosine-DNA ester bond by a 3 '-DNA 
hydroxyl terminus. Finally, top2 hydrolyzes ATP and can enter a new catalytic cycle. 

Top2 suppressors (bis[2,5]-dioxopiperazines) inhibit the DNA cleavage step (steps 
3-4, Fig. 1) by trapping the enzyme in the form of a closed protein clamp (65). Top2 
poisons can trap cleavable complexes by inhibiting their religation either before or 
after DNA strand passage depending on the inhibitor (66,67) (Fig. 1). Formally, the 
possibility also exists that top2 poisons trap cleavable complexes without a passing 
DNA duplex inside (not shown in Fig. 1). 

2. TOP2 POISONS 

Anthracyclines and epipodophyllotoxins (Fig. 2) play key roles in the cancer chemo
therapy armamentarium. Formation of cleavable complexes, rather than inhibition of 
top2 catalytic activity is responsible for activity. 

Drug-induced cleavable complexes can be detected in cells as protein-linked DNA 
breaks by alkaline elution (68,69) and by sodium dodecyl sulfate (SDS)-KCl precipi
tation assays (70, 71) (for review, see 12, 72). However, these methods are limited to 
experimentally growing cells, since they require DNA readiolabeling. There is pres
ently no convenient method to measure DNA cleavage in tumor samples. 

Work by Osheroff and coworkers indicates that drugs may act differently in the 
top2 catalytic cycle (66,73-75). Although etoposide (VP-16) severely inhibits cleav
able complex religation and has little effect on strand passage and ATP hydrolysis, 
genistein and quinolones have little effect on top2-mediated religation, but impair the 
ability of top2 to carry out its strand passage event and ATP hydrolysis. Amsacrine is 
unique because it inhibits similarly religation, strand passage, and ATP hydrolysis. 
These observations strongly suggest that the drugs interact with different top2 protein 
domains, which is consistent with the finding that some drug-resistant top2 mutant 
enzymes are not crossresistant to all inhibitors (76-79). Enzyme deletion mutants may 
prove useful in delineating the top2 domain(s) that interact with the drugs (80), and 
other cellular proteins involved in the subcellular distribution and phosphorylation of 
top2 (81,82). 
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The molecular interactions of top2 poisons are not known precisely, since the 
structure of the drug-enzyme-DNA ternary complexes have not been resolved. Drug
induced cleavages do not occur randomly, and each class of inhibitor tends to act at 
top2 sites with different base sequence preference, either at the 3 1- or 5 1 -terminus of 
the one of the cleavage sites of the DNA double-strand break (19,83-92). These 
strong drug-selective preferences for certain bases immediately flanking the cleavage 
sites suggest that the drugs interact directly with these bases. Top2 inhibitors (whether 
intercalator or not) have a planar aromatic portion that in some cases mimics a base 
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pair (Fig. 2). Hence, the simplest interpretation is that the drugs stack (intercalate) in
side the cleavage sites. Depending on the drug structure, the preferential stacking 
would take place either at the 3 1- or the 5 1 -terminus with a specific base. This hypoth
esis implies that topoisomerases first cleave the DNA at many sites, and that the drugs 
bind specifically to some sites and prevent their religation (74, 75). The base sequence 
analyses also imply that stacking at one site is sufficient for the creation of a DNA 
double-strand break, a view consistent with the concerted action of both enzyme 
subunits during catalysis (see Fig. 1). Recent support for this hypothesis has been pro
vided by Freudenreich and Kreuzer, who showed that an amsacrine derivative 
alkylates the + 1 base of top2 cleavable complexes (92). The same type of molecular 
interaction appears also to account for top1 poisoning by camptothecins (4,93-95). 

Most clincial antitumor top2 inhibitors are substrates for the P-glycoprotein re
sponsible for the classic multidrug resistance (MDR) phenotype: doxorubicin and 
analogs, mitoxantrone, anthrapyrazoles, ellipticines, and VP-16 (96), and to a lesser 
extent m-AMSA analogs (97). Cells overexpressing the P-glycoprotein are resistant to 
top2 inhibitors, because the drugs are actively extruded from the cells. In addition, 
non-P-glycoprotein-associated resistance with reduced drug uptake has recently been 
attributed to overexpression of a 190-kDa protein expressed by the multidrug 
resistance-associated protein (MRP) gene (98-102). 

2.1. Demethylepipodophyllotoxins 
Extracts from the mayapple or mandrake plant have long been used as a source of 

folk medicine (103). The active principle in this plant, podophyllotoxin, acts as an 
antimitotic agent that binds to tubulin at a site distinct from that occupied by the vinca 
alkaloids. A number of semisynthetic derivatives of podophyllotoxin have been 
made. Two glycosidic derivatives, VM-26 (teniposide) and VP-16 (etoposide) (Fig. 2), 
are active against a number of human malignancies. Etoposide (VP-16) was introduced 
in clinical trials in 1971 and approved by the FDA for marketing by Bristol 
Laboratories under the trade name Vepesid in early 1984. Teniposide (VM-26) has 
been used in Europe for several years and was approved by the FDA in 1992 for 
refractory childhood leukemia. More recently, etoposide phosphate has been designed 
as a prodrug of etoposide in order to obtain a water-soluble compound that could be 
specifically activated at the tumor sites using antibody-alkaline phosphatase con
jugates (104,105). In fact, etoposides phosphate (Etopofos®) is almost immediately 
converted to etoposide in plasma by host endogenous phosphatases, and represents a 
water-soluble prodrug of etoposide. 

The methyl group in para of the podophyllotoxin pendant ring is crucial for selec
tivity toward tubulin, and demethylation at this position is required for top2 poison
ing (106-108). Demethylepipodophyllotoxins do not bind to DNA significantly in the 
absence of top2 and can be considered specific top2 poisons. This is in contrast to 
anthracyclines, which have other cellular targets (see below). Top2 cleavable complexes 
exhibit preference for DNA sites with cytosine at the 3 1 -DNA terminus opposite to 
the top2-linked terminus (position -1) (83). VP-16 or VM-26 induces similar cleavage 
patterns (109,110), and the cleavage frequency by nucleotide is one of the highest 
among top2 inhibitors (61,111). VM-26 is approximately 10-fold more potent than 
VP-16 at inducing cleavable complexes both in the presence of purified top2 
(109, 110) and in cells (107,112). In cells, cleavable complexes reverse rapidly after 
drug removal, and consist of a mixture of single- and double-strand breaks (1 12, 113). 
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2.2. Anthracyclines 
In contrast to demethylepipodophyllotoxins, anthracyclines (Fig. 2) exert other ef

fects in addition to top2 inhibition: DNA intercalation (114) and inhibition of other 
DNA processing enzymes, such as helicases (115), and production of free radicals 
(116) (for recent review, see 117). New anthracyclines have also been introduced in 
the clinics (4-demethoxydaunorubicin [Idarubicin], 4 1-epidoxorubicin [Epirubicin]). 
4-Demethoxydaunorubicin [Idarubicin] exhibits greater potency against purified top2 
than daunorubicin, indicating that removal of the 4-methoxy group yields better top2 
inhibitors (114). Another approach has been to synthesize analogs with modified 
sugar to limit the drug recognition by the P-glycoproteinMDR. The amino group on the 
daunosamine sugar is probably involved in the recognition of the drug by the P
glycoprotein, since the deamino derivative, hydroxyrubicin, is less subject to drug 
resistance while retaining top2 inhibitory activity (118). 

The DNA sequence selective inhibition of top2 is common to all anthracyclines (114, 
119), and the frequency of top2 cleavage per nucleotide is markedly less than in the 
case of epipodophyllotoxins (61,120). Thus, anthracyclines exhibit the highest DNA 
sequence selectivity among top2 poisons. DNA sequence analyses of the top2-induced 
cleavage sites indicate a requirement for adenine at the 3 1 -terminus of one of the two 
break sites of the top2-induced DNA double-strand break (85). In addition, anthra
cycline-induced cleavable complexes decrease with increasing concentration, probably 
as a result of DNA intercalation (114). Hence, anthracyclines are top2 poisons at low 
concentrations and suppressors of cleavable complexes at higher concentrations. 

The cleavable complexes induced in cells by anthracyclines are also relatively infre
quent at a given cytotoxicity level and consist mostly of DNA double-strand breaks. 
Another difference with the top2 cleavable complexes induced by demethylepipodo
phyllotoxins and amsacrine is the relatively slow reversibility of the anthracycline
induced top2 cleavable complexes (121,122). 

2.3. Anthraquinones-Mitoxantrone and Derivatives 
Mitoxantrone and derivatives are primarily used in the treatment of breast cancers. 

They are top2 poisons and DNA intercalators (123-126). Hence, they exhibit the dual 
top2 effects: poisoning at low doses and suppression of cleavable complexes at higher 
doses. Their pattern of DNA cleavage is unique, although they show similar prefer
ence for trapping top2 cleavable complexes with C-1 as in the case of demethylepipo
dophyllotoxins (87). That their top2-induced DNA cleavage patterns are different 
from those of demethylepipodophyllotoxins implies that other DNA base sequence 
requirements or structures determine their specificity (87,126-128). 

MDR cells are usually crossresistant to mitoxantrone, and mitoxantrone can in
duce P-glycoproteinM0 R-mediated (123,125,129,130) as well as MRP-mediated (131) 
multidrug resistance. Interestingly, a mitoxantrone-resistant human leukemia HL60 
cell line has been shown to exhibit selective alteration of the top2/3 gene, suggesting 
that mitoxantrone might preferentially poison top2/3 (129,132). 

2.4. Amsacrine 
Amsacrine (4 1 [9-acridinylamino]-methanesulfon-m-aniside) (m-AMSA) (Fig. 2) 

was designed and synthesized in 1974 by Cain and Atwell (133). It first entered 
clinical evaluation under National Cancer Institute (NCI) sponsorship in 1976, and 
its clinical profile is now established. Amsacrine is primarily used in the treatment of 
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hematological malignancies, with emphasis on pediatric and adult acute leukemias, 
and some activity in lymphomas (134). A variety of Phase II trials demonstrated no 
useful activity against human solid tumors (135). 

The m-AMSA analog, 4-methyl-5-methylcarboxamide (CI-921) (136,137), exhibits 
significantly greater activity against solid tumors both in vitro and in vivo. It has 
recently entered Phase I and II clinical trials (138,139). 

m-AMSA is a potent top2 poison; it induces high frequency oftop2 cleavable com
plexes at relatively low concentrations (121,122). m-AMSA is a relatively weak DNA 
intercalator (140), and the top2 suppressive effect is only observed at high concentra
tions (generally above 50 pM in the presence of purified top2 and above 100 pM in 
cells) (122,141). These properties turned out to be crucial during the identification of 
top2 as the target of DNA intercalators, since m-AMSA was the first drug used suc
cessfully to show top2 poisoning (142), and to identify and purify top2 as the nuclear 
protein forming the protein-linked DNA breaks (143). Another interesting feature of 
m-AMSA is that its stereoisomer, o-AMSA, which has a methoxygroup in position 
ortho instead of meta, is almost inactive as a top2 poison (122,142), while being a 
slightly better DNA intercalator (140). This demonstrates a lack of correlation 
between DNA intercalation and top2 poisoning for acridines (144) and probably for 
most top2 poisons, since the same holds true for anthracyclines (1 14). It has been sug
gested that the differential anti-top2 activity of m-AMSA and o-AMSA reflects selec
tive interaction of the m-AMSA side chain with the enzyme in the top2-DNA ternary 
complex (128,137). 

The frequency of m-AMSA-induced top2 cleavable complexes per nucleotide is in
termediate between that of anthracyclines and demethylepipodophyllotoxins (61). It 
is comparable to mitoxantrone. The base sequence selectivity of m-AMSA-induced 
top2 cleavable complexes is unique among top2 poisons, since the pattern of 
cleavage differs from those of other top2 poisons. m-AMSA-induced cleavable com
plexes exhibit preference for an adenine at the 5 '-DNA termini of top2 cleavable 
complexes (86). A recent study from Freudenreich and Kreuzer strongly supports the 
drug stacking model by showing that an m-AMSA derivative selectively alkylates the 
+ 1 base of top2 cleavable complexes (92). 

m-AMSA is less susceptible to P-glycoprotein-mediated MDR than epipodophyl
lotoxins, anthracyclines, and mitoxantrones (96,97). Its cellular uptake and distribu
tion exhibit unique characteristics (1 45, 146). 

2.5. Ellipticines 
Ellipticine is an alkaloid derived from the Apocynaceae family, including Ochrosia, 

B/eekeria vitensis, and Aspidosperma subincanum (103). Despite its promising pre
clinical activity, severe toxic effects observed in animal studies hampered the progress 
of ellipticine toward clinical trials. The semisynthetic derivative, 2-N-methyl-9-hydroxy
ellipticinium acetate (NMHE = elliptinium) (Fig. 2), however, exhibited good activity 
in vivo in various mouse and rat systems, and also lacked hematopoietic toxicity 
(147). Clinical trials of elliptinium were initiated in 1977. Presently, it is used in the 
treatment of advanced breast cancer in Europe. 

Ellipticines are potent DNA intercalators. Hence, top2 cleavable complexes tend to 
be suppressed at high drug concentrations, and this property, common to all intercala
tors, was observed early on for ellipticines (141,148,149). The DNA sequence selectiv-
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ity for ellipticines is T-1 (90). In cells, the ellipticine-induced DNA breaks have the 
unique characteristic to be almost exclusively double-stranded (150, 151). A Chinese 
hamster lung fibroblast cell line made resistant to ellipticine was used first to show that 
top2 resistance is associated with reduction of top2 cleavable complexes (152, 153). 

2.6. Other Top2 Poisons 

A large number of top2 poisons from diverse chemical families have been identified 
(amonafide [154-157], flavones, genistein and derivatives [158-160], the nitroimida
zole Ro 15-0216 [161], withangulatin [162], streptonigrin [88,89,163], terpenoids 
[164,165], azatoxins [110,166,167], quinolones [73,168-171], anthraquinones [172], 
menogaril [173], naphtoquinones [174], the polyaromatic quinone antibiotic UCE6 
[175]), and NSC 665517, a compound recently identified from the NCI Anticancer 
Drug Screen using the COMPARE algorithm (176). 

Azatoxin was rationally designed from a pharmacophore analysis of top2 poisons 
(110, 177). It turned out to be a dual inhibitor of tubulin polymerization and of top2 
religation without detectable DNA intercalation (110,167). Analogs have recently 
been made that act only as top2 poisons or tubulin inhibitors (166). Some of the 
azatoxins with top2 poisoning activity are among the most potent top2 inhibitors 
without being P-glycoproteinMDR substrates (166,178). 

Each class of drug exhibits specific DNA cleavage patterns in the presence of top2. 
Streptonigrin has the unique property to select top2 cleavable complexes with base 
preference in the middle of the 4-bp stagger (T + 2 and A + 3) (88,89). Also some, 
such as terpenoids (164,165) and anthraquinones with alkylating groups (172), pro
duce irreversible cleavable complexes. This last class of compounds might be useful in 
determining the drug binding sites on top2 (and/or DNA). 

3. TOP2 SUPPRESSORS 

Inhibition of top2 catalytic activity without trapping of cleavable complexes can 
also be observed (Fig. 3). This is the case for strong DNA intercalators, such as anthra
cyclines and ellipticines (120,141,149,179-181). DNA minor groove binders, such as 
distamycin, have more complex effects with global enhancement of top2 cleavable 
complexes at low concentrations ( < 0.1 p,M in purified systems), and DNA sequence
specific redistribution of cleavable complexes at higher concentrations (181). 

Hence, three types of dose-response curves can be observed for top2 inhibitors: 

1. A monotonal increase of cleavable complexes with drug concentration in the case of 
weak (or non-) DNA binders (VP-16, VM-26, azatoxins, amsacrine); 

2. A bell-shaped curve in the case of anthracyclines, mitoxantrones, ellipticines, and other 
DNA intercalators; and 

3. A monotonal decrease of cleavable complexes in the case of bulky intercalators (ethidium 
bromide, ditercalinium, aclarubicin) (179,180,189) or non-DNA binders that inhibit the 
catalytic activity without trapping cleavable complexes (2,6-dioxopiperazines, merbarone, 
and fostriecin). 

Some non-DNA binders can also suppress cleavable complexes and will be described 
in more details below. They are merbarone (182), bis(dioxopiperazine) derivatives 
(183,184), suramin (185), and fostriecin, for which contradictory results have been 
published (186-188) (Fig. 3). 
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Fig. 3. Chemical structure of suppressors of top2 cleavable complexes. 

3.1. 2, 6-Dioxopiperazines 
Bis(dioxopiperazines) were originally synthesized as potential intracellular chelating 

agents, and their biochemical and pharmacological properties, including antitumor 
activity, were studied extensively well before top2 was identified as their cellular target 
(190). The structures of several2,6-dioxopiperazines are shown in Fig. 3. ICRF-159 
(razoxane) is a racemic mixture, and ICRF-187 (dexrazoxane = ADR529 = NSC 
169780) and ICRF-186 Oevrazoxane) are its R + and R- stereoisomers, respectively. 
In 1991, Tanabe and coworkers reported that the ICRF derivatives inhibit top2 cata
lytic activity without inducing cleavable complexes or binding to DNA (184). ICRF-193 
was the most potent compound with an ICso around 2 pM, ICRF-154 and ICRF-159 
were approximately equipotent with ICsoS around 20 pM, and MST-16 was approx 
10-fold less potent with an ICso around 300 pM (184). The same group also reported 
that the cellular effects were consistent with inhibition of top2 catalytic activity, since 
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etoposide-induced cleavable complexes were greatly inhibited both in the presence of 
purified top2 (184) and in cells (183). Drug-treated cells are arrested in G2 and early 
M phase with fewer condensed and entangled chromosomes and with multilobed 
nuclei (183). More recent analysis showed that, in the presence ICRF-193, cells 
traverse many rounds of the cell cycle with their genome replicated, but not segre
gated, resulting in polyploidization (191). These effects are analogous to those 
observed in top2 ts mutants of yeast at nonpermissive temperature (27). 2,6-Dioxo
piperazines are presently used to study the cellular functions of top2 (192). 

The molecular interactions of ICRF-193 with top2 have been examined, and ap
pear to result from trapping the enzyme in the form of a closed protein clamp as a 
result of blocking the interconversion between the open- and closed-damp forms of 
the enzyme (Fig. 1) (65). Although no cleavable complexes are induced by 2,6-
dioxopiperazines, chromosome breakage may be generated as a result of disruption 
of segregation as in the case of Saccharomyces cerevisiae top2 mutants (26). 

MST-16, a bis(dioxopiperazine) (Fig. 3) derivative developed (193) before knowing 
its effects on top2 (184), has recently been shown to exhibit significant antitumor 
activity and selective inhibition of cell proliferation at the G2/M transition (193, 194). 
Clinical trials of orally administered MST -16 in adult T -cell leukemia-lymphoma, 
which has no standard therapy, showed the drug to be effective (195-197). 

ICRF-187 (ADR 529 = dexrazoxane) is very effective in protecting against doxo
rubicin-induced cardiotoxicity both in animal and clinical studies (198). Anthracyclines 
produce cumulative, dose-dependent, irreversible cardiomyopathy that can lead to 
congestive heart failure. Through its semiquinone metabolite, doxorubicin can 
generate superoxide anion and super hydroxide free radicals with iron as a cofactor. 
These free radicals cause extensive lipid peroxidation and mitochondrial destruction. 
Dexrazoxane is hydrolyzed to its active one or two rings-opened (ADR925) metal 
chelating forms intracellularly in the presence of iron (199. The active ring-opened 
metabolites displace Fe3+ from its complex with doxorubicin, daunorubicin, epi
rubicin, and idarubicin within minutes (200) to prevent formation of superhydroxide 
radicals. The protection against anthracyclines effect may also be related to the sup
pression of anthracycline-induced cleavable complexes by the ring-closed form 
(ICRF-187, dexrazoxane), an effect that may not be so desirable, because it would 
also reduce the antitumor activity of the anthracyclines. 

3.2. Merbarone 
Drake et al. first reported that merbarone (5-[N-phenylcarboxamido]-2-thiobarbit

uric acid [NSC 336628]) (Fig. 3) (201) inhibits top2 catalytic activity without inducing 
cleavable complexes (182), and that merbarone exhibited some selectivity for top2a 
(p170) (45). More recently, Chen and Beck reported that merbarone, like ICRF-193, 
inhibits chromosome condensation and separation without preventing cells from exit
ing mitosis. It causes S-phase retardation G2 arrest, and polyploidy in synchronized 
cultures of HeLa cells (202) and in human leukemic CEM/VM-1 cells (203). Interest
ingly, the VM-26-resistant cells CEM/VM-1 are not crossresistant to merbarone, indi
cating that the merbarone and VM-26 interact on different enzyme sites. 

Merbarone is in Phase II clinical trials, but so far does not appear active in a variety 
of solid tumors including renal cell (204), hepatocellular (205), pancreatic (206,207), 
or gastric (208) carcinomas, or small-cell lung cancer (209). 
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3. 3. Fostriecin 

Fostriecin (CI-920) is a phosphate-containing polyene lactone antitumor agent 
(Fig. 3) isolated from a previously undescribed subspecies of Streptomyces pu/veraceus 

cultured from a Brazilian soil sample. Fostriecin is active on a variety of tumor 
models (210-212) and causes an accumulation of cells in the 02 + M phase of the cell 
cycle (188,210). 

Fostriecin inhibits the catalytic activity of top2 and the cleavable complexes induced 
by m-AMSA (188). As in the case of merbarone, teniposide (VM-26)-resistant cells 
are not crossresistant to fostriecin (203). Recent work by Roberge and coworkers has 
challenged top2 inhibition as the most relevant cellular effect of fostriecin. Roberge et 
al. found that fostriecin is 10- to 100-fold more potent against protein phosphatases 1 
and 2A, respectively, than against top2 (213). They proposed that fostriecin interferes 
with the mitotic control and induces cycling cells to enter mitosis prematurely. Cells 
that are in the division cycle by treatment with the DNA replication inhibitor 
aphidicolin or with the DNA-damaging agents teniposide (VP-16) or camptothecin 
(213) are forced into mitosis by fostriecin. A more recent publication makes an 
analogy between the cell-cycle effects of fostriecin and another protein phosphatase 
inhibitor, okadaic acid (214). Chromosome condensation induced by fostriecin does 
not require p34cdc2 kinase activity and histone H1 hyperphosphorylation, but is 
associated with enhanced histone 2A and H3 phosphorylation (214). 

4. CONCLUSIONS 

DNA topoisomerase poisons are presently a major element of the anticancer arma
mentarium. Their clinical differences suggest that novel top2 poisons may provide 
additional progress for cancer chemotherapy. Suppressors top2 cleavable complexes 
represent another class of drugs with interesting biological, pharmacological, and 
possibly therapeutic properties. 
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1. INTRODUCTION 

Paclitaxel and docetaxel belong to the taxoid family, a new class of antineoplastic 
drugs. The name taxoids refers to compounds, natural or modified, having a taxane 
skeleton. 

Paclitaxel (Taxol®, NSC 125973) was extracted in the late 1960s from the bark of 
the Pacific Yew, Taxus brevifolia. Because of the scarcity of the drug and the difficul
ties of formulation, the development was initially slow. Once these problems were 
solved, development accelerated. Docetaxel (Taxotere®, PR 56976) was obtained by 
hemisynthesis, using the starting material, 10-deacetyl baccatin III extracted from the 
needles of the European Yew tree, Taxus baccata (Fig. 1). This drug was more readily 
available because of the renewability of the source, and somewhat more soluble, and 
thus its development was rapid. Paclitaxel consists of an eight-member taxane ring 
with a four-member oxetane ring and a side chain at the C-13 position (Fig. 1). Doce
taxel differs from paclitaxel in the 10-position on the baccatin ring and in the 3 '-posi
tion of the lateral chain (Fig. 1). 

This chapter will summarize the key steps in the development process of these two 
new exciting antitumor agents. 

2. DISCOVERY 

2.1. Paclitaxel 
In 1960, a vast screening program for antitumor agents derived from plants was 

initiated by the Cancer Chemotherapy National Service Center under J. L. Hartwell 
(1-3). In 1962, a US Department of Agriculture botanist, A. S. Barclay, collected 650 
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Fig. 1. Structures of paclitaxel (Taxol®), docetaxel (Taxotere®) and 10-deacetyl-baccatin III. 

samples in the West Coast States of the US, including samples of T. brevifolia, the 
Pacific Yew tree. Initial screening of crude extracts showed cytotoxicity toward 9KB 
cells derived from a nasopharyngeal tumor. M. Wall at Research Triangle Institute 
was particularly interested in plants with 9KB activity because of his previous 
experience with Camptotheca extracts. This is why he received among other plants, 
T. brevifo/ia. The isolation procedure of the drug substance was laborious and involved 
numerous steps (ethanol extraction; partition of the ethanolic residue between water 
and chloroform; followed by Craig countercurrent distribution), each of them being 
monitored by an in vivo assay using the rat Walker 256 carcinosarcoma (2-4) or/and 
the P1534leukemia (1). Approximately 0.5 g of paclitaxel could be isolated starting 
with 12 kg of dried stem and bark (yield 0.00407o). The isolation of the pure com
pound was achieved in 1966 (1). In 1971 the structure of paclitaxel was published, and 
antitumor efficacy was reported in L1210, P388, and Pl534leukemias, and in Walker 
carcinosarcoma 256 (5). However, the activity levels seen against the L1210 and P388 
leukemia models were very modest compared to that of other compounds. The only 
tumor system showing good efficacy, the Pl534leukemia, was not thought to be of 
predictive value (1). Finally, the compound was poorly soluble (i.e., the in vivo evalu-
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ation was performed with drug suspension), and supplies were difficult to obtain. 
Because of this, paclitaxel was not selected for further preclinical development (1). 
Luckily in 1974-1975, extensive in vivo testing was conducted by the National Cancer 
Institute (NCI), and paclitaxel showed high activity against the murine B16 melanoma 
model, newly introduced to the NCI screen (1). This prompted the NCI to evaluate 
the compound further. Additional efficacy was noted in colon 26 carcinoma and in 
MX-1 human breast carcinoma implanted under the renal capsule in nude mice (6). 
However, no efficacy was observed at that time in most of the other models tested, 
colon 38 adenocarcinoma, Lewis lung carcinoma, CD8Fl mammary, and human 
xenografts implanted subcutaneously (6). Preliminary studies of its mechanism of 
action indicated that it was a spindle poison that inhibited the cell proliferation at the 
02-M phase in the cell cycle and that it blocked mitosis (7). The turning point occurred 
with the demonstration that paclitaxel had a unique mechanism of action by Horwitz. 
It was established that paclitaxel stabilized microtubules and inhibited depolymeriza
tion back to tubulin. This differed from the mechanism of action of other spindle 
poisons, such as vinca-alkaloids, that bind to tubulin and inhibit its polymerization 
(8). On the basis of the in vivo B16 melanoma efficacy and the uniqueness of 
mechanism of action, the NCI initiated a very large effort to collect barks and wood 
to obtain enough material to initiate clinical trials (1-3). 

Formulation was also an issue, and in 1980, it was reported that toxicology studies 
would proceed if a satisfactory formulation was developed (6). These toxicology and 
clinical formulation development studies were completed by 1983. Clinical Phase I trials 
started in 1983. Progress of these trials was hampered by hypersensitivity reactions, 
which led to the premature closure of some Phase I studies (9,10). Since these reactions 
were observed more commonly with infusions of shorter durations, a decision was 
made to pursue clinical trials using a 24-h continuous infusion, with premedication to 
lessen the reactions. The dose-limiting toxicity was neutropenia in seven out of the 
nine Phase I trial initiated (1,9,10). 

The final major step in paclitaxel's development was the recognition of its activity 
against ovarian cancer with responses in approx 300/o of patients, many of them hav
ing cisplatin or carbop1atin refractory disease. These clinical results were reported in 
1989 (11) (i.e., 6 yr after first clinical entry). Even as evidence of paclitaxel's activity 
increased, with the report of efficacy in breast and nonsmall-cell lung carcinoma 
(12,13), the clinical development was still prevented by the supply shortage. To address 
this issue, the NCI sought the assistance of the pharmaceutical industry. A coopera
tive research and development agreement (CRADA) was awarded to Bristol Myers 
Squibb in 1991 (3,9). In 1992, the company filed a New Drug Application. The Food 
and Drug Administration approved paclitaxel that same year for the treatment of 
patients whose ovarian carcinoma had progressed with other chemotherapy (3,9) 
and, in 1994, for metastatic breast cancer. 

2.2. Docetaxel 
The Institut de Chimie des Substances Naturelles (ICSN) of the Centre National de 

Ia Recherche Scientifique and Rhone-Poulenc were interested by the ongoing work on 
paclitaxel in the US and, in particular, of the newly described mechanism of action of 
paclitaxel (8). The ICSN had expertise in the chemistry and the biochemistry of anti
mitotic compounds, especially vinca-alkaloids, and it was using a test to measure the 
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Fig. 2. First hemi-synthesis of docetaxel2 and 10-deacetyl-paclitaxelB. 

inhibition of polymerization or depolymerization of tubulin, based on the Shelanski's 
method (14). Finally, the ICSN had a large supply of T. baccata, the European 
species of yew tree that is widely dispersed in France and Europe. Therefore, in 1979, 
the ICSN decided to undertake research in this area. In 1980, Rhone-Poulenc decided 
to stop a 20-year period of research on anthracyclines and signed a research agree
ment concerning taxoids with the ICSN with three main objectives: to explore the 
chemistry of taxoids, bearing in mind the issue of supply, to build structure-activity 
relationships, and to select new and patentable antitumor compounds in these series. 

From the beginning, P. Potier and colleagues were convinced that semisynthesis 
was the only realistic approach for preparing paclitaxel and analogs in sufficient 
quantities for pharmaceutical research and clinical trials. They decided to explore 
systematically and extensively the different chemical components present in the Euro
pean yew tree T. baccata, in particular in the needles, a renewable source of biological 
material. The purification of the components present in the needles was monitored by 
measuring their interactions with tubulin purified from calf brain (14). This purifica
tion led to the isolation of an abundant precursor of paclitaxel, 10-deacetyl-baccatin 
III, with a yield of 1 g/kg of fresh needles (15) (Fig. 1). This yield was important 
especially in light of the 150 mg of paclitaxel that could be extracted from 1 kg of 
dried bark (16). It was considered an interesting precursor for hemisynthesis of pacli
taxel and other taxoids (17). It was 50- to 100-fold less active than paclitaxel in 
inhibiting microtubules depolymerization (18). The closer precursor, baccatin Ill, 
was also detected but at much lower concentrations. 

2.2.1. FIRST ACCESS TO PACLITAXEL: DISCOVERY OF DoCETAXEL (FIG. 2) 
10-Deacetylbaccatin Ill, protected at both the C-7 and C-10 positions (compound 

6), was converted into the cinnamoyl ester at the C-13 position (compound 7) with a 
9007o yield. The cinnamic double bond was then oxyminated (19), leading to docetaxel 
(compound 2) and to 10-deacetylpaclitaxel (compound 8) after cleavage of the Boc 
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Fig. 3. Convergent synthesis of docetaxel 2 and paclitaxel J. 

and reacylation (20). Paclitaxel was obtained using the same pathway, starting from 
baccatin III. Similar to all new derivatives of paclitaxel, docetaxel was tested for its 
interaction with tubulin/microtubules and, surprisingly, was found to be twice more 
potent than paclitaxel in inhibiting the cold-induced reaction of microtubule depoly
merization. At the end of 1985, a small batch of docetaxel was available, and the first 
demonstration of its in vitro cytotoxicity and in vivo antitumor properties was obtained 
in the Oncology Department of Rhone-Poulenc, using P388 leukemia. Further in 
vivo evaluation revealed efficacy against L1210, Lewis lung carcinoma and B16 mel
anoma (16,21). 

However, although very successful, this first semisynthetic approach was not appli
cable at an industrial scale owing to the use of toxic and very expensive reagents, such 
as osmium tetraoxide. 

2.2.2. CONVERGENT SYNTHESIS OF TAXOIDS {FIG. 3) 
The convergent synthesis of paclitaxel and docetaxel was performed by direct 

esterification of 10-deacetyl-baccatin III or baccatin Ill, with the acids corresponding 
to the lateral chains present in paclitaxel and docetaxel, respectively. The first asy
metric synthesis of the C-13 phenylisoserine chain of paclitaxel was done by Denis 
and collaborators (22). The lateral chain of docetaxel was prepared using benzalde
hyde and terbutyl chloroacetate (23). Finally, esterification of the acids by baccatin 
III and 10-deacetyl-baccatin III yielded paclitaxel (24) and docetaxel (23), respec
tively. Since these first experiments, the yield of the esterification methods and of the 
synthesis of the lateral chain have been improved by different teams (25-28). 



180 Part I I Cytotoxic Agents 

In 1989, the compound was obtained in sufficient amount to initiate extensive phar
macological and toxicological studies and a suitable formulation for iv evaluation was 
developed. Using the sc B16 melanoma murine model, it was found that iv docetaxel 
was more active than paclitaxel at an equitoxic dose (29). 

The compound was also found to be highly active against a large number of murine 
tumor models, most importantly when treated at an advanced stage (i.e., measurable 
disease), and schedule studies revealed that the compound was schedule-independent 
(29). Finally, a pharmacokinetic/distribution study in tumor-bearing mice showed 
that at optimal dosage, the area under the plasma and tumor concentration vs time 
curves (AUC) were much higher than the AUC required to kill human cancer cell 
lines in vitro. Toxicology studies were performed according to the NCI guidelines. 

Phase I clinical trials were initiated in 1990 in Europe and in the US (30). Five 
different schedules were investigated up front in record time. At the end of the Phase 
I trials, it was shown that neutropenia was the major dose-limiting toxicity, and 
responses were reported in different tumor types. Based on considerations, such as 
dose intensity, toxicity profile, and preclinical data, suggesting absence of schedule 
dependency, the recommended dose and schedule for Phase II studies were 100 mg/m2 

adminisetred as a 1-h infusion every 3 wk, without prophylactic measures. Broad 
Phase II testing was initiated in 1992 throughout Europe, North America, and Japan, 
and a CRADA was signed by the NCI and Rh6ne-Poulenc Rorer. A broad spectrum 
of efficacy was reported, including breast, nonsmall-celllung, and ovarian cancers. A 
New Drug Application was filed in 1994, and docetaxel has now been approved in 
more than 30 countries. 

3. MECHANISM OF ACTION OF TAXOIDS 

3.1. The Cellular Target of Taxoids 
Together with actin microfilaments and intermediate filaments, microtubules form 

the cytoskeleton of eukaryotic cells. The microtubules are involved in a variety of 
cell functions, including chromosome movement and the regulation of cell shape and 
motility (31). These activities are modulated through associations with several bio
chemical components, such as guanosine triphosphate (GTP), and a wide range of 
proteins, the microtubule-associated proteins (MAPs). When a cell begins to divide, 
interphasic microtubules totally vanish and the mitotic spindle assembles. The 
depolymerization of mitotic spindle microtubules is essential for specific mitotic 
events, such as the movement of the chromosomes to the metaphase plate and their 
correct segregation during anaphase (32). Microtubules are long, hollow cylinders 
assembled from a heterodimeric (a/{3) globular protein called tubulin. They consist of 
13 aligned protofilaments within which the tubulin subunits interact through long
itudinal and lateral bonds (33). Not all the tubulin pool assembles into microtubules: 
a steady state is maintained between assembled tubulin and a concentration of free 
tubulin called the critical concentration. 

3.2. Taxoids Stabilize Microtubules 
The polymerization of tubulin purified from mammalian brain usually enhances 

the turbidity of the solution; thus, the degree of polymerization can be monitored 
simply by measuring turbidity (34). Figure 4 depicts, for example, the effects of doce-
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Fig. 4. Effect of docetaxel on polymerization of tubulin and depolymerization of microtubules. 
Tubulin was polymerized by heating from 3 to 37 °C. Depolymerization of microtubule& was obtained 
by cooling from 37 to 3 oc (arrow). Polymerization or depolymerization was monitored by following 
the turbidimetry at 350 nm. (A) 10 pM porcine brain tubuline. (B) 10 pM tubulin and 3 pM docetaxel. 

taxel on the kinetics of tubulin assembly and disassembly. The lag time correspond
ing to the activation and nucleation of tubulin is notably reduced, and the rate of 
polymerization is increased (35). Finally, microtubules, stabilized by taxoids, do not 
depolymerize on cold treatment. In fact, paclitaxel and docetaxel analogs are usually 
evaluated on the basis of the drug concentration that inhibits half of the cold-induced 
depolymerization. Docetaxel is about twice as efficient as paclitaxel in this respect 
(36,3 7). The thermodynamic parameters of tubulin assembly are also modified by the 
taxoids, and the critical concentration is significantly reduced in the presence of pac
litaxel (8). Docetaxel is twice as efficient as paclitaxel in decreasing the critical con
centration of tubulin assembly (38). 

It should be pointed out that the mechanism of action of the taxoids is unique, 
since all other known mitotic spindle poisons, in particular, the vinca-alkaloids, shift 
the tubulin-microtubule equilibrium toward tubulin (39) (Fig. 5). 

3.3. Characterization of the Interaction Site 
Tritiated paclitaxel cosediments with microtubules and dissociates rapidly on the 

addition of paclitaxel. Thus, a rapid and reversible equilibrium exists between pac
litaxel and the microtubules. There is only one high-affinity binding site of paclitaxel 
per a/{3 tubulin subunit, indicating that the interaction between microtubules and 
paclita.Xel is specific. The equilibrium dissociation constant was originally found to be 
870 nM (40). Docetaxel competes with paclitaxel for binding to the microtubules, but 
its equilibrium dissociation constant is two times less, i.e., it has better affinity (38). 
This difference could account for the higher efficiency of docetaxel to promote tubulin 
polymerization, to stabilize microtubules against cold-induced disassembly, and to 
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Fig. 5. Mechanism of action of vinca alkaloids and taxoids. 

decrease the critical concentration of tubulin assembly. To acquire further insight into 
the taxoid-microtubule interaction at the molecular level, it is essential to locate the 
taxoid binding site. So far, it is known that the binding of taxoids is linked to the 
polymerization process. Furthermore, no binding of taxoids to dimeric tubulin has 
been detected, indicating that the site is located on assembled tubulin (38). This site 
does not overlap those of other known ligands, such as colchicine, podophyllotoxin, 
vinblastine, or GTP (41,42). 

3.4. Models of the Mechanism of Action 
Paclitaxel-bound microtubules, the structure of which has been resolved at 3 nm 

employing X-ray scattering, appear to be constituted of 12 protofilaments instead of 
the 13 protofllaments usually observed (43,44). The solution structure of microtu
bules induced by docetaxel has been also characterized using the same technique (45). 
The substructures of the microtubule walls are identical in paclitaxel- and docetaxel
induced microtubules; however, the population of docetaxel microtubules has an 
average of 13 protofllaments like the control microtubules. It is proposed that the 
chemical substitutions present in docetaxel side chain in its binding site increases 
slightly the contact angle between adjacent protofllaments. The simple working 
hypothesis is that taxoids bind between adjacent tubulin molecules, and such a hypoth
esis is fully compatible with the observed thermodynamic behavior of the taxoid
induced microtubule assembly system (43). 

4. ANTITUMOR PROPERTIES 

4.1. In Vitro Activities 

4.1.1. CELLULAR CYTOTOXICITY 

Both taxoids have been found extremely potent against a wide variety of murine 
and human cancer cell lines. Using the COMPARE computer program, it was con-
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eluded that docetaxel response profile on 50 human tumor cell lines in the new NCI 
screening panel, correlated with the data pattern of test agents acting on the tubulin/ 
microtubule system, the closest compound being paclitaxel (NCI, unpublished results). 
Several in vitro studies have been done comparing their activities under various exper
imental conditions (liquid medium, semisolid medium, short- and long-term expo
sures). The cytotoxicity of paclitaxel and docetaxel at submicromolar concentrations 
was compared in several murine, P388, SVras, and human tumor cell lines, breast 
Calc18, colon HCT 116, bladder T24, and nasopharyngeal KB (46). Docetaxel was 
found to be 1.3- to 12-fold more potent than paclitaxel. The cytotoxic properties of 
paclitaxel and docetaxel were also compared against nine cell lines established from 
human ovarian tumors and having intrinsic or acquired resistance to cisplatin. These 
cell lines were not crossresistant to the taxoids, and docetaxel was found to be active 
at a twofold lower concentrations than paclitaxel (47). 

In addition, the activities of docetaxel and paclitaxel, in a human tumor cloning 
stem cell assay (starting from fresh human tumor biopsies), were compared at con
centrations of taxoids similar to the plasma levels obtained after treatment of patients 
(48,49). Melanoma, breast, lung, ovarian, and colon tumors cells were significantly 
inhibited, regardless of the schedule of incubation (1-h exposure or continuous expo
sure for 14-28 d). Interestingly, 29 samples were found to be more sensitive to doce
taxel, whereas 13 were more sensitive to paclitaxel, suggesting partial crossresistance 
between these two drugs (49). Finally, the in vitro cellular effects of docetaxel and 
paclitaxel have been recently assessed against a wide range of human normal and 
tumor samples, including tumor cell lines, primary cultures from tumor biopsies and 
normal bone marrow samples (50). ICso (500Jo inhibitory concentrations) values of the 
two taxoids were in the nanomolar range and docetaxel appeared to be two- to four
fold more cytotoxic than paclitaxel (50). 

4.1.2. MECHANISM OF CYTOTOXICITY AND CELLULAR EFFECTS 

Uptake and efflux studies were performed on P388 leukemia cells in vitro with 
radiolabeled docetaxel and paclitaxel. Uptake experiments revealed that a threefold 
higher intracellular concentration of docetaxel was obtained as compared to pacli
taxel, for the same initial extracellular concentration (0.1 pM) (51). Efflux studies 
revealed that the half-time of efflux of docetaxel from P388 cells was at least three 
times slower than that of paclitaxel (150 vs 45 min, respectively). 

Thus, the higher potency of docetaxel observed in vitro may be explained by the 
combination of its higher affinity for microtubules, its higher achievable intracellular 
concentration, and the slower cellular efflux. 

Cell-cycle studies revealed that paclitaxel was mainly cytotoxic during mitosis (M 
phase), as demonstrated by experiments on CHO and A 2780 ovarian tumor cell lines 
(52). Inhibition of cytokinesis has been observed, but some cells can progress through 
new cell cycles, leading to the formation of polyploid cells (53,54). Using synchronized 
HCT116 cells, it was demonstrated that paclitaxel inhibits formation of mitotic 
spindles in cells without affecting function of preformed spindles and without arrest
ing cells in mitosis (54). Docetaxel has been found to be more active on proliferating 
than on nonproliferating KB cells (46) and to inhibit mitosis in several cell lines, such 
as 182 and KB (55). Surprisingly, using synchronized HeLa cells, it has been shown 
that docetaxel exerts cell killing specifically during the S phase of the cell cycle; no 
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Table 1 
In Vivo Antitumor Activity of Paclitaxel Against Human Tumor Xenografts 

Highest nontoxic 
iv dosage Schedule Activity« 

sc Human tumor mg/kgldose days rating 

A 2780 ovarian 18 7, 9, 11, 13, 15 +++ 
LX-1 lung 24 5, 7, 9, 11, 13 ++++ 
H 2981lung 24 5, 7, 9, 11, 13 ++ 
L 2987lung 36 14, 16, 18, 20, 22 +++ 
RCA colon 36 4, 6, 8, 10, 12 >++ 
HCT-116 colon 36 3,5,7,9,11 >+++ 
A431 vulva 36 3, 5, 7, 9, 11 +++ 

a Activity rating: + + + + = highly active (log cell kill > 2.8), + + + = highly active (log cell 
kill = 2.0 to 2.8), + + = active (log cell kill = 1.3-1.9; TIC~ 1500Jo for L1210, + = active (log 
cell kill = 0.7-1.2 for s.c. tumors, TIC = 125-174% for P388), - = inactive. 

cytotoxicity was observed during mitosis, a different situation from what is observed 
with paclitaxel (56). 

Finally, it was found that paclitaxel greatly increases the pool of polymerized tubu
lin in cells, and new short microtubules free in the cytoplasm were observed (57). In 
addition, at high concentration, it induced the formation of microtubules bundles (58). 
Using J82 human bladder and KB 3-1 human carcinoma cells, it was shown that pac
litaxel and docetaxellead to the formation of bundles and asters in a dose- and time
dependent manner (55). Asters were observed in mitotic cells, and bundles were seen 
in interphase cells. The effects of docetaxel as compared to paclitaxel appeared at a 
twofold lower concentration (55). 

4.2. In Vivo Activity 

Paclitaxel and even more docetaxel have been studied in many murine tumor 
models and human tumor xenografts. 

4.2.1. PACLITAXEL 

The development of an adequate formulation for paclitaxelled to a re-evaluation 
of its in vivo antitumor efficacy, using better experimental conditions, i.e., avoiding 
the previous ip/ip evaluation and administering the drug iv at a site different from the 
tumor site. The formulation used was lOOJo Cremophor®, 10% ethanol, 80% NaCl 
0.9%. These studies have been recently reviewed, and most of them were performed 
after initial clinical trials (59, 60). Indeed, these studies demonstrated that paclitaxel 
delivered iv was active against several tumors implanted in distal sites and treated at an 
early stage: sc Madison 109 murine lung carcinoma and A 431 vulva, A 2780 ovarian, 
H 2981 and LX-1 lung, and RCA and HCT-116 colon human tumor xenografts 
implanted under the renal capsule of nude mice (Table 1) (60). When administered 
sc five times weekly for three consecutive weeks, paclitaxel caused the complete regres
sion of a human breast tumor xenograft, and significantly delayed the growth of 
endometrial, ovarian, brain, tongue, and lung human tumor xenografts (61). Pacli
taxel was also evaluated against ovarian carcinoma xenografts HOC8, HOC18, and 
HOC22, and was found to have similar efficacy to docetaxel (62). 



Chapter 8 I The Taxoids 185 

Table 2 
In Vivo Antitumor Activity of Docetaxel Against Human Tumor Xenografts 

Highest nontoxic 
iv dosage Schedule Activity a 

sc Human tumor mg!kgldose days rating 

Calc 18 mammary 32.2 11, 15, 19 +++ 
MX-1 mammary 22 11, 15, 19 ++++ 
LX-1 lung 22 9, 13, 17 ++ 
SKMEL-2 melanoma 33 27, 31, 35 ++++ 
CX-1 ovarian 15 12,16, 20 +++ 
KM20L2 ovarian 33 14,18,22 ++ 
OVCAR-3 33 3, 7' 11 ++++ 

°For activity rating, see Table l. 

Further schedule-dependency studies were performed and showed that daily injec
tion for 7 d was the best schedule as opposed to longer spaced administration (60). 

4.2.2. DoCETAXEL 

The experimental antitumor activity of docetaxel has been evaluated against a 
panel of 30 tumors of mice and human tumors xenografted in nude mice, represent
ing a variety of tissue types and chemosensitivity patterns. The tumors were grafted in 
distal sites, and several tumors were treated at advanced and metastatic stages. Dose 
response was evaluated in all trials to determine accurately the maximum tolerated 
dose. The formulation used was a 1:1 ethanol polysorbate 80 solution, administered 
after a 1:10 dilution in glucose 50Jo in water (29). Docetaxel had a broad spectrum of 
antitumor activity, since 28/30 models responded to this agent (29, 63-65) (Tables 2 
and 3). The experimental antitumor activities of paclitaxel and docetaxel were com
pared by testing these drugs against B16 melanoma, a tumor sensitive to taxoids using 
an intermittent schedule, every 2 d x 3. Antitumor activity was expressed by the 
tumor growth delay (T -C) and by the log cell kill (LCK) of tumor cells obtained at the 
maximal tolerated dose (MTD) of each drug. According to these criteria, docetaxel 
was approximately two times more active and potent than paclitaxel (docetaxel: 
T-C = 12.2 d, LCK = 2.9, MTD = 11.3 mg/kg/d; paclitaxel: T-C = 4.7 d, LCK = 
1.1, MTD = 21.7 mg/kg/d) (29) (Fig. 6). Among the murine models tested, good 
activity was observed, with in some cases cures of early stage tumors. However, the 
most meaningful data were those obtained against advanced stage tumors (i.e., 
tumors at least 200 mg at start of therapy) where complete tumor regressions could be 
observed. This occurred with the murine mammary adenocarcinomas 16/C and 
13/C, pancreatic ductal carinoma 03, colon 38 adenocarcinoma, and the human 
xenografts MX-1 mammary and SK-MEL-2 melanoma (63,64). Prolonged tumor 
growth delays were also observed with Calc-18 breast, LX-llung, CX-1 colon, head 
and neck HNX-14C, and HNX-22B xenografts (64,66). Since the clinical activity of 
paclitaxel against ovarian tumors was impressive, five human ovarian xenografts hav
ing different sensitivities to the reference drug cisplatin were included in this study. 
Docetaxel was active against the three tumors sensitive to cisplatin; interestingly, it 
was also active against OV-Pe, which is resistant to cisplatin (65). 
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Table 3 
In Vivo Antitumor Activity of Docetaxel Against Murine Tumors 

Highest nontoxic 
iv dosage Schedule Activity0 

Tumor mg!kg!dose days rating 

Solid tumors sc 
Melanoma B16 early 24 3, 5, 7, 9 ++++ 
Pancreas 

P02 32.2 3, 5, 7 ± 
P03 early 20.5 3, 5, 7, 9 ++++ 
P03 advanced 18.3 22, 24, 26, 28 5/6 CR 

Mammary 
MA16/C early 15 3, 5, 7 +++ 
MA16/C advanced 10.8 7, 9, 11 515 CR 
MA13/C early 14.2 3, 5, 7 ++++ 
MA13/C advanced 15 24, 27, 30 3/5 CRb 
MA44 early 22 3, 5, 7 ± 

Colon 
C26 early 5 1-4 + 
C38 early 23.5 3, 5, 7 ++++ 
C38 advanced 26.8 14, 16, 18 515 CR 
C51 early 12.7 3, 5, 7 +++ 
C51 advanced 15.2 10, 12, 14 ++ 

Lewis lung early 23.2 3-7 + 
Osteosarcoma GOS early 18.6 3-7 + 
Hystiocytosarcoma M5076 early 8.6 3-7 

Leukemias ip 
P388 106 cells 23.2 1-4 + 
L1210 10' cells 21.7 1-4 ++ 

°For activity rating, see Table 1. 
bcR = complete regressions. 

Scheduling studies were performed against advanced colon 38 adenocarcinoma. 
Doceta.xel was tested using three different schedules comparing the effect of 2, 3, and 
10 administrations over the same duration of treatment. Overall, the administration 
schedule did not influence markedly the total dosage that can be administered and, 
thus, the compound was considered schedule-independent for the MTD (29). 

4. 3. Combination Chemotherapy 
Since ta.xoids have clinical activity in ovarian, breast, and lung tumors, most of the 

experimental studies have been done with drugs active in these diseases: doxorubicin, 
5-fluorouracil, cyclophosphamide, cisplatin, and etoposide. 

4.3.1. PACLITAXEL 

Both in vitro and in vivo studies were performed. The efficacy of combination 
therapy consisting of paclita.xel plus a topoisomerase II inhibitor, doxorubicin or 
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Fig. 6. Comparative in vivo activities of paclitaxel and docetaxel against B16 melanoma. Detailed 
experimental conditions were described in ref. (29). Briefly, B6D2F, mice (7 mice/group) were 
grafted sc on day 0 with 30 mg B16 tumors fragments. Drugs were injected iv on days 4, 6, 8, and 10 
at the MTD (21.7 mg/kg/d for paclitaxel; 13.4 mg/kg/d for docetaxel). Tumor growths were mea
sured biweekly. Activity is expressed by the T-C (where T and Care the median time in days neces
sary for the tumors of the treated group T and the control group C to reach a size of 1 g). Activity is 
also expressed by the LCK, which quantifies the number of tumor cells killed by the chemotherapy. 

etoposide, against various cell lines has been studied in vitro; better results were ob
tained when cells were first incubated with paclitaxel (67). Cisplatin-paclitaxel com
bination was evaluated using L1210 leukemic cells: maximal effects were observed 
when cells were incubated for 24 h with paclitaxel, and then treated for 30 min with 
cisplatin (68). Combinations of taxoids and tubulin-interactive agents are of interest 
because of their complementary mechanism of action. Paclitaxel-estramustine was 
found to give supra-additive cytotoxic effects on several lines of human prostatic 
adenocarcinoma. No additive properties were noted when taxoids were combined 
with vinblastine (69). 

In vivo combination chemotherapy studies have also been performed with pac
litaxel using the Ml09 tumor model (60). The combined agents included cisplatin, 
etoposide, doxorubicin, cyclophosphamide, methotrexate, pentamethylmelamine, 
and bleomycin. Taxol-cisplatin and Taxol-bleomycin were the two combinations 
reported as showing hints of therapeutic synergy (60). 

In mice grafted with MA16/C mammary adenocarcinoma, the association of dox
orubicin-paclitaxel has a synergistic effect, which is observed only when compounds 
are administered sequentially every 4 d; such a protocol of administration makes this 
regimen, which is otherwise toxic, acceptable (70). 

4.3.2. DoCETAXEL 

Much of the work has been performed in vivo. Ten two-drug combinations were 
evaluated in mice bearing sc transplantable tumors (63, 71, 72). The effects of the 
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optimal docetaxel-based combination were found to be greater than the effect of the 
best single agent in the case of docetaxel-vinorelbine (against MA16/C), docetaxel
etoposide (against B16 melanoma), docetaxel-cyclophosphamide (against MA13/C), 
docetaxel-5-fluorouracil (against colon 38), and docetaxel-methotrexate (against 
P388 leukemia). A similar level of efficacy was obtained in the case of docetaxel-vin
cristine (against P388) and docetaxel-mitomycin C (against MA13/C), compared to 
the activity of the best single agent. Good activity was obtained with the docetaxel
vinblastine and docetaxel-doxorubine combinations, both tested against MA13/C. 
However, their activity was lower than that of docetaxel alone. 

In terms of toxicity, the combination toxicity index (CTI, i.e., sum of the fractions 
of the LDso of each agent used in the combination) ranged from 0. 75 for the most 
toxic combination (docetaxel/cisplatin), indicating complete overlap in dose-limiting 
toxic effects, to 2 for the least toxic combination docetaxel/vinca alkaloids, indicating 
that the maximum tolerated dose of each agent could be administered without addi
tional toxicity. All the other combinations had a CTI around 1.2, indicating that 
approximately 60% of the full dose of each agent can be used in combination without 
an increase in the overall toxicity (63, 71, 72). 

Although most of the combinations were evaluated using simultaneous adminis
tration, a few studies were performed using different schedules. This factor was found 
to be important in the case of the docetaxel vincristine combination, where administer
ing the two drugs 24 h apart led to a greater level of host toxicity (71). 

5. ANIMAL PHARMACOLOGY 

Pharmacokinetic data on paclitaxel in animals are scarce because of the lack of a 
sensitive assay when the drug was being investigated only in the laboratory. None of 
the bioassays that were developed were suitable for detailed studies. With an assay 
with a detection limit of 0.1 pM, however, it has been shown that in animals, pac
litaxel was almost totally bound to proteins, and had distribution and elimination 
half-lives of 2.7 and 42 min, respectively, in rabbits (73). 

In contrast, a sensitive and selective high-performance liquid chromatographic 
(HPLC) assay for docetaxel was available early in its development (74) and was used 
for studies in animals (75, 76). In tumor-bearing mice, t1/2a and tl/2(3 were 7 min 
and 1.1 h, respectively. The pharmacokinetics were linear. The plasma clearance was 
2.2 L/h/kg, and the apparent volume of distribution at steady state 2.2 L/kg. The 
AUC at doses of 13-62 mg/kg ranged from 4.5 to 29.6 p.g/mL/h. Interestingly, the 
elimination half-life from tumor tissue was more than 20 h, compared to a 2- to 4- h 
elimination half-life in all other tissues. It was of interest that, at all doses, tumor 
levels were considerably higher than the ICso values of cytotoxicity in tumor cell 
cultures, up to 24 h after administration. This long exposure of tumor tissue may be 
an essential factor to docetaxel activity in human patients, where plasma exposure at 
therapeutic doses were found later to be in the same range as in the mouse (77). 

Administration of radiolabeled docetaxel led to a rapid diffusion into all tissues 
except those of the CNS, with the highest levels seen in liver, bile, intestines, and gas
tric contents. The plasma protein binding in mice was 76-890Jo, and the elimination 
was almost complete at 96 h after administration. In the dog and mouse, the primary 
route of elimination of radiolabeled docetaxel was hepatic extraction and biliary 
excretion, whereas urinary excretion was < 10% (78). Docetaxel metabolism was found 
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to be similar across species in vivo and in vitro models (79). The facts that 
docetaxel was generally the main circulating compound and that the major metabo
lites were much less active than docetaxel indicated that parent drug analysis was an 
appropriate parameter for pharmacokinetic/pharmacodynamic studies of this drug. 

6. ANIMAL TOXICOLOGY 

Toxicology studies with paclitaxel in rodents were completed by 1982. They were 
performed with ip drug administration because of the solubility limitation and because 
of volume constraints. In dogs, the drug was given iv (J). The single-dose LDto ip in 
Sprague-Dawley rats was 138 mg/m2, and the LDso was 206 mg/m2 • For the daily
times-five administration schedule, these doses were 36 and 51 mg/m2/d, respectively, 
in rats, and 67 and 82 mg/m2/din CD2Fl mice. The single-dose toxic low (TDL) iv in 
beagle dogs was 45 mg/m2 • The major toxic effect in rats and dogs was reversible 
myelosuppression. In rodents, oligospermia was noted. Gastrointestinal toxicity was 
most pronounced in the daily-times-five schedule in dogs, and consisted of diarrhea, 
mucosal ulcerations, and emesis. In dogs, hypotension was also observed, which was 
believed to be related to histamine released by Cremophor® . 

For docetaxel the single-dose LDto in mice was 345 mg/m2, and the LDso was 414 
mg/m2 • In dogs, the TDL was 15 mg/m2 (75). The main toxic effects of docetaxel 
were reversible myelosuppression and epithelial necrosis in the digestive tract. In 
mice, cumulative and reversible neurotoxicity was observed. Dogs experienced hypo
tension, which was thought to be related to the vehicle polysorbate 80. Although 
there are minor differences, animal toxicology in general appears to be similar for 
paclitaxel and docetaxel, with similar target organs and more pronounced toxicity 
with repeated-administration schedules. 

The results of the acute toxicity study in dogs served as a basis for the entry dose in 
humans. Following recommendations of the NCI, one-third of the TDL in dogs was 
selected as the initial dose level for Phase I clinical trials: 15 mg/m2 for paclitaxel and 
5 mg/m2 for docetaxel. 

7. CONCLUSION 

New chemical structure, new mechanism of action, coupled with solid preclinical 
antitumor activity are considered to be key features for the selection of antitumor 
agents. The taxoids do fit these criteria. Although the discovery process has been very 
long and tedious, numerous challenges have been overcome. In the case of paclitaxel, 
a suitable formulation was developed, an adequate supply was ensured, and severe 
hypersensitivity reactions were diminished. This process took more than 30 years 
from bark collections to first approval. As a result of the supply difficulties, semi
synthetic routes were unveiled, paving the way for the discovery of new compounds. 
Docetaxel was the first semisynthetic compound in clinical trial and has been 
developed in record time. 

As predicted by their chemical analogies, paclitaxel and docetaxel bear similarities 
in terms of mechanism of action and experimental antitumor properties in cellular 
and animal models. These two compounds bind to the same site on microtubules, and 
consequently, share the same and unique mechanism of action: promotion of tubulin 
assembly into microtubules resistant to cold-induced depolymerization. However, 
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what seem to be minor chemical differences result in quantitative and qualitative dif
ferences. Docetaxel has a twofold increased affinity for binding to microtubules. The 
population of docetaxel microtubules has an average of 13 protofilaments like normal 
microtubules, whereas paclitaxel microtubules have an average of 12 protofilaments. 
Higher intracellular concentration can be achieved and the drug is retained longer 
owing to a slower efflux from the cells. In addition, whereas paclitaxel is cytotoxic 
during mitosis, docetaxel exerts its cytotoxic effect during S phase. Docetaxel has 
been found to be schedule-independent, whereas paclitaxel seems to be schedule
dependent. Finally, crossresistance has not been systematically observed between the 
two drugs in a tumor cloning assay. 

Despite the extraordinary advances obtained during these last few years with the 
preparation of taxoids by semisynthesis and with the total synthesis of paclitaxel, the 
chemistry of taxoids is still in its infancy. The first structure-activity relationships for 
taxoids have been obtained and have revealed key positions both on the lateral chain 
and on the diterpenoid skeleton. Second-generation compounds could include soluble 
compounds that are easier to formulate without the use of detergents, such as 
Cremophor® or polysorbate 80, compounds that are not crossresistant with paclitaxell 
docetaxel, and compounds that are better tolerated after acute and/or cumulative 
administrations. 
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1. INTRODUCTION 

A large number of agents are known to bind to DNA, interfering with multiple 
DNA functions in living cells. Their ability to interact with DNA is associated with 
several biological effects, including antiviral, antibacterial, antiprotozoal, and anti
tumor activities. Their biological activities are probably related to different effects on 
cellular targets. From the pharmacological point of view, the most relevant DNA 
binding agents are antitumor drugs. They exert their cytotoxic effect principally as a 
consequence of the lack of selectivity by damaging cellular DNA. Cytotoxic and anti
proliferative drugs have played and will likely continue to play a major role in cancer 
chemotherapy. 

DNA-interacting cytotoxic agents belong to different chemical classes, and their 
mode of binding to DNA is quite different depending on the chemical structure and 
the presence of reactive groups. DNA binding ability is not per se a sufficient condi
tion to achieve a significant therapeutic effect. In addition, as a consequence of the 
lack of selectivity, clinically useful cytotoxic agents often have a low therapeutic index. 
Indeed, they are expected to cause a large number of DNA lesions not only in tumor, 
but also in normal cells. However, a certain selectivity toward specific tumor types 
has been recognized for some agents, as documented by the efficacy of platinum 
compounds in the treatment of testicular and ovarian cancers. It is conceivable that 
the different chemosensitivity of tumor cells to cytotoxic agents is related to a different 
ability of the drug to damage critical genomic sites. However, the genes crucial for a 
selective effect remain unknown. Most of the known cytotoxic agents have a very 
limited ability to read sequence information compared to DNA binding proteins. 
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196 Part I I Cytotoxic Agents 

Molecular pharmacology studies have elucidated several aspects of drug-target inter
action and provided a molecular basis for the design of more selective agents. 

DNA-interactive drugs include chemically reactive compounds and agents that 
bind to DNA by noncovalent interactions. The major groups of noncovalently react
ing agents are represented by intercalative and nonintercalative drugs. This classifica
tion is of course schematic, and there is a large overlap in these groupings. In par
ticular, most known antitumor intercalators contain nonintercalating moieties (e.g., 
sugars, oligopeptides) able to interact in the helical grooves or along the surface of the 
phosphate backbone of the double helix. A large number of natural and synthetic 
DNA-interactive compounds have been described. These small organic ligands (in 
particular, nonintercalative groove binders) have been extensively used to elucidate 
aspects of DNA conformation and DNA sequence elements involved in the mech
anisms of recognition by regulatory proteins and/or by DNA processing enzymes 
(1,2). Unfortunately, only a few compounds have proven to be effective antitumor 
agents. Indeed, DNA interaction can have cellular consequences distinct from cell 
death. Regardless of the mode of drug-DNA interaction, DNA binding ability is not 
a sufficient condition for a drug to be an effective antitumor agent. In general, a 
DNA-interacting agent is endowed with a significant cytotoxic effect when DNA 
damage (alteration of the nucleic acid structure or persistent inhibition of a critical 
cellular function) occurs as a consequence of DNA binding. If optimal repair is impos
sible, persistent lesions may be recognized as an apoptotic stimulus (3). 

A number of reviews in the past decade have summarized the DNA binding pro
perties of antitumor agents (4,5). In this chapter, we have focused on the develop
ment of antitumor agents for which groove binding ability is a determinant of sequence 
specificity in induction of DNA damage. Significant research efforts were directed 
toward elucidating the underlying mechanisms of cytotoxicity of groove binders. In 
an attempt to interpret the available information on their mode of action and to pro
vide insight into current approaches for the rational development of new effective 
agents, this chapter will focus on the most representative classes of groove binding 
agents. 

2. MAJOR GROOVE BINDERS 

Although the major groove of DNA has greater recognition potential, as predicted 
on the basis of the number of hydrogen bonds (4), only a few DNA-interacting agents 
appear to be major-groove-specific. They include bifunctional alkylating agents, 
methylating agents, and cisplatin (6,7). Typically, such compounds covalently inter
act with the N-7 position of guanine located in the major groove. In spite of the fact 
that they apparently do not contain any sequence information, a preferential alkyla
tion by nitrogen mustards occurs at guanines within guanine clusters. This selectivity 
has been related to the sequence dependence of the electrostatic potential of DNA (8). 
In fact, guanines surrounded by other guanines are associated with a more negative 
potential at the N-7 alkylation site than any isolated guanine. A contribution of 
specific binding interaction of the nonalkylating moieties in influencing selectivity has 
been proposed (7). Such a possibility may have relevant ilnplications in the develop
ment of new agents with increased specificity of DNA binding, as suggested by bis 
(platinum) compounds, which exhibit a different profile of antitumor activity (9). 
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Although the sequence specificity of known alkylating (or platinating) agents is not 
enough to achieve tumor selectivity, the pattern of cell response to these cytotoxic 
agents is likely to be related to the localization of drug-induced DNA modification 
within chromatin (10) rather than to the variable expression of defense mechanisms. 
Experimental evidence in resistant cells supports this hypothesis. In tumor cell lines 
with variable degrees of resistance to cisplatin, no linear relationship has been found 
between the extent of DNA platination and cytotoxicity (1 1). In the presence of a 
comparable extent of total platinum-induced DNA-interstrand crosslinks, a marked 
decrease in formation of these lesions within the ribosomal RNA genes was found in 
resistant cells (12). The finding suggests that differences in the genomic sites of drug
induced lesions could contribute to the resistance phenotype. The molecular aspects 
of sequence selectivity exhibited by DNA-reactive drugs in DNA covalent modification 
have been extensively reviewed elsewhere (5,6). 

3. INTERCALATING AGENTS 

DNA intercalators have been extensively studied owing to their efficacy in cancer 
chemotherapy. The first class of intercalating antitumor agents proven to have clinical 
antitumor activity is represented by anthracyclines. One of them, doxorubicin, remains 
one of the most widely used antitumor drugs. The development of anthracyclines is 
the topic of another chapter of this book. Following identification of the clinical 
efficacy of anthracyclines, a large number of intercalating agents have been studied in 
an attempt to find more effective and selective antitumor agents. As already men
tioned in Section 1., DNA binding and intercalation are necessary conditions, but not 
sufficient for optimal antitumor activity (13). Indeed, strong intercalators (e.g., ethi
dium bromide) may have marginal (if any) antitumor activity. It is likely that the mode 
and site of binding are more critical than the binding affinity. Stabilization of the 
intercalation complex involves several molecular interactions ( 4). In particular, side 
chains and bulky groups of the intercalating molecule placed either in the major or 
minor groove may have a critical role in determining the sequence specificity. Thus, 
the intercalation site depends not only on the planar drug chromophore, but also on 
a variety of intrinsic properties (steric and electronic factors) that involve external 
ligand moieties. 

The mechanism of cytotoxic and antitumor activity of intercalating agents is ascribed 
to their ability to interfere with the function of topoisomerase II (14), a nuclear enzyme 
that regulates DNA topology during multiple metabolic DNA processes (15). The 
agents stabilize an intermediate of the enzyme reaction (the so-called cleavable com
plex), in which DNA strands are broken and enzyme subunits are covalently linked to 
DNA. Topoisomerase II inhibitors form a DNA-drug-enzyme ternary complex. A 
model of drug interaction in the ternary complex has been proposed in which the 
intercalator is placed at the interface between the topoisomerase II active site and the 
DNA cleavage site (14), thus preventing DNA religation by the enzyme. Studies of 
anthracycline analogs have not shown precise correlations between a drug's ability to 
induce DNA cleavage and DNA binding affinity (13,16,17). Although drug inter
calation may have a role in the mechanism of enzyme inhibition, external interactions 
involving the sugar residue and the cyclohexene ring, therefore, may be more critical 
than the strength of intercalation. Relevant to this point is the observation that both 
these moieties are located in the minor groove (18). 
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Minor groove binders (see Section 4. for details on their biochemical and biological 
activities) have been reported to inhibit the induction of topoisomerase 11-mediated 
DNA damage by m-AMSA and etoposide (19,20). Although minor groove binding is 
not a sufficient condition to stimulate enzyme-mediated cleavable complexes (15), 
several antitumor drugs known to be topoisomerase inhibitors have side chains that 
interact with the minor groove. For example, anthracyclines have a sugar moiety that 
is located in the minor groove. The presence of a bulky substituent at the 3 '-position 
of doxorubicin (i.e, 3 '-morpholinyl derivatives) totally abolishes the drug effect on 
topoisomerase II. Such derivatives were found to retain their ability to bind to DNA 
by intercalation (21). Available evidence suggests that the amino group at the 3 '-posi
tion is not required for cytotoxic potency and topoisomerase 11-trapping activity (17). 
Thus, the loss of activity of 3 '-morpholinyl derivatives on topoisomerase II is not the 
result of a reduced stabilization of the intercalation complex consequent to loss of an 
electrostatic interaction of the free protonated amino group in the minor groove. 
These observations suggest that a bulky substituent at the 3 '-position, but not at the 
4 '-position, is a steric hindrance for formation of the ternary complex and support 
the hypothesis that the minor groove binding moiety (i.e., amino sugar) is a critical 
determinant for drug poisoning of topoisomerase II (1 7). The importance of the 3 '
substituent (and its orientation in the minor groove) in anthracycline's ability to inhibit 
topoisomerase II is emphasized by a recent study that indicated that epimerization of 
the 3 '-amino group of the daunorubicin markedly influences the sequence specificity 
of topoisomerase 11-mediated DNA cleavage (22). The observation is consistent with 
a critical role of the 3 '-position for specific interaction of daunorubicin-related anth
racyclines in the ternary complex. However, it is likely that multiple drug-enzyme 
interactions contribute to ternary complex stabilization, as suggested by reduced 
potency of 9-deoxy-doxorubicin in DNA-cleavage stimulation (16). Since the latter 
derivative has DNA binding parameters comparable to those of the parent drug, it is 
likely that the hydroxyl group at position 9 of the cyclohexene ring is involved in 
critical interactions with the enzyme. Again, the moiety is located in the minor groove 
(18). In addition to anthracyclines, another classical intercalating antitumor agent, 
actinomycin D, contains two pentapeptide rings located in the minor groove (23), and 
is a topoisomerase I and II inhibitor (15,21). 

A peculiar feature of drug-stimulated topoisomerase II DNA cleavage is that the 
effects of antitumor drugs of different classes are sequence-specific (24). The 
sequence selectivity of different drugs has been rationalized in terms of distinct phar
macophores with similar interaction in the ternary complex. For example, amsacrine 
and bisantrene were shown to have similar sequence specificity, and also similar drug 
conformation and electronic properties. It is conceivable that specific interactions 
involving the drug domain(s) placed externally to the double helix critically influence 
the drug's ability to form the ternary complex and, hence, the site of DNA cleavage. 
This interpretation is supported by the effects of streptonigrin on topoisomerase II 
(25). This antitumor agent exhibits unique sequence specificity of topoisomerase II 
DNA cleavage, since it requires the dinucleotide 5 '-TA-3' from + 2 to + 3 positions 
at the DNA cleavage site. Streptonigrin does not intercalate into DNA, but has DNA 
binding properties resembling those of minor groove binders (25). 

With few exceptions, known intercalators effective as antitumor agents (e.g., anth
racyclines, anthracenediones, actinomycin D, and amsacrines) also have features of 
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external binders, since the intercalation of the planar chromophore is accompanied by 
groove binding of a part of the molecule. It should be emphasized that the external 
binding moiety of the drug molecule is a crucial determinant of antitumor efficacy. 
Other intercalating agents (saintopin, intoplicine, actinomycin D) are dual topoiso
merase I and II inhibitors (15,26-29), although the structural requirements for tope
isomerase I and topoisomerase II are different. Lack of a correlation between activity 
in stimulation of topoisomerase I DNA cleavage and DNA binding affinity of indole
carbazole derivatives suggests that the mode of binding rather than intercalation is 
critical for activity (30). An interesting feature of intercalator topoisomerase I in
hibitors (e.g., 3 '-morpholinyl-doxorubicin, actinomycin D) is their preferential inhibi
tion of ribosomal gene transcription (31) compared to pure topoisomerase II inhibitors 
(i.e., doxorubicin). Such a finding suggests a relationship between topoisomerase I 
inhibition and ribosomal RNA synthesis, and is consistent with an increased cytotoxic 
potency and a low therapeutic index of these agents. 

4. NONCOVALENT DNA MINOR GROOVE BINDERS 

Among DNA-interactive drugs, nonintercalating minor groove binders have been 
most extensively studied for the sequence specificity in DNA binding (J). They include 
agents with broad-spectrum biological activity. Detailed aspects of their biochemical 
and pharmacological action have been extensively reviewed (J) and are not the sub
ject of this chapter. The best studied of these agents are the antiviral antibiotics, dist
amycin and netropsin, which are known to bind noncovalently to the minor groove 
with AT preference and to cause widening of the minor groove (4). Although incor
rectly referred to as antitumor agents, distamycin and noncovalent binders of this 
group have low cytotoxic potency and negligible antitumor activity. Despite their 
physical interaction with DNA that causes reversible inhibition of DNA functions, 
they do not induce a persistent DNA damage, and therefore, they do not have cyto
toxic activity. Indeed, among non covalent minor groove binders, only DNA cleaving 
agents and topoisomerase I inhibitors show a significant antitumor activity. 

Enediyne antibiotics (neocarzinostatin, esperamicin AI, and calicheamicin 'Y 1) are 
typical examples of cytotoxic drugs with high DNA cleaving ability in the minor groove 
(32). DNA-damaging properties of enediynes have been related to formation of 
diradical species (32). A very potent antitumor antibiotic, C-1027, containing a novel 
enediyne chromophore has been described (33). The compound exhibits high and 
specific DNA-cleaving ability even in the absence of thiols (34). An interesting obser
vation is that in calicheamicin 'Y 1, the sugar residue functions as a minor groove bind
ing element (35); such an interaction may be the basis of the site-specific double-strand 
cleavage (36). A similar role has been described for the amino sugar residue of elsa
micin A, an agent with a bimodal mechanism of binding (intercalation and minor 
groove binding) that induces selective DNA cleavage (37). 

Bleomycin is a well-known glycopeptide antibiotic that exerts cytotoxic activity 
through oxidative DNA damage. Its binding to DNA involves a partial intercalation 
of the bithiazole moiety and binding in the minor groove (38). 

An interesting group of minor groove binding agents is topoisomerase I inhibitors 
(39). In general, drugs that interact with DNA in the minor groove can inhibit the 
catalytic activity of DNA topoisomerases in a concentration-dependent manner and 



200 Part I I Cytotoxic Agents 

Hoechst 33342, R = OCH2CHa 

Hoechst 33258, R = OH 

Fig. 1. Chemical structures of bis-benzimidazoles (Hoechst 33258 and 33342) and Nl-alkoxyalkyl 
derivatives. 

interfere with the stabilization of cleavable complexes by topoisomerase-targeted 
drugs (40,41). Thus, these agents act by impeding enzyme action without stabilizing 
DNA cleavable complexes. Since these compounds apparently inhibit DNA topoiso
merase by competing with enzyme binding to DNA, Beerman et al. (40) proposed 
that the action of topoisomerases involves the minor groove. However, a number of 
minor groove binders (e.g., the bis-benzimidazoles, Hoechst 33342 and 33258 [Fig. 1]) 
were found to induce DNA cleavage in the presence of purified DNA topoisomerase I 
(39). A peculiar characteristic of single-strand DNA breaks induced by these minor 
groove binders is the high site specificity. The major cleavage sites have been found in 
AT rich regions (5'-TCAl I I I I-3' with cleavage occurring between T and C), thus 
suggesting that the T track is a potential binding site of these bis-benzimidazoles, which 
are indeed highly AT -selective. It has been proposed that this effect could be related to 
the drug's ability to alter DNA bending, thus preventing ligation of the transiently 
broken DNA ends (1 5). This interpretation is consistent with the ability of bulgarein to 
induce topoisomerase !-mediated DNA cleavage and to induce positive DNA super
coils (42). The DNA winding produced by low-mol-wt compounds is known only for 
AT-specific minor groove binders. Topoisomerase I has been involved in the regula-
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tion of transcription, since the enzyme is associated with the general transcription 
factor, TATA box binding protein (TBP) (43). The factor has been documented to 
interact with DNA in the minor groove and share the same sequence preference of 
minor groove binders (44). In addition to a direct effect of minor groove binders as 
inhibitors of topoisomerase I, the agents are also effective inhibitors of the formation 
of the DNA/TBP complex (45). The structural aspects of minor groove drug-DNA 
complexes were recently examined by Neidle (46), who, on the basis of crystallographic 
studies, provided a detailed picture of the recognition processes involved. The struc
tural studies emphasized, in addition to electrostatic interactions and hydrogen 
bonds, the hydrophobic interactions required to maintain the drug in an optimal 
position within the minor groove. 

The pharmacological implications of the specific effects of minor groove binders 
on topoisomerase I remain to be established. The synthesis and preliminary biological 
evaluation of minor groove-selective N1-alkoxyalkyl-bis-benzimidazoles have been 
described (47) (Fig. 1). A correlation was found between DNA binding and cytotoxic 
potency. In particular, one of the derivatives with the inward-directed substituent 
exhibited a 15-fold increased cytotoxic potency compared to Hoechst 33258. Since the 
compounds may also have inhibitory effects on the catalytic activity of topoisomerases 
(41), the molecular basis of cytotoxicity remains to be defined. Only limited informa
tion is available on the cytotoxic and antitumor activity of the his-benzimidazole 
derivatives. A selective cytotoxicity of Hoechst 33258 in human melanoma cells has 
been reported (48). The drug effect has been related to inhibition of transcription of 
specific genes. A plausible explanation for the cell type-specific effects of Hoecst 33258 
is that tumor cell lines may differ in drug accessibility of certain AT -rich sequences. 
The low potency and high toxicity of Hoechst 33258 have precluded clinical evalua
tion. However, the more lipophylic Hoechst 33342 has been reported to be a potent 
cytotoxic agent (49). Detailed cytotoxicity studies were performed with Hoechst 33342, 
which exhibits an enhanced membrane permeability compared to the parent com
pound Hoechst 33258. The pattern of cell response to the former agent was different 
from that of camptothecin, since it was found less cytotoxic in cell lines expressing 
multidrug resistance, but only moderately crossresistant in camptothecin-resistant 
cells, which express a mutant form of topoisomerase I. The aforementioned studies 
support the potential interest of Hoechst 33342 in cancer chemotherapy. 

Other DNA-interacting agents (including mithramycin, chromomycin A3, and 
nogalamycin) have been reported to stimulate topoisomerase !-mediated DNA cleav
age (15). Again, such agents are known to bind to the minor groove or to have a 
moiety located in the minor groove, but with a different sequence specificity (i.e., 
GC-rich regions) (50-54}. Although they are well-known cytotoxic agents, only a few 
have proven useful in clinical therapy. Thus, all DNA binding agents that are known 
to stimulate topoisomerase !-mediated DNA cleavage have a DNA minor groove bind
ing mode (15). The drug interactions with DNA-enzyme in the ternary complex 
required for an effective stabilization of the cleavage complex have not yet been estab
lished. It is likely that minor groove binding is a critical determinant of sequence 
specificity of these "information-reading" molecules in inducing enzyme-mediated 
DNA damage. 

The DNA sequence-recognizing properties of minor groove binders have suggested 
their use as carriers for delivering DNA-damaging moieties to specific sequences in 
DNA. In such approaches (aimed to functionalize minor groove binders), reactive 
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(alkylating/crosslinking) groups or intercalating chromophores have been used. 
Several minor groove binder-intercalator hybrid molecules (named combilexins) have 
been developed (55-57). An enhanced DNA binding affinity and selectivity, and an 
interference with DNA topoisomerases at specific DNA sites are the potential advant
ages of these hybrid molecules. The molecular interactions with DNA and biological 
activity of a netropsin-acridine hybrid have been described (57). The hybrid com
pound retains its ability to intercalate into DNA, and exhibits lower cytotoxic and 
antitumor activities than the reference compound m-AMSA. 

Based on these preliminary observations, other hybrid molecules that combine 
minor groove ligands and more effective intercalating agents have been synthesized. 
The most interesting compounds of this category appear to be the distamycin 
analogs. The DNA binding properties of a series of distamycin-ellipticine hybrid 
molecules have been extensively studied (55,56). One of these agents, Distel (1 + ), 
was found to have a bimodal mechanism of interaction with DNA (i.e., intercalation 
of the ellepticin chromophore and binding of distamycin in the minor groove), 
without any apparent sequence specificity (55). Molecular modeling studies have sug
gested that the lack of sequence-selective interaction is related to the lack of a posi
tively charged side chain on the distamycin moiety. Based on these theoretical predic
tions, a biscationic hybrid, Distel (2 + ), has been synthesized to study it interaction 
with DNA (56). The introduction of a second positive charge resulted in a highly 
sequence-specific, DNA-reading agent. Psoralen (or coumarin) conjugates of minor 
groove binding AT -selective pyrrole-, or GC-selective imidazole-containing analogs of 
netropsin have been described (58). The linking of psoralen to the AT-selective, pyr
role-containing analogs of netropsin produced a photoactive agent more potent than 
the corresponding imidazole compound and the 8-methoxy psoralen itself, thus docu
menting that the minor groove ligand had targeted the photosensitizing agent to 
cellular DNA. It is noteworthy that in the case of the distamycin-ellepticine hybrid 
molecule, no direct correlations between DNA binding and cytotoxicity could be 
found (55). The hybrid compound is less cytotoxic than the ellipticine derivative used 
for conjugation. Such biological effects were interpreted in terms of unfavorable cel
lular pharmacokinetics of the hybrid compound as a consequence of the hydrophilic 
nature of distamycin residue. The poor drug uptake may thus represent a relevant 
limitation in the use of oligopeptide analogs for the development of hybrid antitumor 
agents. 

5. MINOR GROOVE ALKYLATING AGENTS 

Mitomycin C is a well-known antitumor antibiotic currently used in clinical cancer 
chemotherapy. Its cytotoxic action is related to its ability to bind covalently to minor 
groove DNA, resulting in monofunctional and bifunctional adducts. These processes 
require reductive activation of the quinone system of the drug and involve exclusively 
N2 positions of guanines (59). A specific DNA sequence recognition by mitomycin C 
for crosslink formation has been described. A 4-bp sequence preference by the cross
link produced by mitomycin is the result of absolute specificity for CO. 

Another example of antitumor agents with minor groove GC sequence selectivity is 
anthramycin (6), which is a member of the pyrrole [1 ,4]-benzodiazepine group (Fig. 2). 
In spite of their low molecular weight, anthramycin and tomaymycin have shown a 
surprising degree of sequence selectivity with preference for adenine flanking the 
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Fig. 2. Pyrrolo[l,4]benzodiazepine antibiotics (anthramycin and tomaymycin) and dimer of anthra
mycin (DSB 120). 

alkylated guanine (60). Crystal structure analysis of a covalent DNA-drug adduct pro
vides insights to understand the molecular basis for sequence specificity in benzodia
zepine antibiotics (61). This preference is related to a netropsin-like fitting of the acry
lamide tail into the minor groove. 

In an attempt to find more useful DNA-reading drugs, an interesting development 
of GC sequence-directed alkylating agents is the synthesis of a C8-linked dimer of anth
ramycin, with a flexible -O-(CH2)3-0- linker (DSB120) (62) (Fig. 2). The dimeric deriva
tive, unlike anthramycin, forms interstrand crosslinks and exhibits a marked cytotox
icity in tumor cell lines. The compound binds to a 6-bp sequence (5 '-PuGATCPyr). 
DNA binding, interstrand crosslinking efficiency, and cytotoxic potency are dependent 
on the linker chain length, and compounds with even numbers of methylene groups 
show reduced effectiveness. The observation suggests that, in the design of effective 
DNA-groove binder alkylators, an optimal size and geometry of the linker are required 
to ensure that the reactive moiety is in optimal orientation with respect to the target 
DNA sequence (63). 

Bifunctional alkylating agents are the first drugs proven to have clinical antitumor 
efficacy. They are still among the most widely used drugs, with a broad range of acti
vity for the treatment of human tumors. The agents have a limited capacity to read se
quence information (see Section 2.). In an attempt to increase sequence specificity and 
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Fig. 3. Minor groove selective alkylating agents related to distamycin A. 

to alter the covalent modification of DNA of alkylating/crosslinking agents, several 
minor groove-directed alkylators have been developed as potential antitumor agents 
(64). In such approaches, the naturally occurring pyrrolic oligopeptides, netropsin 
and distamycin, or their oligoimidazole analogs were used as a sequence-selective 
minor groove vectors. One of the most relevant observations in different series of 
DNA targeted alkylating agents is that the introduction of alkylating functions in 
minor groove binders results in a substantial increase in cytotoxic potency as compared 
to the carrier DNA binder itself (65). A similar finding was reported for 4-anilino
quinoline-based, minor groove-directed aniline mustards (66). Unfortunately, the 
latter compounds show a negligible in vivo antitumor activity, presumably related to 
their poor aqueous solubility. 

Again, the most studied (and interesting) compounds appear to be the distamycin 
analogs (Fig. 3). Among recently developed alkylating derivatives of distamycin, a 
very interesting compound, tallimustine (FCE 24517), has been identified and is being 
tested in early clinical studies. The derivative was obtained by incorporation of a ben
zoyl mustard moiety at theN-terminus (67). As expected, the compound was found 
to react covalently with DNA. Whereas distamycin has a low cytotoxic activity and 
no significant antitumor efficacy, the alkylating derivative exhibits potent cytotoxic 
activity comparable or superior to that of melphalan, a structurally related alkylating 
agent (68). The compound was not crossresistant with melphalan in a subline of L1210 
leukemia selected for resistance to melphalan, but was crossresistant with doxorubicin 
in a cell line (LoVo/DX) expressing a typical MDR phenotype. Tallimustine exhibits a 
broad spectrum of antitumor activity against a variety of murine and human solid 
tumor inodels, including human melanoma (M14) and small-cell lung carcinoma 
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(N592). An unexpected finding of in vivo evaluation of tallimustine was a marginal 
activity against conventional murine leukemia models (P388, L1210). The observa
tion suggests that the pattern of tumor response is not related to the rate of tumor cell 
proliferation as observed for the conventional alkylating agents and supports a cell
type-specific cytotoxic effect of minor groove alkylators, presumably related to se
quence-specific covalent modification of DNA and/or cell type-dependent drug 
accessibility to critical genes. This interpretation is supported by the toxicity profile 
observed in a clinical Phase I study of tallimustine (69). Drug treatment causes a 
highly selective and short-lasting neutropenia, but marginal thrombocytopenia. The 
pattern of hematological toxicity is peculiar, since treatment was conventional alky
lating agents results in both neutropenia and thrombocytopenia. 

Distamycin derivatives containing different pyrrole rings have been recently de
veloped (70) (Fig. 3, see compounds 2). Among new compounds, preliminary pre
clinical evaluation suggests that MEN 10710, which is a synthetic derivative of dista
mycin possessing four pyrrole rings in which the bis-(2-chloroethyl)-aminophenyl 
moiety is linked to the oligopyrrole backbone by the flexible butanamido chain (71), is 
pharmacologically interesting. The molecular mechanism of DNA interaction, invest
igated by footprinting experiments and by in vitro DNA interstrand-induced cross
linking, indicated a remarkable difference from tallimustine. Cytotoxic potency was 
increased by 10- to 50-fold compared to melphalan or tallimustine in human tumor 
cell lines. In vivo experiments indicated a significant antitumor efficacy against human 
tumor xenografts, including an ovarian cisplatin-resistant (A2780/DDP) tumor line. 
In vitro studies also showed a reduced myelotoxicity compared to tallimustine, suggest
ing a potential degree of selectivity against tumor cells with respect to normal cells. 

Since polypyrrole compounds (i.e., distamycin and netropsin) may be susceptible 
to oxidative breakdown, bispyrazole compounds were prepared as potentially more 
stable minor groove binding analogs (72) (Fig. 3, compound 1). Although the com
pounds bind less strongly to DNA and show lower specificity for AT -rich sequences 
than distamycin, a benzoic acid mustard derivative has a cytotoxic potency com
parable to that of the alkylating distamycin analog. A negligible antileukemic activity 
of the bispyrazole analog was reported in the treatment of P388 murine leukemia. 
Unfortunately, no solid tumors were used in the preliminary evaluation. Since alky
lating derivatives of distamycin exhibit a marginal effectiveness against leukemia 
systems (68), no definitive conclusions could be drawn on the pharmacological in
terest of the bispyrazole derivatives. 

The increased cytotoxic potency of minor groove binders following incorporation 
of a reactive moiety is not related to the extent of DNA alkylation. For example, 
tallimustine is known to alkylate a very limited number of adenines at the N-3 position 
(73). In spite of the presence of a typical alkylating moiety, tallimustine does not 
produce detectable covalent links with N-7 guanine, which is the major site of alkyla
tion for conventional bifunctional alkylating agents (6). It appears that the site of 
alkylation is dependent on the mode of DNA interaction with the polypyrrole chain. 
This interpretation is supported by a similar mode of action reported for C-1065, the 
first compound of the minor groove alkylators, that exhibits a somewhat similar 
sequence recognition (6,64). The sequence selectivity of adenine adduct formation by 
tallimustine has been recently identified as 5 '-TTTTGA-3' (74). A single base mod
ification in the hexamer completely abolishes the adenine alkylation. Such a sequence 
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specificity is unexpected for a low-mol-wt agent and could account for the limited 
extent of alkylation found in cellular DNA. 

Several efforts have been made to modify DNA sequence selectivity of the dista
mycin/netropsin molecule. Structural modifications have been based on replacement 
of N-methylpyrrole by an N-methylimidazole to accommodate hydrogen bonding to 
the 2-amino group of guanine (75). Thus, a novel class of minor groove binding 
molecules (termed "lexitropsin" to identify information-reading oligopeptides) has 
been developed. A degree of GC recognition has been found in this series of com
pounds, but this is associated with a reduction of DNA binding affinity, presumably 
related to a marked sequence dependence of minor groove width (46). Recently, a GC 
sequence-specific recognition has been reported for an N-formamido C-terminus
modified lexitropin (76), which represents a new carrier molecule for the development 
of minor groove alkylators with a different sequence specificity. Alkylating lexitrop
sins have been used to document groove- and sequence-selective adduct formation by 
small-mol-wt alkylating agents, thereby providing an insight into the sequence and 
orientation preferences of the groove binder (77). Imidazole-containing analogs of 
distamycin were used as vectors for delivery of a variety of alkylating agents to GC
rich sequences (78, 79). The most representative compounds of this series are shown in 
Fig. 3 (scheme 3). In an attempt to identify compounds with GC sequence selectivity 
and increased efficacy, oligoimidazolecarboxamido analogs of distamycin, wherein 
the N-terminus contains either a benzyl-mustard or a chloroambucil moiety, were 
prepared (79). The pattern of DNA alkylation was markedly different from that of 
other minor groove binder benzoyl mustards, since the former compounds were 
found to alkylate guanine-N7 in the major groove and to form crosslinks (79). In 
contrast, benzoyl mustards do not alkylate guanine N-7, but produce highly cytotoxic 
monoalkylation. Lack of a correlation between the mode of drug binding to DNA 
(hence the extent of lesions) and cytotoxic potency suggests that comparable cytotoxic 
potency could be achieved through different mechanisms. 

An interesting series of sequence-selective minor groove binders are cyclopropyl
pirroloindole antitumor antibiotics with unique features (64) (Fig. 4). The parent 
compound of the series is CC-1065, a fermentation product of Streptomyces zelensis 
containing two identical benzopyrrole units and an indolequinone system bearing a 
reactive cyclopropane ring. CC-1065 binds covalently and noncovalently in the minor 
groove of AT -rich regions of double-stranded DNA. The covalently bound species 
results from an alkylation reaction between the cyclopropyl group and N-3 of adenine. 
A sequence-selective alkylation was observed, with a reactive adenine located inside a 
5-bp consensus, i.e., 5 'AAAAA and 5 'PyNTTA (N = any nucleotide) (80-82). Pre
clinical studies indicated that CC-1 065 is one of the most potent cytotoxic agents ever 
found, with activity at nanomolar levels (83). However, it was not developed as a 
clinical candidate because of delayed and irreversible toxicity in preclinical studies (84). 

The unique molecular and pharmacological features of CC-1065 led to a marked 
effort in the chemical modification of parent compound. Among a number of analogs, 
the first identified as a candidate for clinical development was adozelesin (U-73975) 
(85). The analog exhibits a similar mechanism of action, with a sequence-selective 
interaction overlapping at least in part with the parent compound (80). Adozelesin is 
characterized by a high potency and a promising profile of preclinical activity against 
murine and human tumor models, but devoided of delayed or irreversible toxicity of 
the parent compound (64). Phase I studies of adozelesin have been presented using 
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(+)-CC-1065 Adozelesin (U - 73975) 

KW- 2189 Bizelesin (U-77779) 

Fig. 4. Chemical structures of CC-1065 and cyclopropyl pyrroleindole analogs. 

different iv infusion schedules (85,86). The maximum tolerated dose in a 3-wk schedule 
of brief iv infusion was 188 JLg/m2 , thus documenting the potency expected on the 
basis of preclinical studies (85). The dose-limiting toxicity was myelosuppression with 
thrombocytopenia and leukopenia. The toxicity profile was similar, but not identical 
to that of other minor groove alkylators (69). 

A possible drawback of adozelesin is its pharmacokinetic behavior characterized 
by a short half-life. In an attempt to modulate the pharmacologic properties, synthetic 
efforts were directed to the preparation of prodrugs in this series. A very promising 
compound is carzelesin (U-80244). Although less potent than adozelesin, it possesses 
a superior efficacy in preclinical evaluation and a more favorable pharmacological 
behavior (87). As found in other minor groove reactive agents (79), CC-1065 and 
adozelesin are monoalkylating agents. Based on the observation that clinically useful 
alkylators are crosslinking agents, cyclopropylpyrrolondole dimers were designed in 
an attempt to cause DNA damage in a bifunctional manner. Bizelesin (U-77779) 
emerged from this effort. Bizelesin produces stable interstrand crosslinks with an 
increased sequence selectivity (81,88). The dimeric bisalkylator derivative inhibits 
growth of human tumor cells at picomolar levels (89), thus supporting the view that 
crosslinks are more cytotoxic lesions than monoadducts. On the basis of its potency 
and good therapeutic index, bizelesin has been chosen for preclinical development 
(90). A comparative study of DNA binding properties and cytotoxic activity of simpli
fied or extended nonalkylating oligomers of the dihydropyrroloindole ring structure 
of CC-1065 defined the structural features that contribute to noncovalent DNA 
minor groove binding, thus identifying the optimal binding unit (91). An interesting 
observation of the study was a correlation between cytotoxic activity of these oligo
mers and their molecular size. Although less potent than the alkylating parent com
pounds, these oligomers were found to be markedly more cytotoxic than other AT
selective, noncovalent minor groove binders (distamycin and netropsin). The finding 
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is consistent with a critical contribution of the noncovalent complex in determining 
the pharmacological activity of the cyclopropylpyrroloindole drugs. 

Duacarmycins are a novel antitumor antibiotic structurally related to CC-1 065 
(92). Duacarmycin A contains a reactive cyclopropane ring responsible for adenine 
alkylation at the 3 '-end of sequences of three or more consecutive A or T. KW -2189, 
a synthetic analog of duacarmycin B2, has been selected for development on the basis 
of its promising pharmacological profile (93). The derivative is considered a prodrug; 
indeed, although its cytotoxic potency is substantially reduced, it is more effective 
than the parent compound against experimental tumor models, including drug-resis
tant human tumors. 

On the basis of the mode of interaction with DNA, minor groove binders with 
alkylating functions should be considered as a novel class of alkylating agents, with a 
promising preclinical activity. Their clinical efficacy remans to be documented. In 
contrast to bifunctional alkylating agents (known to interact with N7 or 06 of 
guanines and cause crosslinks as typlical cytotoxic lesions), minor groove alkylators 
interact with the N3 of adenines with formation of a mono-adduct. It is likely that 
this mode of DNA interaction is related to the location of the drug in the minor groove 
before alkylation (74). In contrast to conventional alkylating agents (which cause 
selective inhibition of DNA synthesis), no correlation has been found between inhibi
tion of DNA synthesis and cytotoxicity of adozelesin (94) or tallimustine (73). The 
inhibition of DNA synthesis is a delayed effect that reflects an arrest in 02 phase (73). 
Although the alkylation of DNA is considered as the primary lesion, the detailed 
mechanism of the cytotoxic action thus remains to be elucidated. A stimulating hypo
thesis is that the drug-induced DNA damage (caused by covalent binding) in consen
sus sequences for the binding of transcription factors may result in persistent impair
ment of the regulatory mechanisms of transcription of specific genes (7,46). A number 
of observations support this possibility. For example, distamycin A and its alkylating 
derivative inhibit the binding of transcription factors that recognize AT-rich consen
sus sequences in vitro (95). A similar observation has been reported for some synthetic 
N-methylpiperazine derivatives (Hoechst 33258 and 33342) (48). Minor groove binding 
drugs are effective inhibitors of formation of the TBP /DNA complex (45). CC-1065, 
which binds covalently to the DNA, is more effective than the noncovalent binder 
distamycin A. It is conceivable that the irreversible interaction of the alkylating deriva
tives may produce a persistent and more effective inhibition of transcription. TFIID, 
a member of a group of general transcription factors, plays a key role in the initiation 
step of transcription by RNA polymerase II (44). If the primary mechansim of cell 
toxicity of minor groove alkylators is related to inhibition of transcription through 
interference with these regulatory proteins, the mode of actions could not be regarded 
as tumor cell-specific. Indeed, the cytotoxic potency of these agents is also reflected 
by their in vivo potency. Thus, the therapeutic index is expected to be a critical phar
macological determinant of the clinical usefulness of the minor groove alkylators. 

6. CONCLUSIONS 

Most of currently used antitumor agents proven to be clinically effective were dis
covered through empirical approaches, including random screening of natural and 
synthetic compounds or systematic chemical maniputations of active agents (i.e., ana
log development). The identification of their preclinical efficacy led to therapeutic 
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application long before the mechanistic basis of the antitumor effects was understood. 
Progress in molecular pharmacology of DNA-damaging agents and in molecular bio
logy of tumor cells (oncogene activation, gene regulation, signal transduction) has 
provided a more rational basis for new drug discovery by exploiting specific macro
molecular targets for pharmacological intervention (96). 

Groove binding drugs exhibit a striking sequence specificity in DNA interaction 
and DNA damage (7,46). However, it is evident that the recognition potential of 
available DNA-interacting agents is not sufficient to provide selective cytotoxicity 
against tumor cells. Although it appears that DNA lesions produced by DNA-reactive 
agents are not randomly distributed in the entire genome (10), many of these lesions 
are probably not required for therapeutic activity. Indeed, cell-specific effects may 
not be related to the bulk DNA damage (97). Studies performed with tallimustine at 
the molecular level indicate that a low level of DNA damage sustained at relevant sites 
of the genome may mediate drug action. Unfortunately, although malignant trans
formation is known to involve a stepwise accumulation of specific alterations in genes 
normally regulating growth stimulatory or inhibitory pathways, the critical genes and 
therefore the DNA sequences most appropriate as useful targets for tumor-specific 
effects remain to be identified (98). It is possible that efforts directed to the identifica
tion of gene-specific sites of DNA damage may provide insight for a better under
standing of the molecular/cellular basis of the relative tumor selectivity of available 
effective antitumor agents. A critical aspect of this molecular pharmacology approach 
concerns the cellular implications of sequence specificity of drug-induced DNA inter
action (and DNA damage) observed in vitro with isolated DNA or oligonucleotide 
models. Drug interaction is dependent not only on specific sequence, but also on 
target accessibility and DNA conformation in chromatin. For example, in the presence 
of the minor groove binder, distamycin A, duocarmycin A induces alkylation of gua
nine residues that are usually not alkylated by duocarmycin A alone (99). DNA alky
lation sites induced by adozelesin and bizelesin in human colon carcinoma cells were 
mapped in individual genes at the single-nucleotide level (100). The pattern of alkyla
tion induced by these drugs is similar, but not identical to that observed in isolated 
cell-free DNA. These fmdings indicated that drug reaction with DNA may be critically 
influenced by DNA conformation in chromatin. 

Among known DNA-interacting compounds, only DNA-damaging drugs have a 
significant antitumor activity. These agents cause different types of DNA lesions 
depending on the mode of DNA interactions. It is conceivable that their antitumor 
efficacy is related to the type of drug-induced lesions and to the persistence of DNA 
damage. A critical question for the identification of more specific and effective DNA
damaging agents concerns the role played by the sequence specificity and, therefore, 
the genomic localization of DNA damage. It is conceivable that the cytotoxic and 
antitumor potency is dependent on the site of drug-induced DNA lesions and the 
tumor-specific effects of known DNA-kamaging agents are the result of selective 
DNA damage to critical genes presumably relevant for growth and/or survival (10). 
Of course, the introduction of a DNA-damaging moiety in more specific DNA-recog
nizing elements (e.g., oligonucleotides as major groove binders or oligopeptides as 
minor groove binders) (101) is expected to cause DNA damage at selected genomic 
sites. However, the exploitation of these highly selective molecules for drug design is 
still hindered by several chemical and pharmacological problems, including stability 
of the carriers, poor cellular penetration, and difficulties of synthesis. The available 
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sequence-selective agents can be viewed as structural models for further development 
of drugs designed to interfere with DNA sites recognized by specific regulatory pro
teins. The continued development of molecular structural principles in the design pro
cess will also provide an increased understanding of the mechanism of tumor inhibi
tion, thus leading to the synthesis of more effective antitumor agents (46). 
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1. INTRODUCTION 
DNA intercalating agents are among the most common anticancer drugs used in 

the clinical therapy of human tumors. Although some drugs, such as doxorubicin and 
daunomycin, were originally isolated from natural sources, other compounds are syn
thetic organic molecules specifically designed as antineoplastic agents. Arcamone has 
classified these drugs on the basis of DNA interaction into: 

1. Compounds that are able to bind covalently to DNA; 
2. Agents that cause cleavage of the DNA; and 
3. Drugs that bind reversibly to double-helical DNA (J). 

Our synthetic efforts have focused on this last group, in the hopes that the lack of co
valent binding to DNA or DNA nicking would lead to compounds that were less toxic 
to nontumor tissues. Naphthalimides were synthesized as a new series of potential 
antitumor compounds in the late 1970s (2-4). Since his-intercalating agents have an 
even higher binding affinity for DNA (5), we later synthesized and evaluated a number 
of his-intercalating naphthalimides (designated as bis-naphthalimides) (6). In this 
chapter, we review the origins of this new class of cytotoxic intercalators and sum
marize the data on the efficacy of these compounds in preclinical models. 

2. MONOMERIC NAPHTHALIMIDES 

2.1. Synthesis 
The naphthalimide series was originally derived by trying to combine structural 

components of several antitumor compounds into a single molecule (Fig. 1). After 
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Fig. 1. Cytotoxic compounds used in the design of the naphthalimides. Pictured are aristolochic acid 
I, tilorone II, CG-603 III, and cycloheximide IV. 
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Fig. 2. Initial naphthalimides synthesized for possible antitumor activity. 

studying many structures, we selected the following: aristolochic acid 1, a natural 
product with the intercalating phenanthrene system isolated from different strains of 
Aristolochiaceae; tilorone II, another intercalator that is also an interferon inducer; 
CG-603 III, a antiproliferative compound; and the protein synthesis inhibitor cyclo
heximide IV. Different moieties were combined into the naphthalimide V system 
shown in Fig. 2, retaining the {3-nitro-naphthalene a of the aristolochic acid, the gluta-
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Table 1 
Cytotoxic Activity and Acute Toxicity of Selected Naphthalimides 

IC5o p.g/mL /C5o p.glmL LD5o mglkg LD5o mg/kg 
Comp. HeLa Cells KB Cells mouse ip rat ip 

v- 1 
v- 2 
v- 3 
v- 4 

0.15 
2.50 
0.30 
2.0 

0.20 
3.50 
0.35 
2.0 

10 
13 
12.6 
40 

6.5 
32.5 
4.5 
9.1 

rimide rings b that appear in GC-603 and cycloheximide, and the basic chains c pre
sent in tilorone and CG-603. The compounds designated as V-1-4 were synthesized 
and tested for activity using the HeLa and KB cell lines in culture. The data are sum
marized in Table 1 (3). Two of these derivatives were more active than 6-mercapto
purine, which was used as a reference compound for the cytotoxicity assays. This 
excellent antitumor activity suggested this was a promising strategy, and a large series 
of these naphthalimides were then synthesized. 

2.2. Biological Activity 
The structures and antitumor activities of the naphthalimide derivatives are pre

sented in Table 2. The compounds were compared based on the concentration of 
drug required to inhibit 500fo of the growth of HeLa cells. Growth inhibition was 
maximal when the side chain was formed by two methylene groups (position Y) and 
the presence of a basic terminal N group was required at position X (4). The position
ing of the substituents in the naphthalic ring seemed optimal at position 5, instead of 
4 or 6. These results were subsequently confirmed by other groups (7,8). 

Samples from this series were sent to the National Cancer Institute (NCI) for screen
and evaluation (9,10). The activity of these compounds was confirmed by the NCI. 
One of the series, designated as Amonafide by the WHO (V -10 in Table 2, NSC 
308847), was active against the P388 and L1210 leukemia models being used as the 
primary screen. When Amonafide is given ip 17.5 mg/kg (q 1 d x 5), the increase in 
life-span is -50% over the untreated mice. Amonafide was selected for exploratory 
clinical development by the NCI. Another active agent from this series, one of the 
first synthesized (V-1) was designated as Mitonafide (NSC 300288) by the WHO. 
Mitonafide has in vitro activity against the KB and HeLa cells, as well as in vivo activ
ity against murine and human tumor cell lines (3). The structures of these two com
pounds are shown in Fig. 3. 

Amonafide and Mitonafide bind to double-stranded DNA by intercalation. These 
drugs stabilize DNA against thermal denaturation, inhibit RNA and DNA synthesis, 
and initiate DNA cleavage by topoisomerase II, resulting in single-strand breaks 
(11-14). DNA intercalating agents are known to trap topoisomerase II (15). These 
compounds appear to hinder the religation step of topoisomerase II action by stabiliz
ing the cleavable complex (16). Mitonafide and Amonafide specifically induce DNA 
cleavage near nucleotide No. 1830 on pBR322 DNA. It remains unclear, however, if 
the antitumor effects are due to the alterations of topoisomerase II activity. 

In addition to their cytotoxity against tumor cells Amonafide and Mitonafide have 
other biological activities. Both compounds were active against herpes simplex and 
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Table 2 
Cytotoxic Activity of Naphthalimides V 

8 9 0 

'~ 6 
f ' ~2 N- (CH2)n-Y 

·1- 0 
s X 4 

IC5o 
Comp. V X y n pM 

1 5-N02 N(CH3)2 2 0.47 
2 5-N02 N(C2Hs)2 2 7.00 
3 5-N02 N(CH2)4 2 0.80 
4 5-N02 N(CH2)s 2 5.80 
5 5-N02 N(CH2)4 0 > 100 
6 5-N02 N(CH2)4 1 100 
7 5-N02 N(CH3)2 3 3.00 
8 5-N02 N(C2Hs)2 3 14.00 
9 5-NH2 N(C2Hs)2 3 76.00 

10 5-NH2 N(CH3)2 2 8.80 
11 5-N02 N(CH2CH2)20 2 56.00 
12 5-NH2 N(CH2CH2)20 2 30.00 
13 5-N02 (CH2)sNC2Hs 0 16.00 
14 5-NH2 N(C2Hs)2 2 9.60 
15 5-NH2 N(CH2)4 2 4.80 
16 5-N02 N(CH2CH2)2NCH3 3 5.20 
17 5-NH2 N(CH2CH2)2NCH3 3 28.00 
18 5-NH2 N(CH2)4 2 24.00 
19 5-Cl N(CH2CH2)20 2 > 100 
20 5-Cl N(CH3)2 3 6.00 
21 5-Cl N(CH2)4 2 4.50 
22 5-Cl N(CH2)s 2 10.00 
23 5-Cl N(CH3)2 2 2.60 
24 5-0H N(CH3)2 2 10.00 
25 5-0H N(CH2CH2)20 2 > 100 
26 5-0H N(CH2)4 2 11.00 
27 5-N02 N(CH3)2 0 > 100 
28 5-N02 N(CH3)2 0 > 100 
29 5-0CH3 N(CH3)2 2 5.00 
30 5-NHC02C2Hs N(CH3)2 2 28.00 
31 5-NHC02C2Hs N(CH2)4 2 26.00 
32 5-0CH3 N(CH2)4 2 2.00 
33 5-NHCOCH3 N(CH3)2 2 12.00 
34 5-NHCOCH3 N(CH2)4 2 14.00 
35 5-N02 CH(CH3)2 2 > 100 
36 5-N02 SH 2 > 100 
37 H N(CH2)4 2 11.00 
38 H N(CH3)2 2 3.70 
39 5-t-C4H9 N(CH3)2 2 43.00 
40 5-N02 OH 2 > 100 
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Table 2 (Continued) 

/Cso 
Comp. V X y n pM 

41 5-NOz OCH3 2 > 100 
42 5-NOz NHz 2 2.40 
43 5-NOz NHCH3 2 13.00 
44 5-NOz NHCOCH3 2 > 100 
45 5-NHCOzCzHs N(CzHs)z 2 26.00 
46 5-NHCOzCzHs N(CzHs)z 3 20.00 
47 5-NHz N(CH3)z 3 16.00 
48 S-OH N(CzHs)z 2 16.00 
49 5-NHCOCH3 N(CzHs)z 2 16.00 
so 5-NHCOCH3 N(CzHs)z 3 16.00 
51 5-NOz + N(CH3)3,1- 2 100 
52 6-NOz N(CH3)z 2 6.30 
53 6-NOz N(CHz)4 2 8.80 
54 6-0CH3 N(CHz)4 2 2.30 
55 6-0CH3 N(CH3)z 2 5.00 
56 6-0CH3 N(CzHs)z 2 12.00 
57 6-0CH3 N(CHz)s 2 13.00 
58 6-NHz N(CH3)z 2 3.50 
59 6-NHz N(CHz)4 2 6.00 
60 6-NOz N(CzHs)z 2 16.00 
61 6-NOz N(CHz)s 2 14.00 
62 6-Br N(CH3)z 2 23.00 
63 6-Br N(CHz)4 2 16.00 
64 6-Cl N(CH3)z 2 16.00 
65 6-Cl N(CHz)4 2 21.00 
66 6-NH-Bun N(CH3)z 2 11.00 
67 6-NH-Bun N(CHz)4 2 10.00 
68 6-0H N-(CH3)z 2 > 100 
69 6-0H N(CHz)4 2 >100 
70 4-0CH3 N(CH3)z 2 10.00 

vaccinia viruses in in vitro assays (17). This antiviral activity appears to be specific for 
DNA viruses, with no activity observed against influenza viruses. Arnonafide and 
Mitonafide were also tested by the NCI in its HIV screen, where the results were nega
tive (data not shown). Mitonafide is an antibiotic with maximum activity against 
Bacillus subtilis, Salmonella typi, and Shigella dysenteriae (18). Arnonafide and Mito
nafide have also been tested for the ability to kill Trypanosoma cruzii, which causes 
Chagas' disease (19). Both compounds were able to kill the parasite in vitro, at con
centrations of 10- 1M. However, in vivo studies with infected mice showed toxicity, 
so the compounds were not pursued for therapy of Chagas' disease. 

2. 3. Clinical Evaluation 
Both Mitonafide and Arnonafide have been tested in clinical trials. Mitonafide was 

studied in Phase I and II trials using a short administration schedule (1-h infusion every 
day x 3-5 d), and it had activity against solid tumors (20). However, this dosing 
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Fig. 3. Chemical structures of Amonafide and Mitonafide. 

schedule was associated with central neurotoxicity. When the administration schedule 
was changed to a 5-d continuous infusion, Mitonafide could safely be administered. 
Unfortunately, the slow adminstration schedule lacked efficacy in the solid tumors 
that were tested (non-small cell lung, colorectal, and head and neck cancers) (21). 
Therefore, the clinical development was stopped. 

Amonafide has completed several Phase I and II trials. The dose-limiting toxicity 
appears to be myelosuppression (22,23). When given alone, it has limited activity in 
some solid tumors (24-26). When given in combination with cytosine arabinoside, it 
induced complete remissions in some poor-risk acute leukemias (27). Amonafide at a 
dose of 400 mg/m2 was eliminated from plasma with a terminal half-life of 3.5 h (28). 
The peak plasma concentrations were variable and ranged from 2.6 to 9.1 mg/mL. 
Amonafide undergoes extensive metabolism in vivo, including N-acetylation. The 
rate of acetylation varies owing to genetic differences among patients (29). Fast acety
lator phenotyping may allow the Amonafide dose to be adjusted for this variability 
and could be used for future clinical studies. 

3. SYNTHESIS OF THE BIS-NAPHTHALIMIDES 

Several antibiotics isolated from microorganisms, such as Echinomycin or Luzo
peptin, have the ability to intercalate doubly into DNA (30). Several groups have 
attempted to design such bis-intercalators, looking for an improved therapeutic pro
file. Some new synthetic products have been described, for example, diacridines or 
ditercalinium (30). In the early 1980s, we were interested in improving the activity of 
naphthalimides by increasing the binding capacity to DNA. Therefore, a new series of 
his-intercalating agents was designed using structural features of the lead compounds, 
Mitonafide and Amonafide. Two of the chromophore units were linked together by 
bridges containing at least one amine group, because a preliminarily synthesized com
pound with polymethylenic bridge, V-35, did not showed in vitro activity (31). This 
suggested that the presence of at least an amino group is essential for significant 
cytotoxic activity, as in the mononaphthalimide series (4). We therefore prepared a 
series of compounds with different substituents in the aromatic system, as well as 
bridges differing in length and the number of amine groups. The synthesis of these 
compounds has been described in detail elsewhere (31,32). The structures of selected 
bis-naphthalimides are shown in Table 3. The aromatic substituents were predom
inantly amino and nitro, since these were the most active in the mononaphthalimide 
series. In addition, we added the acetylamino substituent, since the main metabolite 
of Amonafide is the acetyl derivative V-33. 
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Table 3 
Selected Dis-N aphthalimides 

Comp. X 

1 3-NO, 
2 3-NH, 
3 3-NH, 
4 3-NH, 
5 3-NH, 
6 3-NH, 
7 3-NH, 
8 3-NH, 
9 3-NH, 

10 3-NH, 
11 3-NH, 
12 4-NO, 
l3 3-NO, 
14 3-NH, 
15 3-NHCOCH, 
16 3-NO, 
17 3-NO, 
18 3-NH, 
19 3-NO, 
20 3-NO, 
21 3-NHCOCH, 
22 3-NO, 
23 3-NH, 
24 H 
25 3-NH, 
26 3-NHCOCH, 
27 3-NO, 
28 3-NO, 
29 3-NO, 

30 3-NO, 

31 3-NH, 

32 3-NH, 

33 3-NO, 

34 3-NO, 

35 3-NH, 

y 

H 
H 

6-NO, 
H 
H 
H 
H 
H 
H 

6-NO, 
6-NH, 

H 
H 
H 
H 

6-NO, 
6-NH, 
6-NH, 

H 
H 
H 
H 
H 
H 
H 
H 
H 

6-NO, 
6-NH, 

H 

H 

H 

6-NH, 

6-NH, 

H 

z 
(CH,),-NH-(CH,), 
(CH,),-NH-(CH,), 
(CH,),-NH-(CH,), 

(CH,),-NCH,-(CH,), 
(CH,),-NH-(CH,), 
(CH,),-NH-(CH,), 

(CH,),-NCH,-(CH,), 
(CH,),-NH-(CH,), 
(CH,),-NH-(CH,), 
(CH,),-NH-(CH,), 
(CH,),-NH-(CH,), 
(CH,),-NH-(CH,), 

(CH,),-NCH,-(CH,), 
(CH,),-NCH,-(CH,), 
(CH,),-NCH,-(CH,), 
(CH,),-NCH,-(CH,), 
(CH,),-NCH,-(CH,), 
(CH,),-NCH,-(CH,), 

(CH,),-NH-C(CH,),-(CH,), 
(CH,),-NH-(CH,). 
(CH,),-NH-(CH,). 

(CH,),-C(CH,),-NH-(CH,). 
(CH,),-NH-(CH,),-NH-(CH,), 
(CH,),-NH-(CH,).-NH-(CH,), 
(CH,),-NH-(CH,).-NH-(CH,), 
(CH,),-NH-(CH,).-NH-(CH,), 
(CH,),-NH-(CH,).-NH-(CH,), 
(CH,),-NH-(CH,).-NH-(CH,), 
[(CH,),-C-(CH,),-NH-(CH,),], 

,--... 
(H2CJ~ N·(CH:z}3 

\_/ 
("'\ 

(H2Cl~ N·(CH:z}3 
\_/ 

" (H2C)~ N-(CH:z}3 v 
(CH,),-NH-(CH,),-C(CH,),-NH-CH,-CH, 
CH,),-NH-(CH,),-C(CH,),-NH-CH,-CH, 
(CH,),-C(CH,),-NH-(CH,),-NH-CH,-CH, 
(CH,),-C(CH,),-NH-(CH,),-NH-CH,-CH, 

(CH,), 

221 

0.51 
30.20 
0.27 
2.45 
0.21 
15.50 
0.07 
0.16 
4.96 
2.31 
> 100 
2.78 
0.24 
1.87 
7.38 
0.77 
1.70 
> 100 
0.29 
0.19 
> 100 
0.97 
3.49 
2.70 
39.00 
> 100 
0.72 
4.00 
4.50 

0.23 

> 100 

2.30 

> 100 

1.77 

> 100 

(continued) 
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Table 3 (Continued) 

IC5o 
Comp. X y z pM 

36 H H (CH,),-NH -( CH,),-NH -( CH,), 0.03 
37 H H (CH,),-NH-(CH,),-NH-(CH,), 0.004 
38 H H (CH,),-NH-(CH,).-NH-(CH,),0.005 

39 H H ~ 0.002 (H2Cl3 • N'v'N - (CH:z)3 

40 H H CH(CH,)-CH,-NH-(CH,),-NH-CH,-CH(CH,) 0.7 
41 H H (CH,),-NH-(CH,),-NH-(CH,),-NH-(CH,), 0.4 
42 H H [(CH,),-NH-(CH,),-NH-CH,], 0.6 
43 3-NO, H (CH,),-NH-(CH,),-NH-(CH,), 0.002 
44 3-NO, H (CH,),-NH-(CH,),-NH-(CH,), 0.0005 
45 3-NO, H (CH,),-NCH,-(CH,),-NCH,-(CH,), 0.0006 
46 3-NO, H (CH,),-NCH,-(CH,),-NCH,-(CH,), 0.04 
47 4-NO, H (CH,),-NH-(CH,),-NH-(CH,), 0.1 
48 3-NH, H (CH,),-NH-(CH,),-NH-(CH,), 0.03 
49 3-NH, H (CH,),-NH-(CH,),-NH-(CH,), 0.009 
50 3-NH, H CH(CH,)-CH,-NH-(CH,),-NH-(CH,)-CH-

(CH,) 0.1 
51 3-NHCOCH, H (CH,),-NH-(CH,),-NH-(CH,), 10 
52 3-NHCOCH, H (CH,),-NH-(CH,),-NH-(CH,), 3 
53 3-NHCOCH, H CH(CH,)-CH,NH-(CH,),-NHCH,-CH(CH,) 1 
54 3-Br H (CH,),-NH-(CH,),-NH-(CH,), 0.008 
55 2-0H H (CH,),-NH-(CH,),-NH-(CH), 0.004 
56 4-0H H (CH,),-NH-(CH,),-NH-(CH,), 8 
57 3-0H H (CH,),-NH-(CH,),-NH-(CH,), 0.2 

4. ANTITUMOR ACTIVITY 

All the compounds were initially evaluated for cytotoxic activity in a standard 
monolayer cell culture of the HT -29 human colon carcinoma cell line. The IC,o values 
of symmetric and asymmetric bis-naphthalimides are shown in Table 3. In general, 
bis-naphthalimides have higher cytotoxic activities than the parental compounds, 
Amonafide and Mitonafide, with some exceptions. Certain aromatic substituents 
tend to increase cytotoxicity, in the order CH3CONH < NH2 < H < N02 for com
pounds with the same bridge. These results are consistent with those found for the 
mononaphthalimides. The length and nature of the bridge also alter the cytotoxicity. 
Nevertheless, any atempt to obtain accurate quantitative structure-activity relation
ship studies has failed (32). This suggests the concurrence of different mechanisms of 
intercalation, which is in agreement with the bis-acridine DNA polyintercalation 
studies done by Le Pecq and colleagues (33). 

Selected bis-naphthalimides were tested for efficacy in animal tumor models. Sur
prisingly, the most active compound was one that lacked any aromatic substituent 
(number 37 in Table 3). This compound, designated LU 79553, shows excellent anti
tumor activity in a number of preclinical models (34). Our initial screen for activity in 
vivo was to test the compounds at the maximum tolerated dose in the MX-1 model. 
The MX-1 is a human mammary carcinoma that is xenografted sc into athymic nude 
mice (35). When LU 79553 is administered to the mice as two cycles of five daily 
injections, the compound is curative at doses of 20, 25, or 30 mg/kg/d (Fig. 4). This 
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Fig. 4. MX-1 human mammary carcinoma was serially passaged as tumor pieces (3 mm in diameter) 
implanted sc on day 0. Treatment was initiated on d 6 and consisted of five daily iv injections of LU 
79553 (dissolved in sterile water) at 0 <•), 5( • ), 10 (.&), 20 <+), 25 (0), or 30 (0) mg/kg/d. A 
second cycle was initiated on day 20. Tumors were measured two to three times a week with calipers, 
and a volume was calculated using the formula V = (W' x L)/2. Median tumor size for each treat
ment group is plotted (n = 5). 

treatment schedule is also effective when the xenografts are allowed to grow tumor 
sizes of 1-2 g (34). LU 79553 was then tested in a number of different tumor models. 
The data are summarized in Table 4. Whereas the mononaphthalimide Amonafide 
has little activity against solid tumor xenografts, LU 79553 treatment has resulted in 
not only tumor growth inhibition, but tumor regression and tumor-free survivors in 
several of these models. Based on this dramatic antitumor activity, LU 79553 was 
selected for clinical development. Phase I clinical trials are currently in progress in 
Europe and the USA. The absence of a basic terminal nitrogen in the chromophore 
of LU 79553 may be advantageous, since the nitro substitution on the monomeric 
compounds appears to be responsible for the CNS toxicity observed in the Mito
nafide clinical trials (20). 

The mechanism of LU 79553's antitumor activity is unknown. The compound 
intercalates into DNA (M. Waring, in press), as do the monomeric derivatives (11). 
LU 79553 alters the catalytic activity of topoisomerase II in a decatenation assay, but 
is a much more potent inhibitor than Amonafide (34). Although the compound ap
pears to exert its antitumor activity via DNA damage, the critical biochemical target 
of the bis-naphthalimides remains to be identified. 

5. OTHER BIS-NAPHTHALIMIDES 

Another series of bis-naphthalimides has been synthesized by investigators at 
DuPont Merck (Wilmington, DE) (36). The compounds showed a similar spectrum 
of activity in vitro and in vivo to the bis-naphthalimides described above (36-39). The 
compounds bind to DNA with a high affmity, are active at killing many tumor cell 
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Table 4 
Summary of In Vivo Activity of LU 79553 

LU 79553 

Tumor Tissue Activity 
designation type /eve/a 

MX-1 Breast Curative 
early stage 

MX-1 Breast Curative 
late stage 

LX-1 Lung PR,CR 
TGD=42-46 d 

LOX Melanoma Curative 
CX-1 Colon Some PR 

TGD=32-33 d 
OVCAR-3 Ovarian TIC= 198% 

apR= partial regressions, CR =complete regressions, TGD =tumor 
growth delay. 

lines in vitro, and some derivatives have impressive activity in preclinical tumor 
models. One compound, DMP 840, was selected for clinical development. DMP 840 
has been evaluated in Phase I studies at several sites (40-44). The dose-limiting tox
icities are myelosuppression and stomatitis. DMP-840 is currently being studied in 
Phase II trials. 
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1. INTRODUCTION 

In 1965, Ishida et al. (1) reported the identification of an antimicrobial compound 
isolated from Streptomyces carzinostaticus. This compound was given the designa
tion "neocarzinostatin" and was thereafter determined to be an antimitotic agent (2). 
What followed was a long series of structural and chemical studies of neocarzino
statin, largely spearheaded by Goldberg and his colleagues (reviewed in 3), and cul
minating in clinical trials in Japan and the US (4-7). The Japanese experience demon
strated difficulty with drug delivery to solid tumors and rapid clearance of the drug 
from the bloodstream (8). The identification of these limitations led to a series of 
derivitizations of neocarzinostatin, in an effort to reproduce the demonstrated in vitro 
efficacy of this drug in an in vivo setting. In addition to lack of efficacy in solid 
tumors, the American experience was marked by problems with drug toxicity, both of 
dose-related and idiosyncratic types (4, 7), and led to curtailment of preclinical and 
clinical studies of this drug in this country, and efforts to synthesize and isolate novel 
enediyne compounds that might not engender these difficulties. This chapter deals 
with the enediynes as a class. Because of its rich structural and mechanistic history, 
and because of the reliance of all subsequent developments in this area on prior studies 
involving this prototypic compound, neocarzinostatin is discussed in detail in each 
section, followed by a discussion of the compounds, both natural and synthesized, 
which followed in its wake. 
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Fig. 1. Structural components of neocarzinostatin chromophore. The molecule consists of four 
functional components to each of which has been ascribed a role in the cellular activity of the drug. 

2. CHEMISTRY AND MECHANISM OF ACTION 

Neocarzinostatin consists of a 113-residue protein (M, = 11,000) noncovalently 
associated with a chromophore of M, 540 (9-11). The biological activity of the mole
cule lies primarily in its chromophore (12,13), and it is after this component of neo
carzinostatin and other natural enediynes that all of the newer synthesized enediynes 
have been modeled (14,15). The chromophore consists of four structural subunits: a 
substituted naphthoic acid, an amino sugar, a pentacyclic carbonate, and a bicyclo
dodecadiendiyne epoxide (16; see Fig. l). Although the epoxide is the "business end" 
or "warhead" (17) of the molecule, required for DNA strand cleavage and adduct 
formation (see this section, below), the other components play important roles in the 
cytotoxicity of neocarzinostatin. The naphthalene moiety is believed to be important 
for minor groove binding of the drug; the amino sugar facilitates drug binding to the 
phosphate backbone of DNA; and the cyclic carbonate appears to mediate traversing 
of the drug across the cell membrane (16). 

Despite the primary importance of the chromophore for the activity of neocarzino
statin, recent studies suggest that the protein does more than just "protect" the 
chromophore from extracellular inactivation. Modification of the protein moiety can 
alter cellular uptake of neocarzinostatin chromophore (18), which is believed in large 
measure to dissociate from the protein en route across the cell membrane (19,20). 
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The principal mode of action of neocarzinostatin is by the induction of DNA 
breaks, most of them single-stranded, preferentially at thymidine and adenine resi
dues in AT -rich regions (11). The initial interaction of the chromophore with DNA is 
a two-step process (21). First, an external complex is formed between the amino 
sugar of the drug and the phosphate backbone of the DNA. Next, there is a slow 
"internalization" of the drug into the minor groove. 

Single-strand breaks so predominate in the action of neocarzinostatin that it was 
originally thought that the occasional double-stranded breaks that arose were the 
result of close apposition of two randomly placed single-stranded breaks on opposite 
strands (12,22). It has recently become clear, however, that these double-stranded 
breaks are the result of direct, bistranded cleavage at AGC·GCT sequences (23-25). 

The reaction of neocarzinostatin with DNA can result in several outcomes: DNA 
strand breakage, the release of free thymidylic aldehyde, or the formation of adducts 
between the chromophore and DNA. Both the cleavage of DNA and the liberation of 
free base aldehydes by neocarzinostatin require oxygen and sulfhydryl reagents. In 
contrast, the formation of DNA-neocarzinostatin adducts occurs largely under an
aerobic conditions (16). Furthermore, the requirement of the former reactions for 
oxygen is independent of that for sulfhydryl groups; that is, in the presence of oxygen, 
one can observe the formation of spectrophotometrically different products depend
ing on the presence or absence of sulfhydryl reagents (26). The kinetics of these reac
tions suggest that there is sequential reaction with neocarzinostatin of the sulfhydryl 
reagent followed by the oxygen molecule. The reaction of one sulfhydryl group with 
the neocarzinostatin chromophore is enough to change its fluorescence spectrum. 
However, the reaction of the second sulfhydryl reagent molecule with the chromo
ph ore requires the prior oxidation of the chromophore molecule (26). 

Neocarzinostatin has also been found to inhibit de novo DNA synthesis (12) and to 
induce mutagenesis, especially at G·C pairs (27). However, the roles of these activities 
in the antineoplastic efficacy of neocarzinostatin are not known. 

Since the time of discovery of neocarzinostatin, several other enediynes have been 
both isolated from natural sources or synthesized de novo. All of these compounds 
have some structural and mechanistic similarity to neocarzinostatin. The first of these 
to be described was calicheamicin -y11 (28). Calicheamicin was isolated from fermenta
tion broths of Micromonospora echinospora ssp. calichensis, and, like neocarzino
statin, it binds in the minor groove of DNA and requires oxygen, but not peroxide or 
superoxide, for its action. Unlike neocarzinostatin, however, calicheamicin consists 
of a chromophore unassociated with a protein (28), and makes sequence-specific 
double-stranded cuts in DNA (28,29). Its particular sequence specificity is apparently 
partially determined by the carbohydrate domain of this molecule (30), although other 
structural components of the molecule also contribute to this property (31,32). 
Esperamicin A1 is another enediyne chromophore that makes single-stranded cuts in 
DNA that differ from those made by neocarzinostatin in their particular base and 
sequence selectivity. Esperamicin requires thiol, heat, or UV -light activation analogous 
to that required by neocarzinostatin (33,34). Dynemicin A, a hybrid compound con
taining anthraquinone and enediyne cores, also requires thiol or UV -light activation 
(35,36), but has nicking sequence selectivity that differs from those of esperamicin 
and calicheamicin. This enediyne is also a natural product, isolated from the fermen
tation broth of Micromonospora chersin (37). It induces double-stranded cleavage to 
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the 3 '-side of a purine base and staggered by 3 bases on opposite strands. Molecular 
modeling studies indicate that this cleavage pattern can be predicted from the inter
calation position and capacity for enediyne activation of the anthraquinone subunit 
(38,39). Recently, new natural products with a protein component analogous to 
aponeocarzinostatin have been described (40-42). One ofthese, C1027, cleaves duplex 
DNA to produce single-strand breaks, double-strand breaks, and abasic sites in the 
absence of thiols (43). 

By modeling compounds after dynemicin. A, Nicolaou and colleagues (14) have 
synthesized a series of "self-triggering" enediynes that do not require sulfydryl com
pounds for activation. They have made the observation that "pretriggered" ene
diynes (called stable enediynes) in their series interfere in a competitive fashion with 
the biological activity of unstable or reactive enediynes, raising the possibility that 
there is a non-DNA intracellular receptor for the enediynes (15). 

3. CELLULAR EFFECTS 

There are four principal effects of the enediynes on cells: 

1. Mutagenicity; 
2. Antimitotic activity associated with cell-cycle arrest; 
3. Apoptosis induction; and 
4. Differentiation induction. 

These effects are not mutually exclusive, and some of them are undoubtedly the 
result of triggering of endogenous cell-determined responses to antimitosis or to parti
cular mutations (44). 

The mutagenicity of enediynes has been shown to be sulfhydryl-dependent and to 
vary with concentration in parallel with the cytotoxicity of these agents. That is, as the 
surviving fraction of cells diminishes, so increases the percentage of the remaining 
cells exhibiting a mutant phenotype. This has been interpreted to mean that the same 
mechanism, namely DNA cleavage, is responsible for both of these outcomes, and 
that the quantity of irreparable DNA damage determines whether cell death or muta
tion is seen in a particular cell or population. In any case, neocarzinostatin is muta
genic in bacteria, yeast, fungi, and mammalian cells (45). Although it had originally 
been said that cytolysis by neocarzinostatin is dependent only on the concentration of 
the drug present and not on the drug exposure time, these studies failed to take into 
account degradation of the chromophore over time at 37 °C, and subsequent studies 
have demonstrated independent exposure time- and concentration-dependent effects 
(whether cytolysis, mitotic arrest, or differentiation) of this agent (46,47). Hyper
tonicity of the bathing medium of the cell increases the DNA damage rate and de
creases the DNA repair rate in response to neocarzinostatin treatment, but not to 
DNA crosslinking or intercalating agents (48). The radiosensitivity of tumor cells is 
enhanced by neocarzinostatin, as is the incidence of "potentially lethal damage" 
owing to X-irradiation; the degree of enhancement is inversely proportional to the 
DNA repair capabilities of the particular cell line, even though neocarzinostatin 
inhibits all repair regardless of the prior capabilities of the line. This almost certainly 
indicates that neocarzinostatin prohibits repair of residual damage after irradiation, 
so that the less damage that has been repaired prior to neocarzinostatin addition, the 
more damaged a cell remains (49,50). 
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Enediynes act as antimitotic agents by inducing a temporary 02 delay in several 
cell lines (51,52). Cells remain blocked at G2M for some period of time, demonstrat
ing a decreased mitotic index at 1 h, followed by an "overshoot" at 48 h after drug 
washout. In neural crest tumor cells, the antimitotic effect is irreversible, perhaps 
because the G2M block is lengthy enough to trigger an endogenous cellular program 
for differentiation, and in these cells, the differentiated state is a post mitotic one 
(19,47,53). Although poly-ADP ribosylation of chromatin protein increases in HeLa 
cells that undergo G2 delay after neocarzinostatin treatment, inhibitors of this chem
ical process do not universally inhibit the cell-cycle changes, and the order of potency 
of the inhibitors that work on both processes is not the same. This implies that these 
two events are not causally related (51). 

Recently, apoptosis induction has been described after enediyne treatment of a 
variety of cell types (15,54,55). Stable designed enediynes appear to block apoptosis 
induction by reactive designed enediynes (15), implying that there is a receptor-ligand
like interaction involved in this process. However, this competitive inhibition is not 
universally seen with natural enediynes, such as calicheamicin (56). Although oligo
nucleosomal-length cleavage fragments could be produced simply by the direct cleav
age of DNA by enediynes in the face of an intact nucleosomal structure, kinetic studies 
of the cleavage process, and its dependence on protein synthesis and the presence of 
an endonuclease in at least some cell types make it likely that direct cleavage by the 
enediynes triggers an endogenous program for cell death (55). 

In some neural crest cells treated with enediynes, morphological differentiation 
results (19,44,53). The precise nature of the differentiation (e.g., whether neuron
like or Schwann cell-like) and the determination of whether a particular cell under
goes apoptosis or differentiation are functions of the endogenous properties of that 
cell, rather than the concentration or nature of the enediyne with which it is treated 
(44). Furthermore, even in cases where morphological differentiation along neural 
lines is apparent, the biochemical accompaniments of this morphological change do 
not always parallel normal differentiation (57). 

Finally, in cell-culture studies, two distinct types of resistance to neocarzinostatin 
and related enediynes have been described. In one, enediyne resistance is part of a 
multidrug resistance phenotype, with overexpression of P-glycoprotein, and reversal 
of the phenomenon with verapamil (58,59). In the other, resistance to neocarzinosta
tin alone is seen, and is not accompanied by crossresistance to other enediynes or 
other chemotherapeutic agents. The precise mechanism underlying the latter phe
nomenon is not known (58). 

4. ANTITUMOR EFFECTS OF NEOCARZINOSTATIN: 
PRECLINICAL AND CLINICAL STUDIES 

Since early reports of efficacy of neocarzinostatin against L1210 leukemia in mice 
(60), this drug has been examined in several of Phase I and Phase II trials for a variety 
of hematological and solid malignancies. Because pharmacokinetic studies indicated 
that neocarzinostatin has a short serum half-life, undergoes rapid renal clearance, and 
is concentrated in the kidney and bladder, Sakamoto et al. (5) undertook a study of 
newly diagnosed patients with bladder carcinoma confined to the primary organ. Of 
these 30 patients, each of whom received three or four courses consisting of 1 mg 
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neocarzinostatin iv daily for 7 d followed by a 7-day "rest period," 2 attained com
plete response, 21 attained partial response, and 6 did not respond to therapy. In all 
cases, neocarzinostatin treatment was followed by transurethral resection of residual 
tumor. At followup (12-46 mo), 5 of the 30 patients had recurrences of their tumor. 
The published recurrence rate for bladder carcinoma with transurethral resection 
alone is 25-7007o within 1 yr and 90% within 2 yr. Toxicity in all patients was reversible 
and tolerable. The most common problem was myelosuppression, which apparently 
remitted during the 7-d rest period, and exhibited cumulative severity, which limited 
the total number of courses of drug that could be given to any patient. Three of the 
patients treated had transient elevations in SOOT without related symptoms. 

These encouraging results led to the undertaking of a Phase II study that included 
patients with metastatic bladder, prostate, or hepatic carcinoma (4). In contrast to the 
patients treated for local disease in an organ in which neocarzinostatin is known to 
attain high concentrations, only 1 of the 35 patients with metastatic disease (a patient 
with bladder carcinoma) had a partial response to treatment. Myelotoxicity was again 
the dose-limiting factor in these patients who received iv bolus therapy once daily for 
5 d and repeated when their blood cell counts permitted. In addition, two patients 
sustained dose-limiting toxicity involving pulmonary fibrosis, which responded to 
steroid treatment and hepatic toxicity, respectively. One patient experienced anaphy
laxis during a repeated course of the drug, and was successfully treated with suppor
tive therapy and steroids. Subsequently, 122 patients with disseminated malignant 
melanoma were randomized to treatment with chlorozotocin, neocarzinostatin, or 
methyl-CCNU. Although toxicity of neocarzinostatin (thrombocytopenia, leukopenia, 
and one anaphylactic response) was said to be "tolerable" in this study, the therapeutic 
response was meager at best. Furthermore, in a Phase II trial of 53 patients with acute 
leukemia, chronic myelogenous leukemia (CML) in blast crisis, or a variety of solid 
tumors, only two of the patients with CML responded at all, and both of them re
lapsed by 6 wk following therapy (7). Thus, although there have been isolated reports 
since these larger trials of the efficacy of neocarzinostatin as a single, unmodified 
agent in the therapy of urinary tract malignancies (61), it appears that neocarzino
statin's role may be limited to therapy of tumors in particular sites where high local 
concentrations of the drug can safely be attained, and as a substrate for the develop
ment of more targeted agents and systems for drug delivery. In this regard, Maeda et 
al. (8) have developed a two-compartment theoretical model of neocarzinostatin as 
an intra-arterial agent for use in the therapy of malignant gliomas of the central 
nervous system. They cite the short serum half-life and long CSF half-life of the drug, 
its several orders of magnitude greater toxicity for glioma cells relative to normal glial 
elements, and its rapid clearance from the systemic circulation as evidence in favor of 
this strategy. 

5. IMPROVING THE THERAPEUTIC INDEX OF ENEDIYNES 

Problems with lack of efficacy in solid tumors, and chromophore-mediated bone 
marrow and protein-mediated anaphylactoid toxicity of neocarzinostatin have led to 
several types of attempts at improving the therapeutic index of the enediynes. One 
early effort to increase the delivery of neocarzinostatin to solid tumors began with the 
observation that, under angiotensin-induced hypertension, there appeared to be a 
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two-fold increase in neocarzinostatin delivery to tumors with no change in delivery to 
normal tissues (62). This turned out not to be practical, and more recent efforts in this 
regard include: 

1. Conjugation of neocarzinostatin to a high-mol-wt polymer, which improves its pharma
cokinetic properties and decreases the "exposure" of the protein to the immune system; 

2. Conjugation of enediynes to monoclonal antibodies (MAb) to target their effects for 
particular tumor tissues; 

3. Targeting of enediynes themselves or their activating (thiol) agents for particular tumor 
tissues; and 

4. Synthesis of novel enediynes, which might have differential delivery to or activity in 
tumor cells relative to normal cells. 

A brief discussion of each of these strategies follows. 
The most widely studied modification of neocarzinostatin is the conjugation of this 

compound to a styrene-maleic acid copolymer (SMANCS; 63-68). SMANCS demon
strates more rapid and more complete internalization by cells than neocarzinostatin 
(64,65), a finding that probably accounts in part for its improved efficacy against 
tumor lines. Furthermore, SMANCS appears to be a biologic response modifier, as 
well. The copolymer appears to elicit increased secretion of interferons 'Y and {3 (66), 
and to increase NK activity, macrophage cytostasis, cytotoxic T-lymphocyte activity, 
and delayed hypersensitivity to sheep erythrocytes (68,69). Conjugation of neocar
zinostatin to a styrene-pyran copolymer perhaps leads to decreased bone marrow 
toxicity relative to either the native compound or SMANCS. This compound exhibits 
the same molar cell kill as neocarzinostatin, but has only 700Jo of the acute toxicity 
(demonstrated by spleen and bone marrow CFU-C assays) of the native compound, 
allowing higher doses to be used in the animal models in which it has been tried. It has 
been suggested that the decrease in toxicity is related to a more tumor-selective pattern 
of drug delivery, owing to differences between normal and neoplastic vasculature 
(67). In one study of hepatocellular carcinoma patients who were given intra-arterial 
SMANCS dissolved in the lipid lymphographic agent ethiodol, radiographic, histo
logic, and serologic (a-fetoprotein levels) evidence demonstrates promising antitumor 
activity of this preparation in this particular localized malignancy (70). A method has 
also been proposed for rescuing patients from the bone marrow toxicity of SMANCS 
by taking advantage of the more rapid uptake of this compound into tumors relative 
to normal tissues and by using Tiopronin (N-2-mercaptopropionyl glycine) to inacti
vate residual SMANCS in the serum (71). Combining local (ip or ia, depending on the 
tumor model) neocarzinostatin therapy with iv Tiopronin appears to be a promising 
approach in regionally confined tumors (72, 73). 

Targeting of tumor tisues for cytotoxic effects by exploiting tumor-specific anti
gens and MAb made against them has been attempted with conjugates to many cyto
toxic agents. The enediynes are no exceptions in this regard. Much of this work has 
involved the conjugation of neocarzinostatin to the MAb A 7. This conjugate demon
strates marked selectivity for tumor relative to normal tissue and, therefore, has a 
better therapeutic index than neocarzinostatin alone in several tumor models (74). 
Specific localization of drug has been shown for SC xenografts of colon carcinoma 
(75, 76) and pancreatic carcinoma (77, 78). This improvement in therapeutic index is 
thought to be not only a function of the specific binding of the conjugate to antigens 
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on tumor cells, but also the result of improved serum half-life (both decreased renal 
clearance and increased stability with a decreased likelihood of dissociation of chrom
ophore from the protein), as well (79). Other promising attempts at antibody conjug
ation to neocarzinostatin have included thioether linkage to an MAb to astrocytoma 
cells (80). In addition, several studies have proposed conjugating neocarzinostatin to 
anti-idiotype antibodies in order to effect specific cytolysis of antisingle-strand DNA 
targeting or antibody-producing cells in patients with disorders, such as systemic 
lupus erythematosis (81-83). Recently, a series of calicheamicin analogs have been 
conjugated to MAb with increased magnitude and specificity of the cytotoxicity for 
these malignant cells (17). It is particularly interesting that this study demonstrates that 
the structure-activity relationship obtained for a series of native calicheamicin analogs 
does not predict the relative activities of the MAb conjugates of these compounds. 

Targeting of the toxicity of enediynes has also been attempted using strategies other 
than antibody conjugation. Taking advantage of the transferrin receptors on leukemia 
cells, Kohgo and colleagues (84) have improved the tumor cell uptake and in vitro 
efficacy of neocarzinostatin for K562 cells by conjugating neocarzinostatin to trans
ferrin. The optimal ratio of transferrin to neocarzinostatin in such conjugates is 4.0. 
Greater proportions of transferrin compromise the DNA cleaving efficacy of the 
drug; greater proportions of neocarzinostatin compromise the binding of the con
jugate to the transferrin receptor. The internalization of the transferrin ·4(neocarzino
statin) conjugate proceeds at the same rate as transferrin internalization by these cells 
(85). Targeting has also been achieved in neuroblastoma cells by sulfhydryl loading of 
these cells using the neurotransmitter analog 6-mercaptodopamine prior to treatment 
with neocarzinostatin (86). Since neuroblastoma cells have an active dopamine uptake 
system, they concentrate 6-mercaptodopamine against a concentration gradient. 
Most normal cells that actively concentrate dopamine are postmitotic, and so are not 
readily affected by neocarzinostatin. Neocarzinostatin is therefore selectively acti
vated and effective in neuroblastoma cells, and cytolysis can be effected at much lower 
concentrations than would ordinarily be required. 

Efforts to design or engineer enediynes have led to the production of some that 
appear to have selectivity for tumor cells relative to normal bone marrow progenitors 
(14). The mechanism of this selectivity is not clear, but it raises the possibility that such 
enediynes could be used as therapeutic agents with tolerable toxicity, without the need 
for conjugation or coupling of these compounds to targeting molecules. 

6. CONCLUSIONS 

Enediynes have been shown to exhibit antineoplastic activity in a number of tissue
culture and animal models. To the extent that their toxicity is tolerable, they presently 
have clinical potential in particular localized tumors with pharmacological or ana
tomical (i.e., site-specific delivery) circumstances that permit attainment of tumorici
dal concentrations of these drugs. Harnessing the cytotoxic activity and the known 
chemical mechanism of these drugs for general clinical use will require improvement 
of their therapeutic index. Approaches that show promise in this regard include increas
ing the selectivity of drug delivery and/or drug activation, and selectively rescuing 
normal tissues from enediyne toxicity. 
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SUMMARY 

1. EXTRACELLULAR MATRIX DEGRADATION 
IN CANCER PROGRESSION 

1.1. Historical Perspective 

The contribution of extracellular matrix turnover to the invasive phenotype of 
cancer cells has long been recognized. Hippocrates (460-370 BC), who described invad
ing tendrils of tumor tissue and the resulting destruction of bone and soft tissue, 
ascribed this behavior to an imbalance of the "Four Humors" resulting in a local 
excess of one of these, which he called "black bile" (1). This theory was later extended 
by Galen (131-203 AD), who proposed that the "black bile" was concentrated in areas 
of tumor invasion (2). Our modern view of the process of cancer invasion and meta
stasis formation is remarkably similar to these early hypotheses, except that we recog
nize various lytic enzymes as major components of Hippocrates' "black bile." Further
more, Hippocrates' concept of a localized imbalance of "Humors" is essentially 
identical to our current understanding that extracellular matrix degradation and tumor 
cell migration are dependent on a critical balance between activated proteases and 
their endogenous inhibitors. 

The current view on the role of proteases in cancer metastasis has been refined con
siderably over the last 20 years. The function of proteases in cancer invasion is now 
replete with many details, and the role of specific classes of proteases has been defmed. 
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As a result of these studies, several specific proteases have been identified as potential 
therapeutic targets for novel cancer therapy. Members of the matrix metalloprotein
ases are one such group. The first members of this family of proteases were the col
lagenases that were identified through their ability to degrade the collagen triple helix 
selectivity. However, the role of these proteolytic activities in cancer progression was 
not appreciated for many years. 

In the 1960s and early 1970s, investigators frequently noted the associltion of a 
variety of protease activities with invasive tumor cells, including both lysowmal and 
neutral protease activities (3-9). It had long been recognized that native collagen in 
fibrillar form was extremely resistant to protease action at neutral pH. Collagenases 
that selectively degrade these fibrillar collagens within the triple helical domain were 
initially identified in resorbing tadpole tail and in mammalian tissues showing evi
dence of collagen breakdown (10,11). In the late 1960s and early 1970s, collagen-de
grading activities were reported in association with both epithelial and mesenchymal 
malignancies. These included basal cell carcinomas of the skin, melanoma, squamous 
cell carcinomas, soft tissue sarcomas, and breast cancer tissues (12-20). Collagenase 
activities were also obtained from tumor explants. These collagenases were poorly 
characterized, and it was difficult to determine if they originated from tumor cells or 
host response. Furthermore, the correlation between these collagenase activities and 
the metastatic potential of the tumor was, at best, only broadly demonstrated. 

In 1977, Lance Liotta and colleagues used the T241 mouse fibrosarcoma model to 
demonstrate that tumor cells obtained from the venous effluent of a primary tumor 
possessed significantly higher basement membrane-degrading and type I collagen 
matrix-degrading activity when compared to cells of the primary tumor (21). This 
suggested that metastasizing tumor cells form a distinct subpopulation within the 
primary tumor and that these cells possessed enhanced invasive potential represented 
in part by extracellular matrix-degrading protease activity. In that same year, Kuettner 
and colleagues (22) published a report that described the production of collagenase 
activity by human osteosarcoma and mammary carcinoma cell lines. This activity was 
inhibited by a cartilage-derived protein of low molecular weight. Since cartilage is 
rarely invaded by neoplasms, the authors concluded that the activity of the collagenase 
and, subsequently, its regulation by the cartilage-derived inhibitor played an important 
role in tumor cell invasion. These two studies represent a turning point in the view of 
investigators toward the role of proteases in cancer progression. For the first time, the 
research focused on degradation of specific components of the extracellular matrix, 
and this activity was correlated with the aggressive behavior of subpopulations of 
tumor cells. They are also the first indication that inhibition of collagenase activity 
might be a useful therapeutic strategy for blocking the spread of tumor cells. 

1.2. Basement Membrane as a Barrier to Tumor Invasion 
Liotta and colleagues combined the results of these initial experiments with the 

observation that destruction of basement membranes is often associated with tumor 
invasion, to formulate a working hypothesis that tumor cells selectively degrade com
ponents of the basement membrane (23). Concurrent investigations by other labora
tories analyzed the molecular components of the basement membrane and character
ized collagen-degrading enzymes from a variety of sources. Type IV collagen was 
shown to be a major structural component of basement membranes and distinct from 
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the fibrillar collagens previously identified (24-26). Specific type IV collagen-degrading 
activity was first described by Liotta et al. in 1979 (23). This activity was derived from 
the culture media of the T241 metastatic murine fibrosarcoma cell line, and was shown 
to degrade type IV collagen selectively, generating specific N-terminal 114 and 
C-terminal 3/4 cleavage products. This activity had a molecular mass of approx 
65-72 kDa, pH optima around 7 .0, and was sensitive to chelating agents suggesting 
that it was also a neutral metalloproteinase activity. However, the relationship of this 
type IV collagenase to dermal fibroblast collagenase was not appreciated for several 
years. Primary sequence information on this interstitial collagenase and on the tumor 
type IV collagenase would subsequently reveal that these enzymes constituted the first 
members of a new family of proteases that has become known as the matrix metallo
proteinase (MMP) family (27,28). The mammalian interstitial collagenase is recog
nized as the first member of this family and is often referred to as MMP-1 (27,28). 
The 72-kDa type IV collagenase, first isolated by Liotta, is recognized as the second 
member and is referred to as MMP-2. Current terminology also refers to this protease 
as gelatinase A in recognition of the potent gelatinolytic activity that this protease 
possesses (27). Several additional members of this family would also later be iden
tified through their overexpression and association with tumor cells (i.e., transin [rat 
homolog of human stromelysin-1] [29], stromelysin-3 [30], and collagenase-3 [31]). 

Subsequent experiments demonstrated a direct correlation between type IV colla
gen-degrading activity and metastatic potential of several murine tumor cell lines (32). 
These findings suggested that the basement membrane posed a significant barrier for 
tumor cell invasion. This concept formed the basis of many studies that attempted to 
characterize the interaction of tumor cells with the extracellular matrix and formed 
the basis of the three-step hypothesis of tumor cell interaction with the basement 
membrane (33). This hypothesis defines the invasive phenotype as consisting of three 
distinct phases: attachment of tumor cells to the basement membrane or extracellular 
matrix, creation of a proteolytic defect in the basement membrane, and migration of 
the tumor cells into this defect (34). Although initially presented over 10 years ago, 
this three-step model remains a useful framework for understanding the extracellular 
matrix-cell interactions that occur during successful cell invasion, whether pathologic 
or physiologic (34). This model highlights tumor cell-mediated extracellular matrix 
proteolysis as a central feature of tumor invasion and metastasis. It also presents a 
framework that can be used to test the role of various proteases in cancer invasion. 

Subsequent investigations led to the development of in vitro invasion assays, which 
use either native (35) or reconstituted basement membranes (36,37). These assays 
have been useful in demonstrating the requirement of MMP activity during tumor cell 
invasion. In addition they have also been useful in screening metalloproteinase inhib
itors prior to actual in vivo animal testing in either lung colonization or spontaneous 
metastasis models of tumor progression. 

2. THE MMP AND TISSUE INHIBITOR 
OF METALLOPROTEINASE FAMILIES 

2.1. MMPs 

Investigation of the biochemistry and molecular biology of chronic diseases, such 
as arthritis and cancer, has revealed a critical role for extracellular matrix remodeling. 
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Fig. 1. Domain structure of the matrix metalloproteinases. General structure of a prototypic member 
of the MMP family is depicted. The exons encoding the full-length protein are represented as 1-10. 
These include a signal sequence, encoded in exon I, for extrusion into the endoplasmic reticulum, as 
well as a prosegment, encoded in exon 2, that contains a highly conserved peptide sequence responsible 
for the lack of protease activity in the proenzyme. This prosegment contains a unpaired cysteine 
residue that coordinates the zinc atom of the active site resulting in latency. Exons 4, 5, and 6 encode 
for the catalytic domain that contains a signature metal atom binding domain that defines this family 
of proteases. The involvement of these three histidyl residues in zinc atom binding has been confirmed 
by X-ray diffraction analysis. The gelatinases contain a disruption of the catalytic domain represented 
by the insertion of three exons immediately upstream of the sequence encoding the metal-atom bind
ing domain. These three exons encode for type II gelatin binding motifs originally observed in fibro
nectin. The carboxyl region of the MMP family members is the least conserved region. Many members 
of this protease family show sequence homology to hemopexin and/ or vitronectin in this region 
as illustrated. 

These studies also identified several unique matrix-degrading proteases overexpressed 
in tumor cells that are now known to be members of the MMP family. These are a 
group of related zinc metallo-endopeptidases with neutral pH optima, which collec
tively are capable of degrading most, if not all, of the structural components of the 
extracellular matrix, such as collagens, proteoglycans, and glycoproteins, like fibro
nectin and laminin (for general review of these enzymes, see 28,38-40). These enzymes 
share a number of common structural domains that identify members of this protease 
family (Fig. 1). The currently recognized members of the MMP family and their recog
nized substrates are listed in Table 1. These proteases are subgrouped according to 
substrate preference (28,38,39). The interstitial collagenases, which degrade fibrillar 
collagens, include fibroblast interstitial collagenase and neutrophil collagenase. The 
stromelysins have a broad range of substrates, including proteoglycans, glycoproteins, 
and nonhelical collagens, as well as other latent MMPs resulting in activation. This 
group includes stromelysin-1, stromelysin-2, and matrilysin. Stromelysin-3 is the 
newest member of this group and is included primary because of sequence homology, 
although its substrate specificity is not well defined. 

The gelatinase subgroup possesses potent gelatin-degrading activity as well as selec
tive activity against a variety of collagens, such as types IV, V, VII, X, and XI (28). 
This group also degrades other matrix components, such as elastin, fibronectin, and 
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Table 1 
Matrix Metalloproteinase Family Members 

E.C. nomenclature/ MMP Molecular 
Subgroup other designations number species Substrates 

Interstitial 
collagenases 

Interstitial collagenase MMP-1 52, 57 kDa Fibrillar collagens 
(fibroblast type) (III>> I) 

PMN collagenase MMP-8 75 kDa Fibrillar collagens 
(I>> III) 

Collagenase-3 MMP-13 54 kDa Fibrillar collagen 

Stromelysins 
Stromelysin-1 MMP-3 52, 58 kDa LMN, FBN core 

protein, other MMP 
nonhelical collagen 

Stromelysin-2 MMP-10 58 kDa Same as MMP-3 
Stromelysin-3 MMP-11 29 kDa o:-1-Antitrypsin 
Matrilysin MMP-7 28 kDa Similar to MMP-3 

Gelatinases 
Gelatinase-A, 72 kDa MMP-2 72 kDa Gel, col IV, col V 

type IV collagenase FBN, VN, Elastin, 
col I, cell surface? 

Gelatinase-B, 92 kDa MMP-9 92 kDa Gel, col IV, col V 
type IV collagenase 

Other 
Metalloelastase MMP-12 53 kDa Elastin 
Membrane-type MMP MMP-14 66 kDa Progelatinase A 

vitronectin. Gelatinase A, which is the same as the original 72-kDa type IV collagenase 
isolated by Liotta and colleagues, as well as gelatinase B, are the current members of 
this group. Newer members of the MMP family that are less well characterized include 
macrophage metalloelastase (MMP-12) (41) and collagenase-3 (MMP-13) whose 
expression appears to be selectively associated with human breast cancer (31). The 
newest member of this family contains a transmembrane domain and is referred to as 
membrane type MMP or MT -MMP (42). Some distinguishing features and known 
substrate specificities of these proteases are briefly outlined in Table 1. 

These enzymes are characteristically produced and secreted into the extracellular 
milieu as proenzymes (28,38,39). MT -MMP is the obvious exception to this in that 
this enzyme is membrane-associated and thus not secreted, but it does appear to be 
initially produced as a proenzyme. The latency of the proenzyme form of all MMPs is 
the result of interaction of a highly conserved cysteine of the amino-terminal pro
domain with the zinc atom at the active site (43). The cysteine switch hypothesis states 
that disruption of this interaction results in proenzyme activation. This family of pro
teases is further defmed by the fact that they are selectively inhibited by a group of endo
genous inhibitors known as the tissue inhibitors of metalloproteinases or (TIMPs). 
The balance between the level of activated MMPs and available TIMPs determines 
the net MMP activity and is therefore a pivotal determinant of extracellular matrix 
turnover. 
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TIMP-1 TIMP-2 TIMP-3 

28 kDa 21 kDa 24 kDa 

Glycosylated Non-glycosylated Non-glycosylated 

Binds to latent Gel B Binds to latent Gel A Binds to ECM 

0.9 kb 1.1 and 3.5 kb 4.5 kb 

TGF ~1: t TGF~1: .... TGF ~1: t 
Xq11 17q25 22q12.1-13.2 

Inhibition of all activated MMP's 
Fig. 2. Comparison of TIMP family members. The three currently recognized members of the TIMP 
family are compared and contrasted. Features compared are: molecular mass of the mature protein, 
glycosylation, unique binding properties, transcript sizes, modulation of gene expression by the 
action of TGF(jl, and chromosome location of the human gene. Finally, the activity that defines this 
group of inhibitors is their ability to inhibit all activated members of the MMP family. 

2.2. TIMPs 
Currently, there are three well-defined members of the TIMP family of inhibitors 

that share approx 4007o homology at the amino acid level (28,40). These are TIMP-1, 
TIMP-2, and TIMP-3 (Fig. 2). The TIMPs bind with high affinity and 1:1 stoichi
ometry to active MMPs resulting in the loss of protease activity. All three proteins of 
this family contain 12 highly conserved cysteine residues. In TIMP-1 and TIMP-2, 
these cysteine residues have been shown to form disulfide bridges generating six pep
tide loops and two peptide knots. The exact mechanism of TIMP-mediated inhibition 
of MMP activity is currently not known. 

3. THE ROLE OF MMPs IN CANCER 

3.1. From Correlation to Causality 
The rapid growth of information on new members of the MMP family has resulted 

in an explosion of studies on the role of specific MMPs in cancer cell invasion and 
metastasis formation. Many studies have assessed MMP expression at either the pro
tein or nucleic acid level, and correlated this expression with invasive ability or meta
static potential of the tumor (34). These studies, performed both in vitro and in vivo 
using a variety of models, consistently demonstrate a direct correlation between the 
overexpression of MMPs, and increased invasive capacity or metastatic potential of a 
variety of tumor cell lines. 

Similar techniques have been employed to study MMP expression directly in human 
tumor tissues. A direct correlation between MMP expression and the invasive pheno
type of human tumor cells has been observed in lung, prostate, stomach, colon, breast, 
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Protease IC-1 Gel A St-1 Matr Gel 8 St-2 St-3 

Tumor Type MMP-1 MMP-2 MMP-3 MMP-7 MMP-9 MMP-10 MMP-11 

Breast _X X X 
Prostate X X X 
Ovary X 
Lung X X X 
Colo-rectal X X X X X 
Gastric X X 
Thyroid X 
Liver X 
Oral (Squamous) X X X X 
Salivary gland X 

Fig. 3. Expression of MMPs in human tumor tissues. The results of immunohistochemical and in 
situ hybridization analysis of MMP expression in human tumor tissues are summarized graphically. 
The results demonstrate the frequent detection of gelatinase A, matrilysin (MMP-7), and gelatinase 
Bin a variety of tumor types. The abbreviations used are IC-1 for interstitial collagenase, Gel A for 
gelatinase A, St-1 for stromelysin-1, Matr for matrilysin, Gel B for gelatinase B, St-2 for 
stromelysin-2, and St-3 for stromelysin-3. 

ovary, thyroid, and oral squamous cell cancers. Figure 3 summarizes these studies 
using human tumor tissues. These studies show that many members of the MMP 
family are overexpressed in human tumor tissue. Although gelatinase A is expressed 
in all tumor types examined, no single MMP is consistently overexpressed in every 
single tumor of a given histopathologic classification. This fact probably reflects 
tumor cell heterogeneity, possible variable MMP expression with tumor progression, 
as well as differential expression in response to changing extracellular matrices that 
are encountered during tumor progression. 

Three members of the MMP family are overexpressed at a high frequency in many 
human tumor types. These include stromelysin-3, gelatinase A, and gelatinase B. 
Stromelysin-3 expression was initially observed in human breast cancer tissues where 
the level of expression correlated with tumor progression (30). More recent studies 
have demonstrated expression of stromelysin-3 mRNA in a high percentage of primary 
tumors in the lung (44), colon (45), squamous cell cancers of the head and neck (46), 
and as basal cell cancers of the skin (47). Although stromelysin-3 shows a very strong 
correlation with the presence of invasive carcinoma, the substrate for this protease 
remained elusive until recently. This enzyme has now been demonstrated to possess 
potent degrading activity against a member of the serpin family (serine protease 
inhibitor), o:-1 proteinase inhibitor (48). This suggests that MMPs may cooperate 
with other proteases systems to facilitate matrix turnover. 

The specific protease characterized by Liotta as a type IV collagenase of tumor 
cells is now referred to as gelatinase A. Studies have demonstrated the overexpression 
of this enzyme in many human tumor tissues, including breast, colon, thyroid, lung, 
gastric, prostate, and ovarian cancers (34). A recent study has demonstrated that 
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expression of pro-MMP-2 in human oral squamous cell carcinomas is associated with 
an increased frequency of lymph node metastases (49). Those authors suggest that 
this marker may be useful in evaluating the malignant potential of individual oral 
squamous cell tumors. 

Frequently, the expression of progelatinase A is observed in human tumor tissues 
prior to the development of frankly invasive carcinoma (i.e., severe dysplasia and/or 
carcinoma in situ (50). This suggests that expression of this proenzyme may be neces
sary, but is not sufficient for acquisition of the invasive phenotype, and that regula
tion of progelatinase A activation is a key step during tumor cell invasion. 

Recent studies on human tumor cell lines and tumor tissues confirm this hypothesis. 
Researchers have used the technique of gelatin zymography to assess the contribution 
of the activated (62-kDa) form of gelatinase A to the invasive phenotype of human 
breast and nonsmall-celllung cancer (51-53). These studies demonstrate that although 
tumors from these tissues may express both progelatinase A and B, only a few tumors 
expressed small amounts of the activated form of gelatinase B. In contrast, the fraction 
of total gelatinase A present in the activated (62-kDa) form was consistently elevated 
in malignant disease and correlated with the tumor grade. Analysis of breast cancer 
cell lines demonstrates a correlation between the ability to activate progelatinase A 
with the invasive potential (54). Microdissection of human colorectal tumors and 
analysis of these rnicrodissected tissues by zymography demonstrate a selective increase 
in the activated 62-kDa form of gelatinase A in the invasive components of these 
tumors (55). 

These studies highlight the limitations inherent in the measurement of MMP over
expression by both immunohistochemistry and nucleic acid hybridization techniques. 
A key determinant of invasive behavior is MMP activation. For these enzymes, which 
are all secreted in the proenzyme form, overproduction of proenzyme and enzyme 
activity are not equivalent. Future experiments should focus on rigorously correlating 
tumor stage with levels of active enzyme or direct measurements of enzyme activity. 
However, the latter is clearly more difficult owing to the presence of endogenous 
inhibitors. 

The correlative evidence presented above clearly suggests that the action of selected 
MMPs is required during tumor invasion and progression. These correlative data are 
strongly supported by studies modulating endogenous MMP inhibitors (i.e., TIMPs) 
to block tumor invasion and metastasis. These studies unequivocally demonstrate a 
causal role for MMPs in tumor invasion. Numerous studies have correlated low TIMP 
expression with enhanced invasive and metastatic properties in both murine and 
human tumor cell lines (56,57). TIMP-1 has been shown to inhibit metastasis in vivo 
in animal models using B16F10 murine melanoma cells or ras-transfected rat embryo 
fibroblasts (58-60). TIMP-2 transfection and overexpression in ras-transfected rat 
embryo fibroblast resulted in loss of lung colonizing ability following iv injection of 
these cells, but did not completely block the formation of pulmonary metastases from 
primary tumors following sc inoculation of tumor cells (58,61). Transfection and 
overexpression of TIMP-2 have also been shown to inhibit the growth of primary 
tumors following sc inoculation of scid mice with human melanoma cells, but again 
did not prevent metastasis formation (61). More recently, the ratio ofmetalloprotein
ase activity and TIMP-2 has been shown to be a critical determinant in the adhesion 
and spreading of human melanoma cells (62). Alteration of cell adhesion and spread
ing in tum alters the ability of tumor cells to migrate and invade. These are cell func-
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tions that are essential for the fully competent metastatic phenotype. These experi
ments using TIMPs have defined the requirement for functional MMP activity during 
tumor cell invasion. This suggest that targeting the activity of these metalloproteinases 
may provide a clinically useful mechanism for blocking the local invasion and 
possibly the metastatic spread of cancer cells. 

3.2. Angiogenesis 
Endothelial cell invasion during angiogenesis shares a number of functional simil

arities with invasive tumor cells. This includes crossing a basement membrane connec
tive tissue barrier and the production of MMPs (63,64). The requirement for MMP 
activity during angiogenesis has been demonstrated in several systems. TIMP-1 blocks 
basic fibroblast growth factor (bFGF)-induced endothelial cell invasion on human 
amnion membranes (65). Both TIMP-1 and TIMP-2 block polyamine-stimulated 
angiogenesis in the chick chorioallantoic membrane assay (66). More recently, Albini 
and colleagues demonstrated that TIMP-2 can inhibit the angiogenic response induced 
by Kaposi's sarcoma cell-conditioned media in vivo (67). 

Schnaper and colleagues have shown that a critical balance of MMPs and TIMP 
influences endothelial cell morphogenesis in an in vitro model of angiogenesis (68). In 
these experiments, the addition of exogenous TIMPs inhibits endothelial tube forma
tion on a reconstituted basement membrane matrix. This effect was also observed 
following treatment of the endothelial cell cultures with gelatinase A-neutralizing 
antibodies. Addition of exogenous purified gelatinase A resulted in enhanced tube 
formation, but this effect was reversed at excess gelatinase A concentrations. As has 
been observed with tumor cells for both MMPs and other protease systems, excessive 
protease activity can be detrimental to invasive behavior of endothelial cells (62,69). 

Moses et al. have identified a cartilage-derived inhibitor (CD I) of angiogenesis that 
has collagenase-inhibitory activity and demonstrates amino acid sequence homology 
to the TIMPs (70). The relationship of this factor to the cartilage-derived collagenase 
inhibitor originally described by Kuettner and colleagues (22) is not known. CDI has 
been shown to inhibit endothelial cell migration and proliferation in response to bFGF, 
a major angiogenic growth factor produced by human tumors. Recent studies have 
also shown that TIMP-2 can inhibit the bFGF-induced proliferation of human micro
vascular endothelial cells (71). This effect was not seen with TIMP-1 or synthetic MMP 
inhibitors, such as Batimastat (vide infra). This identified a unique biological activity 
of TIMP-2 that is not related to metalloproteinase inhibitory activity. Furthermore, 
this implies that TIMP-2 may have additional actions that limit neovascularization 
associated with solid tumor growth and metastasis in vivo. 

These findings suggest that the use of either endogenous or synthetic MMP inhibi
tors to block tumor cell invasion and metastasis may also disrupt the tumor-induced 
angiogenesis that is required for tumor growth and metastasis. The use of such agents 
as TIMP-2 may have additional biological activities that could be exploited clinically, 
i.e., inhibition of bFGF-induced endothelial cell growth. 

4. CHANGING RATIONALE 
FOR TARGETING MMPs IN HUMAN CANCER 

As outlined previously, the MMPs are clearly implicated in the processes of tumor 
cell invasion and angiogenesis. These processes of tumorigenesis and tumor-induced 
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angiogenesis are interdependent. Elaboration of angiogenic factors and induction of 
an angiogenic response is a phenotype clearly associated with more aggressive tumors 
(72, 73). In turn, formation of new blood vessels permits the expansion of tumor foci 
(primary or metastatic) in three dimensions. Following vascularization, tumor foci 
undergo rapid local expansion and acquire an enhanced metastatic potential that cor
relates directly with the degree of vascularization of the primary tumor (74-76). Thus, 
tumor invasion, growth, and metastasis are closely linked to tumor-induced angio
genesis, and both seem to require MMP activity. This suggests that targeting these 
enzymes in cancer therapy may provide synergistic actions that result in unique thera
peutic benefits. 

As originally formulated, the strategy of inhibiting MMP activity was directed at 
preventing metastasis formation. This concept originally met with considerable resis
tance, because it is well known in the clinic that the majority of cancer patients have 
metastases at the time of diagnosis of their primary tumor. Thus, the initial presenta
tion of the cancer patient usually occurs at a later stage in the disease when tumor cell 
invasion and dissemination have already occurred. However, several factors now 
indicate that inhibition of MMP activity, as therapeutic targets in cancer therapy, 
may have additional, previously unappreciated therapeutic consequences that are 
beneficial to the cancer patient. The most compelling of these is the possible use of 
these agents as cytostatic agents, which would prevent the growth of both primary 
tumor and metastatic foci. This may be a result of direct action of these agents on the 
tumor cells or a secondary effect through inhibition of MMP activity required for 
release of growth factors sequestered in the extracellular matrix or inhibition of tumor
induced angiogenesis required for tumor growth. 

The conventional cytotoxic approach to cancer chemotherapy has had limited suc
cess in the treatment of advanced solid tumors, and recently the development of new 
cytotoxic strategies and agents has slowed. This trend, combined with the frequent 
development of drug resistance to known cytotoxic agents, has led many to explore 
targets that may lead to the development of a new type of chemotherapy, tumor cell 
cytostatic agents or "tumoriostatic" agents (Fig. 4). As described previously, endo
genous MMP inhibitors, TIMPs, have been shown to inhibit the growth of the primary 
tumors in experimental models as well as block growth factor stimulation of endothe
lial cells. Thus, the MMPs are definitely within this class of therapeutic targets that 
engender cytostatic therapy, as are adhesion molecules, signal transduction pathways, 
growth factors, and angiogenic responses. The hope is that by the use of selective 
inhibitors for these targets, one can achieve a halt in tumor progression without sig
nificant toxicity. The potential utility of this cytostatic approach to cancer chemo
therapy is best exemplified by the recent use of tamoxifen to treat invasive breast 
cancer (77, 78). 

Alternatively, the cytostatic strategy could be used as an adjuvant to conventional 
cytotoxic therapy to prevent regrowth of tumor between cycles of tumor cell killing. 
One could envisage alternating cycles of cytotoxic and cytostatic therapy. This could 
prevent tumor regrowth between cycles of cytotoxic agents. Enhancement of cytotoxic 
therapies that rely on active tumor cell replication might be achieved by initiating 
cytotoxic therapy immediately prior to release from cytostatic therapy. This could 
result in improved reduction of tumor burden, which would be amendable to con
tinued cytostatic therapy (see Fig. 4). By limiting the size of the tumor cell population 
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Fig. 4. Cancer therapy paradigms: cytotoxic, cytostatic, and combined therapy. Cancer treatment 
paradigms are presented in terms of total tumor cell number. (A) Untreated cancer. The exponential 
growth of the early primary is maintained by metastasis formation resulting in exponential increase 
in tumor burden. (B) Cytotoxic therapy. Conventional cytotoxic therapy results in initial reduction 
of tumor cell burden with eventual regrowth. There is an overall reduction in the rate of tumor cell 
accumulation, but repeated exposure to cytotoxic agents leads to eventual development of drug 
resistance and treatment failure. (C) Cytostatic therapy. Initiation and continuation of cytostatic 
therapy with no cytotoxicity prevent further growth of primary tumor and/or metastatic foci. Chronic 
long-term treatment greatly reduces or eliminates tumor cell accumulation. (D) Combined cytotoxic 
and cytostatic therapy. Administration of cytotoxic agent reduces tumor cell burden, and regrowth 
is prevented by addition of cytostatic agent. Cytostatic agents are then removed shortly before initi
ating a second cycle of cytotoxic therapy for further reduction of tumor cell burden. Repeated alter
nating cycles of cytotoxic and cytostatic therapy could more effectively reduce tumor burden by pre
venting tumor regrowth between cycles of cytotoxic therapy. Combined therapy may also help prevent 
development of drug resistance to cytotoxic therapy by limiting the tumor cell population exposed to 
such agents. The potential clinical utility of combination therapy utilizing an MMP inhibitor and a 
conventional cytotoxic agent (cyclophosphamide) was recently demonstrated using a murine Lewis 
lung carcinoma model (1 10). 

exposed to the cytotoxic agents, this approach could also help prevent the develop
ment of drug resistance. If proven effective at blocking tumor cell spread that is the 
hallmark of malignant transformation, agents that are well tolerated should also be 
tested as chemopreventive agents. However, all of these possibilities await the identi
fication of suitable MMP inhibitor(s). 
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5. INHIBITORS OF MMPs FOR CANCER THERAPY 

5.1. Overview 

Successful pharmacological targeting of metalloproteinase activity is best exempli
fied by the development of angiotensin-converting enzyme (ACE) inhibitors to block 
conversion of angiotensin I to angiotensin II in the treatment of refractory hypertension 
(79-81). This effort led to the identification of Captopril and the prodrug Enalapril, 
which have become highly successful in the treatment of hypertension and congestive 
heart failure (79,81). This success demonstrates that mechanism-based inhibitors for 
metalloproteinases can be developed and exploited in the clinical setting. This same 
strategy has been utilized for the development of MMP inhibitors, since substrate 
analogs have been modified to target reactive moieties selectively at the active site 
ofMMPs. 

5.2. Substrate Analog Inhibitors of MMPs 
As mentioned, the most conventional strategy for the development of protease 

inhibitors has been the substrate analog approach. In this strategy, a peptide analog 
resembling the native substrate is coupled with either an nonhydrolyzable functionality 
that replaces the scissile peptide bond or a zinc atom-coordinating or chelating moiety 
(Fig. 5). This is used as a starting point to synthesize a series of compounds with sub
stitutions at different positions. This strategy designs inhibitors around two regions 
that interact with the active site of MMPs (see Fig. 5). The functionality that interacts 
with the active site zinc atom is the first region. The second region concerns the design 
of amino acid side chains on either the amino-terminal (P residues) side or the carboxy
terminal side (P 1 residues) of the scissile bond. These residues interact with the active 
site pocket and thus can give the inhibitor the potential to target a specific MMP. 
Rational drug design systematically explores the structure-activity relationship of 
these inhibitors following substitution of various functionalities for the amino acid 
side chains throughout the parent compound. 

This substrate analog approach has been the most widely adopted for the develop
ment of MMP inhibitors. In the 1980s, a number of pharmaceutical companies became 
interested in MMP inhibitors with the specific aim of treating the joint destruction 
associated with rheumatoid arthritis. These efforts were successful in developing a 
series of MMP inhibitors. Inhibitors based on a thiol, carboxylic, and phosphinic 
acid, as well as hydroxamate strategies were developed and explored. The most potent 
inhibitors are those designed to mimic the carboxy-terminal portion of the substrate 
and incorporate a hydroxamate moiety attached to the residue at the P 1 1 position 
(Fig. 5B). The evolution of these efforts has been described elsewhere and is beyond 
the scope of this chapter (82-84). These efforts have resulted in the first generation of 
MMP inhibitors that are or are about to be tested in phase 1 clinical trials for cancer 
therapy. 

Batimastat, or BB-94 as it had been referred to previously, is a hydroxamic acid 
analog ([4-{ N-hydroxyamino }-2R -isobutyl-3S-{ thiophen-2-ylthiomethyl }-succinyl]
L-phenylalanine-N-methylamide) with broad-spectrum MMP inhibitory activity, but 
little activity against other unrelated metalloproteinases (85). Batimastat inhibits the 
metastatic spread of tumor cells in a number of animal models using either murine 
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Fig. 5. MMP inhibitor development strategy. (A) Structure of the protease substrate. The peptide 
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MMP inhibitor. The structural basis for the hydroxamate analog inhibitors currently under develop
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hydroxamic acid derivative for chelating the active site zinc atom. Potent synthetic MMP inhibitors 
based on this strategy have been identified, and are in early clinical trials or preclinical development. 
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B16 melanoma cells, human ovarian cancer cells, or human colon cancer xenografts 
(53,86). Somewhat unexpectedly, Batismastat also inhibits the growth of the primary 
tumor, although it is not directly cytotoxic to human tumor cells. Histologic examina
tion of the primary tumor tissues in these experiments suggested that Batimastat treat
ment resulted in formation of fibrous tissue encapsulation and production of avascular 
stroma. Inhibition of primary tumor growth has also been observed with other hydrox
mate-type, metalloproteinase inhibitors. These include BE16627B (L-N-[N-hydroxy-2-
isobutyl-succinyamoyl]-seryl-L-valine), isolated from microbial cultures (87,88), and 
GM6001 (N-[2R -2-{ hydroxamido-carbonymethyl }-4-methylpentanoyl]-L-tryptophan 
methylamide. The inhibitor BE16627B selectively blocks the in vivo growth of MMP
overproducing human HT1080 fibrosarcoma cells, but does not alter the growth of 
human colorectal carcinoma cells, HCT116, which secrete only low amounts of MMPs 
(87). GM6001, also known as Galardin, has been reported to prolong survival in C57/ 
B16 mice with experimental B16/F10 murine melanoma metastases (89). 

These findings imply that MMP inhibitors may either alter the angiogenic response 
required for normal tumor growth and invasion or suppress the proteinase-dependent 
release of sequestered growth factors from tumor stroma. Taraboletti et al. (90) have 
shown that Batimastat reduces the growth of experimental hemangiomas by blocking 
recruitment of normal endothelial cells to these tumors. These effects of Batimastat on 
endothelial cells suggest that the observed retardation of tumor growth may be owing, 
at least in part, to alteration of the angiogenic response. Recently, OM 6001 has been 
shown to inhibit directly the angiogenic response to tumor extract in the rat corneal 
pocket assay (91). 

Batimastat is currently in clinical trials for the treatment of malignant effusions 
associated with thoracic and peritoneal neoplasms (85). The low solubility and poor 
oral bioavailability are severe limitations for the formulation and delivery of this com
pound. However, second-generation compounds with better pharmaceutical properties 
are currently in preclinical development and should begin clinical trials in the near 
future. One such compound is BB-2516, also known as Marimastat, which has oral 
bioavailability, entered phase I clinical trials in the US in mid-1995 (92), and should 
start early phase II trials by mid-1996. 

The substrate analog approach also affords the potential for identifying selective 
inhibitors for various members of the MMP family based on differences in substrate 
specificity between these family members. The successful clinical application of an 
MMP inhibitor may require that it have selective activity and not inhibit other metallo
proteinases essential for normal tissue homeostasis. Currently, the need for inhibition 
of selective subgroups of MMPs or specific members of the MMP family is not clear. 
The development of selective inhibitors would also provide excellent experimental 
tools for evaluating the role of various members of the MMP family in both physio
logic connective tissue remodeling as well as various pathologic conditions. 

Noting the specificity and facility of various MMPs on autoproteolytic processing 
following activation, Docherty and colleagues at Celltech developed a potent and 
selective inhibitor for the gelatinases (93). These investigators observed that progela
tinase A undergoes rapid autoproteolytic removal of the prodomain to generate an 
active enzyme species with a tyrosine residue as the new amino-terminus. This group 
developed inhibitors using tyrosine analogs in the P 1 ' position. This has resulted in 



Chapter 12 I Matrix Metalloproteinase Inhibitors 255 

the development of the most potent and selective synthetic MMP inhibitor yet charac
terized. These compounds are again hydroxamate-based inhibitors with tyrosine ana
logs at the P1 1 position and cyclohexyl moiety at the P2 1 position (84,93). These in
hibitors are not yet available for animal testing or clinical trials in cancer patients. 

Recent studies have reported the structural characterization of members of the 
MMP family by X-ray diffraction or nuclear magnetic resonance spectroscopy. These 
include human fibroblast collagenase, human neutrophil collagenase, stromelysin, 
and matrilysin (94-99). The information represented in these studies will be useful for 
the development of the next generation of inhibitors that can selectively inhibit indi
vidual members of the closely related MMPs. 

5. 3. Future Directions 
Several alternative strategies for inhibition of MMPs also exist and could be ex

ploited for the development of inhibitors. These have received far less attention and 
support than the substrate analog approach described above. They include inhibitors 
based on the cysteine switch mechanism in which profragment analogs are targeted to 
the active site. Other alternatives include TIMP analogs and manipulation of endo
genous TIMP production at the tumor site. This last alternative is currently being 
attempted using a gene therapy approach (Stetler-Stevenson et al., unpublished). 

As described previously, all members of the MMP family are secreted in latent 
form with a profragment that contains a highly conserved sequence responsible for 
maintenance of latency (100-102). This sequence contains a cysteine residue that is 
thought to coordinate the Zn atom of the active site. This hypothesis is supported by 
the observation that substitutions in this sequence result in rapid autoactivation of 
MMPs (103). Furthermore, the linear synthetic peptide sequence (MRKPRCGN/ 
VPDV) containing cysteine, but not the conservative substitution of serine for cysteine 
(MRKPRSGN/VPDV), acts as an inhibitor for gelatinase A (ICso, 8 pM) and stro
melysin (IC,o, 117 pM) (101). This peptide inhibits the MMP-dependent in vitro 
invasion of tumor cells through a reconstituted basement membrane (104). It has also 
been shown to block neurite outgrowth on reconstituted extracellular matrix, as well 
as endothelial cell invasion in models of Kaposi's sarcoma (105,106). 

Recent studies have shown that isocysteine could be substituted for cysteine in these 
peptides and that other amino acid residues are also essential for inhibitory activity 
(107-109). Introduction of a substituted tyrosine residue at a position located two 
amino acid residues on the C-terminal side of the cysteine or isocysteine produced a 
potent inhibitor of stromelysin (IC,o, 3 p.M). Further exploration of this inhibitor 
strategy is warranted. Possible combination with other more stable, zinc-chelating 
strategies could possibly produce a new class of MMP inhibitors. 

Little is known about the mechanism through which TIMPs inhibit the MMPs. 
Structural studies have begun to characterize the domains of the TIMPs that may be 
involved. Linear peptide analogs of TIMP sequences have had little success in mimick
ing TIMPs metalloproteinase inhibitory activity. This suggests that the inhibitory action 
of TIMPs on these proteases is the result of several peptide domains or amino acid 
side chains that require the correct three-dimensional spatial orientation that is the 
result of a specific tertiary structure of these proteins. The answer to the mechanism of 
TIMP action on MMPs will require structural studies on TIMP-MMP complexes. 
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6. SUMMARY 

Malignant tumor cell invasion is now viewed as dysregulated physiologic invasion 
(34). Investigators have started to defme the molecular events involved in the process 
of tumor cell invasion and have found similarities to events involved in angiogenesis, 
wound healing, and embryonic development. These physiologic invasive processes 
are strictly regulated both temporally and spatially, and are responsive to negative 
stimuli that limit these events. Tumor cell invasion and metastasis is also strictly regu
lated, but is clearly not responsive to negative regulatory signals. In particular, MMP 
activity is a common denominator for these processes. Regulation of these enzymes is 
disrupted in tumor cells as evidenced by studies demonstrating transcriptional activa
tion of MMPs and enhanced MMP activation in tumor tissues. Animal models of 
tumor invasion and metastasis demonstrate that abrogation of MMP activity through 
the use of synthetic, low /mol/wt, substrate analog inhibitors can effectively block 
tumor dissemination and also limit primary tumor growth. The suppression of tumor 
growth has been indirectly linked to suppression of tumor-induced angiogenesis by 
these MMP inhibitors. This indicates that MMP inhibitors may disrupt a number of 
key processes involved in cancer progression. The encouraging results of the preclinical 
testing with these inhibitors, coupled with the strong theoretical basis for this MMP 
inhibitor approach, lead one to conclude that these inhibitors are a promising new 
direction in cancer therapy. 
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1. INTRODUCTION 

Cancer therapy with cytokines is a rapidly growing field owing to recent advances 
in immunology, molecular biology, and cell biology. In normal physiology, cytokines 
are proteins that regulate cell behavior in a paracrine or autocrine manner. When ad
ministered exogenously, these proteins often possess biological activities that make 
them attractive for cancer therapy. Results of clinical trials to date indicate that cyto
kines may be used along with other current cancer therapies and may eventually 
replace some of these. 

Interferon alpha (IFN-a) was the first cytokine to be used in clinical trials, and the 
research experience that was obtained has formed the foundation for the investigation 
of other cytokines as cancer therapeutics. Preclinical studies with IFN-a have had a 
substantial impact on its clinical development. Similarly, experimental findings have 
been critical to the subsequent and more rapid development of another cytokine, 
interleukin-2 (IL-2). Recent preclinical studies demonstrating the potential of inter
leukin-12 (IL-12) as an anticancer agent have also led this cytokine to the clinic; 
however, the clinical data are not yet available. This chapter, not intended to be a 
comprehensive review of the literature, highlights the important steps in the develop
ment of IFN-a, IL-2, and IL-12, the cytokines that currently appear to have the most 
potential as cancer therapeutics. 

2. IFN-a 

2.1. Experimental Data 
IFNs were discovered more than 30 years ago when Isaacs and Lindenmann demon

strated that cells infected with viruses produced proteins that could induce an antiviral 
state in uninfected cells (1). Extensive research conducted since that time has revealed 
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that there are several different types of IFN proteins and that they have many dif
ferent effects on cellular functions in addition to their antiviral activity. With the 
molecular cloning and sequencing of the IFN genes, it has become clear that there are 
three major types of IFN, a, (3, and 'Y· Although there is only one IFN-(3 gene and one 
IFN-'Y gene, there are at least 23 different IFN-a genes clustered on chromosome 9, 
which code for at least 15 functional proteins (2). The recombinant IFN-a proteins 
have molecular weights of approx 17 kDa. The IFNs, present in small amounts and 
active under normal physiologic conditions, are produced in much greater amounts 
following stimulation by an IFN inducer (13). IFN-a is produced primarily by leuko
cytes, IFN-(3 is produced by fibroblasts and epithelial cells, and IFN-')' is produced by 
T-cells and NK cells. The majority of cells in the body possess IFN receptors. IFN-a 
and IFN-(3 share components of the same receptor and are known as Type I IFNs, 
whereas IFN-')' uses a separate receptor and is known as a Type II IFN (2). Several 
components of the IFN-a receptor have been cloned (4,5), but this receptor complex 
is not as well characterized as receptors for other cytokines. 

Subsequent to its discovery as an antiviral agent, IFN-a has been shown to exert 
direct effects on cell growth and differentiation. Early studies demonstrating the abil
ity of IFN to inhibit tumor cell growth (6, 7) were controversial, because purified IFN 
was not yet available and impure preparations derived from leukocyte cell cultures, 
animal tissues, or serum were used. Since then, however, many tumor cell lines have 
been shown to be sensitive to the growth-inhibitory actions of purified IFN-a in vitro 
(8). Assays used to measure antiproliferative activity include cellular incorporation of 
3H-thymidine, clonogenic assays to measure colony growth in agar (9), and incuba
tion of solid tumor specimens with IFN-a (10). Higher concentrations of IFN-a were 
often required to achieve the antiproliferative effect, as compared to the antiviral 
effect, and the result was usually a reversible cytostasis (2). 

The in vitro antiproliferative effects of IFN-a in combination with either cytotoxic 
agents or other cytokines have also been examined. IFN-a has been used in combina
tion with cytotoxic agents, such as doxorubicin, cisplatin, vinblastine, methotrexate, 
bleomycin, and 5-fluorouracil (5-FU), and synergistic effects on growth inhibition 
were often observed on a variety of human tumor cell lines or cells from primary 
tumors (11). The mechanism by which growth is inhibited may involve either modula
tion of the actions of IFN-a by the cytotoxic drugs or modulation of the action of the 
cytotoxic drugs by IFN-a (1 1). Synergistic activity in the inhibition of cell growth can 
also be obtained when IFN-a is combined with IFN-')' (12,13) or with tumor necrosis 
factor (TNF) (14,15). 

The precise mechanism by which IFN-a inhibits cell growth has been the subject of 
more recent investigations. IFN-a slows the growth of tumor cells by increasing the 
length of their cell cycle, particularly at the Go/G1 transition phase (2). These cyto
kinetic effects may occur through the modulation of 2 15 1 -oligoadenylate synthetase 
(a protein translation inhibitor involved in the antiviral activity of IFN-a) or cellular 
oncogenes, such as c-myc and c-jos (16-18). In addition, IFN-a can also inhibit the 
gene for the enzyme ornithine decarboxylase, thus depleting the cell of essential metab
olites (19). Basic studies of IFN signaling have identified some of the factors involved 
in this process (20). Thus, the ability of IFN-a to modulate gene expression may be an 
important component of its antitumor activity. 



Chapter 13 I Interferons and Other Cytokines 265 

In addition to direct effects on tumor growth, IFN-a may also affect tumor growth 
by indirect mechanisms. Early experiments showed that a mouse L1210 leukemia cell 
line resistant to the antiproliferative effects of IFN in vitro could be inhibited from 
growing in vivo by IFN treatment (21,22). It is now known that IFN-a has numerous 
immunoregulatory activities. IFN-a can induce the differentiation of pre-NK cells (2) 
as well as stimulate NK activity (23). Furthermore, IFN-a has been shown to enhance 
antibody-dependent cellular cytotoxicity (ADCC) of both NK cells (24) and neutro
phils (25). The cytotoxic function ofmacrophages is also stimulated by IFN-a (26). In 
addition, IFN-a can increase the expression of class I major histocompatibility com
plex (MHC) antigens (27,28) and tumor-specific antigens (29,30) on tumor cells. The 
increased expression of cell-surface antigens on tumor cells by IFN-a results in more 
efficient recognition and killing of tumor cells by cytotoxic T-cells and NK cells. 

IFN-a also appears to have an indirect effect on tumors by inhibiting angiogenesis, 
the formation of a blood supply that is critical to the growth of solid tumors. Leuko
cyte IFN (al/3) was shown to inhibit capillary endothelial cell motility in vitro (31). In 
another report, the treatment of tumor-bearing mice with IFN-al/3 resulted in the early 
degeneration of the endothelial cells in the vessel of the tumor (32). Studies such as 
these suggest that the antiangiogenic potential of IFN-a should be further investigated. 

Many of the antitumor activities of IFN-a described above have been confirmed in 
murine tumor models. Using impure preparations of IFN, Gresser and others were 
the first to show that IFN could inhibit not only the growth of virally induced tumors 
(33), but also the growth of spontaneous (34) and transplantable (35) tumors. These 
observations, along with the in vitro data on the antiproliferative effects of IFN-a, led 
researchers to test the antitumor efficacy of IFN-a against a wide range of tumors, in
cluding established sc tumors, murine leukemias, and experimental and spontaneous 
metastases. 

Human tumor xenograft models have been used to investigate the direct effects of 
human IFN-a on tumor growth, since these mice do not have a competent immune 
system, and human IFN-a is not active on mouse cells. Often, the response of a par
ticular tumor to IFN-a in vivo is correlated with antiproliferative effects of IFN-a on 
the tumor cells in vitro. Many types of tumors have responded to IFN-a, including 
breast, colon, melanoma, and osteosarcoma (36). The results of these studies have 
shown that the antitumor effect is greater when therapy is initiated soon after tumor 
injection, repeated doses are more effective than single doses, and tumor stasis is 
more commonly achieved than tumor regression or cures (36). 

Murine tumors growing in syngeneic hosts or transplantable tumor models have 
been used to examine the indirect antitumor effects of IFN-a. Since human IFN-a is 
not active on the murine tumors, either murine IFN-a or human IFN-a AID (a 
hybrid human IFN-a that has activity on murine cells) has been administered to mice. 
As with the xenograft model, efficacy of treatment is associated with low tumor load 
and frequent dosing, and cures are rarely seen (36). In addition, indirect antitumor 
effects of IFN-a on the immune response have been confirmed. For example, IFN-a 
AID-induced inhibition of experimentally induced pulmonary metastases was cor
related with enhanced NK cytotoxicity (37). In another report, a variety of effector 
cells were shown to be involved in the IFN-al /3-induced suppression of Friend erythro
leukemia cell (FLC) metastases (38). However, results of studies with animal models 
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have suggested that although indirect effects on the immune system may be involved 
in mediating the antitumor activity of IFN-a against some tumors, IFN-a appears to 
exert its major activity primarily through direct effects on tumor growth. 

Murine tumor models have also been used to evaluate the antitumor efficacy of 
IFN-a in combination with cytotoxic drugs or other cytokines. Early observations 
that IFN could enhance the activity of chemotherapeutic agents in vivo (39,40) have
been extended to human tumor xenografts, in which IFN-a has been found to increase 
the antitumor activity of cyclophosphamide, doxorubicin, cisplatin, and mitomycin C 
against various tumor types (41-43). Many studies have addressed the optimal timing 
for the administration of IFN and cytotoxic agents. Although it was initially thought 
that the cytotoxic drug should be given first to decrease a large tumor volume so that 
IFN-a could eradicate the minimum residual disease, recent studies have indicated 
that the interaction is complex and other types of scheduling may work just as well (JJ). 

The synergy between IFN-a and other cytokines in antitumor efficacy was first 
demonstrated with the combination of IFN-a and IL-2 using the M5076 reticulum 
cell sarcoma (44). The synergistic or additive effects of IFN-a used in combination 
with IL-2 have since been confirmed in many experimental primary sc and metastatic 
murine tumor models (reviewed in ref. 45). In addition to IL-2, additive or synergistic 
antitumor activity has also been observed when IFN-a is administered in combination 
with IFN-'Y (46-48), IL-la (49), or TNF (50). Recent studies have also shown thera
peutic efficacy against solid tumors with IFN-a in combination with both a cytokine 
and a chemotherapeutic agent (51). It should be noted that the combination of cyto
toxic drugs or cytokines with IFN-a does not always result in a synergistic or additive 
effect. 

Gene therapy is currently being evaluated in mice as an alternative method to the 
systemic use of IFN-a. Fibroblasts transfected with the human IFN-a gene secreted 
human IFN-a and inhibited the growth of chronic myelocytic leukemia in nude mice 
(52). In addition, metastatic IFN-a/13-resistant FLC (53) or metastatic murine adeno
carcinoma cells (54) transfected with a murine IFN-a gene failed to grow in mice and 
immunized mice to rechallenge with the parental non-IFN-a-secreting tumor cells. 
Importantly, the IFN-a-producing FLC were also shown to inhibit tumor growth in 
mice with established metastatic tumors (53). Thus, these results provide a rationale 
for the use of gene therapy in the clinic. 

2.2. Clinical Trials 
Information obtained from studying the antitumor efficacy of IFN-a in murine 

tumor models has been useful in designing clinical trials. In the early clinical trials, 
natural leukocyte IFN (a mixture of IFNs with only 1 CJ.7o purity) was shown to have 
antitumor activity against several types of malignancies, including osteosarcoma, 
lymphoma, and breast cancer (55), and it was believed that IFNs would act on a wide 
range of tumor types. We now know, using both recombinant and purified natural 
material, that IFN-a has a more restricted activity, being effective mainly against 
hematological malignancies. However, the use of IFN-a in the treatment of solid 
tumors is likely to expand, since it has shown some efficacy and is less toxic than most 
existing forms of therapy. The effective doses of IFN-a range from 1 million units 
(MU) to 36 MU/injection and vary with the particular malignancy being treated 
(56,57). Side effects typically consist of "flu-like" symptoms, such as fever, chills, 
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myalgia, and headache, but may also include gastrointestinal and CNS effects at 
doses > 18 MU (16). 

IFN-a has been approved by many health authorities for use in hairy cell leukemia 
(HCL), a rare B-lymphocyte malignancy, characterized by peripheral blood mono
nuclear cells that display hair-like protrusions from their cytoplasm. A summary of 
the largest trials of IFN-a in HCL has shown that long-term treatment with frequent 
low doses of IFN-a resulted in an overall response rate of 80-900Jo, with 50Jo complete 
remissions (56). Responders could be held in remission using prolonged less frequent 
maintenance doses, and in one study, overall survival rate was 820Jo (58). The anti
tumor mechanism of IFN-a is mainly owing to direct antiproliferative effects (differ
entiation, cell-cycle arrest, and/or apoptosis) (59,60), but immunomodulatory effects, 
such as stimulation of NK activity and enhancement of HLA-DR antigens on HCL 
cells, may add to the activity of IFN-a (16). 

IFN-a has also shown biological activity in chronic myelogenous leukemia (CML), 
a progressive myeloproliferative disorder arising from the neoplastic transformation 
of pluripotent stem cells (16). CML is associated with the activation of a cellular 
oncogene by chromosomal translocation, and a shortened chromosome 22 (the Phila
delphia chromosome) is present in hemopoietic cells. Survival prognosis is correlated 
with a cytogenetic (karyotypic) response. In the largest reported clinical trial, IFN-a 
treatment resulted in 730Jo complete hematologic remissions (normalization of periph
eral blood counts and disappearance of symptoms) and 190Jo complete cytogenetic 
remissions (61). It is likely that this antitumor activity was mediated by direct effects 
of IFN-a on cell growth (16). In a recent study, patients were treated first with 
hydroxyurea and then with IFN-a in combination with ara-C, resulting in a signifi
cant increase in the rate of complete cytogenetic remission (62). IFN-a may also beef
fective for the treatment of minimal residual disease following bone marrow trans
plant (63). In addition to CML and HCL, IFN-a has shown some activity against 
other hematological malignancies, such as multiple myeloma, non-Hodgkin's lym
phoma, and cutaneous T-celllymphoma (16). 

Although IFN-a activity against solid tumors has been generally disappointing, 
significant responses have been observed in certain tumors that have been difficult to 
treat, but are sensitive to immunomodulation, such as malignant melanoma, renal 
cell carcinoma, and Kaposi's sarcoma. Individuals with malignant melanoma have 
been treated with IFN-a alone (average response rate 200Jo) or in combination with 
cytotoxic drugs, such as cimetidine, decarbazine, cisplatin, and cyclophosphamide 
(16). Thus far, combinations with cytotoxic drugs have not shown increased benefit 
over IFN-a monotherapy (16). Similarly, the combination of IFN-a and IL-2 in 
Phase I and II trials has been disappointing, with an overall response rate between 0 
and 330Jo (64). Recent trials have indicated that IFN-a in combination with both IL-2 
and cisplatin may be effective (65), but these results must be confirmed. IFN-a 
therapy is most effective in patients with nonbulky disease limited to cutaneous, soft 
tissue, or pulmonary sites, or in an adjuvant setting after surgery (16). 

A review of seven recent studies indicated an overall response rate of 190Jo for the 
treatment of renal cell carcinoma with IFN-a (66). Combinations of IFN-a with 
cytotoxic drugs generally did not improve antitumor efficacy; however, a response 
rate of up to 430Jo has been observed with IFN-a in combination with vinblastine 
(67). Other drugs that have shown some efficacy in combination with IFN-a are pre-
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dnisone (68) and 5-FU (69). IFN-a in combination with IL-2 has given response rates 
of 0-500Jo, with a median of 25% (57), and has often resulted in severe side effects 
(70). Some recent studies, however, suggest that the combination of IFN-a, IL-2, and 
5-FU may prove to be effective (71). 

IFN-a has demonstrated sufficient efficacy against Kaposi's sarcoma to be 
approved by the US FDA and other health authorities. Kaposi's sarcoma, a disease of 
endothelial or spindle-cell origin, has been observed in AIDS patients and other 
immunosuppressed individuals. Treatment with relatively high doses of IFN-a results 
in an overall response rate of 30--40%, with better responses in those with higher CD4 + 
T-cell counts (72). The antitumor mechanism of IFN-a is not known, but the activity 
may be mediated in part by an inhibition of viral replication, with a corresponding in
crease in CD4+ T-cell numbers (73). Also, since Kaposi's sarcoma is an angiogenic 
disease of endothelial cell origin, IFN-a may exert anti-angiogenic effects. In support 
of this concept, IFN-a has recently been shown to induce regressions in children with 
pulmonary hemangioma (74). Beneficial effects of IFN-a in combination with AZT 
has been observed, but were associated with significant toxicity (75). In addition to 
Kaposi's sarcoma and the other solid tumors described above, IFN-a may be effective 
for localized therapy in bladder and ovarian cancer (16). 

2.3. Experimental vs Clinical Data 
Although there have been limitations, the experimental data on the antitumor 

effects of IFN-a have been quite useful for the clinical setting. Although IFN-a has 
clearly demonstrated antitumor efficacy in clinical trials, it is active over a more 
restricted range of tumor types than what was predicted based on experimental data. 
This difference cannot be attributed to the use of impure IFN preparations in many 
experimental studies, since subsequent studies with purified recombinant or natural 
IFN-a generally confirmed the earlier results. Instead, it may be that antiproliferative 
effects on tumor cells in vitro were often achieved with higher concentrations of IFN
a than could be used clinically. Owing to the species-restricted activity of IFN-a, 
animal tumor models failed to predict the toxicity that has been observed in patients 
given higher doses of IFN-a. Also, some of the antitumor effects of IFN-a observed 
in animals may have been associated with the use of murine rather than human IFN-a 
or may have been owing to the increased immunogenicity of some syngeneic tumors. 

Some important information has been extrapolated from these experimental data, 
however. Studies in animal tumor models have indicated that IFN-a may be most ef
fective when it is administered frequently and tumor burden is low. In the clinic, IFN
a is also most effective with frequent dosing, and its usefulness as maintenance 
therapy for minimal residual disease or as an adjuvant is becoming apparent. Regres
sions or cures were rarely seen in animals, and the same has been true for humans. The 
experimental data have also been very useful in elucidating the complex mechanism 
of the antitumor activity of IFN-a. As in preclinical studies, the clinical data suggest 
that IFN-a mainly exerts direct effects on tumor cells, but can indirectly affect the im
mune system as well. Mechanistic studies are important for the identification of novel 
treatment strategies, and experimental data have already provided some new direc
tions for IFN-a therapy. Clinical studies in which IFN-a is used as an adjuvant, in 
combination with cytotoxic drugs and/or cytokines, or in gene therapy may result in 
some very effective treatments for some malignancies. 
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3. IL-2 

3.1. Experimental Data 
IL-2 was originally described as a soluble factor, derived from phytohemagglutinin

stimulated human lymphocytes, that could induce the outgrowth of T -cells from 
bone marrow (76}. Subsequent studies have demonstrated that IL-2 is a single-chain 
glycoprotein of approx 15 kDA (77). Based on its ability to stimulate T -cell prolifera
tion, assays were developed to quantitate its activity (78), and the gene for this 
cytokine was cloned (79). Although the recombinant protein is nonglycosylated, it 
retains all of the evaluated biological properties of IL-2. 

IL-2 mediates its effect on the immune system by interacting with receptors present 
on various cell types. The IL-2 receptor (IL-2R) is comprised of three chains, a, (3, 
and 'Y (80-83). The a chain is a low-affinity receptor for IL-2, the (3 and 'Y chains form 
an intermediate-affinity receptor, but all three chains are necessary for the high
affinity IL-2R (84,85). Signaling results following interaction of IL-2 with either the 
intermediate- or high-affinity IL-2R (84,85). Ligand-receptor interaction triggers a 
series of complex biochemical events within cells, which are the focus of much ex
perimental study (84,85), and eventually results in the biological activities associated 
with IL-2. 

In more recent years, it has been demonstrated that IL-2 is produced by the Thl 
helper T -cells, a subset of cells that has been implicated in cell-mediated immune 
responses (86). Consistent with this observation, IL-2 has been shown to be a critical 
regulator of a variety of biological functions, which have been reviewed in more detail 
(87,88). With respect to its antitumor potential, one of the most important biological 
properties of IL-2 is its ability to induce the activation/differentiation of various cell 
populations that can lyse tumor cells. IL-2 can enhance the generation of murine or 
human cytotoxic T -lymphocyte (CTL) responses in vitro (89,90), as well as augment 
responses in animals in vivo (91,92). Likewise, brief exposure of murine or human 
NK cells in vitro to IL-2 can augment their cytolytic responses (93,94), and increased 
NK activity has also been demonstrated in animals injected with IL-2 (91,95). 
Longer-term culture of lymphocytes with IL-2 results in the development of 
lymphokine-activated killer (LAK) cells (96); LAK cells can kill NK cell-resistant 
tumor targets and are derived primarily from NK cells (97). Highly specific CTL 
derived from tumors, tumor-infiltrating lymphocytes (TILs) are also generated by 
culture of these cells with IL-2 (98). In addition to its effects on lymphocytes, under 
some conditions, macrophages can also be activated by IL-2, resulting in cells capable 
of lysing tumor target cells (99). Thus, the cytolytic potential of a diverse set of 
immune effector cells can be upregulated by IL-2. 

IL-2 has also been shown to induce other cytokines, especially IFN--y (100). In addi
tion to IFN--y, mRNA, or protein for tumor growth factor-(3, TNF-a, lymphotoxin, 
IL-l, IL-6, IL-5, granulocyte macrophage colony-stimulating factor (GM-CSF), and 
macrophage colony-stimulating factor (M-CSF) have been demonstrated in IL-2-
incubated human peripheral blood mononuclear cells (101). These cytokines may be 
important in mediating the efficacy of IL-2. 

Based on the in vitro and in vivo biological effects of IL-2, substantial interest 
arose for use of this protein as an antitumor effector molecule. It should be noted 
that human IL-2, in contrast to IFN-a, is active on both human and mouse cells, thus 
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permitting the use of human IL-2 for studies in rodent animal models. Studies were 
performed to evaluate the antitumor efficacy of IL-2 as monotherapy in tumor 
models (102-106); positive effects have been observed against experimental and spon
taneous pulmonary and hepatic metastases (102,103,105,106), in murine leukemia 
models {104), and against established sc tumors (102,106). In these models, reduction 
in the number of metastases (102,103,105,106), inhibition of tumor growth (102,106), 
and prolongation of survival were reported (102,104). However, in most of these 
models, treatment with IL-2 was initiated soon after tumor implantation and rarely 
resulted in long-term cures. 

Since many tumor models and experimental conditions have been evaluated, it is 
difficult to generalize about the optimal utility of IL-2 and its mechanism of action, 
but a few observations can be made. Although there have been some studies sug
gesting efficacy at low doses of IL-2 {105), the most success has been observed utiliz
ing high doses of IL-2, at or near the maximum tolerated dose of this cytokine 
(102,103,106). At higher doses, IL-2 is quite toxic, and the toxicities in mice {107) 
seem to be similar to those observed in patients. The timing of the initiation of IL-2 
therapy seems to play some role in the ability of IL-2 to mediate its antitumor effects. 
It is more difficult to treat larger, more established sc tumors with IL-2 (G. Truitt, 
personal communication; M. Brunda, unpublished observations), but this is not 
necessarily the case with metastases (102) or in leukemia (104) models. 

It is clear that IL-2 does not have a direct antiproliferative effect on tumor cells, 
but rather mediates its effects through some component of the immune system; how
ever, some of the cytokines induced by IL-2 treatment, for example, IFN--y or TNF, 
may directly affect tumor cell proliferation. In various tumor models, the antitumor 
efficacy of IL-2 is greatly diminished in irradiated mice (102) or mice treated with 
antibodies directed to various immune cell populations {108), or in mice concomitantly 
receiving corticosteroids {109). IL-2 treatment induced cytotoxic LAK cells in tumor
bearing mice, and a correlation between the induction of LAK activity and efficacy 
was observed {108). The best effects of IL-2 on metastases were found in the therapy 
of weakly immunogenic tumors as well as some "nonimmunogenic" tumors, if treat
ment with IL-2 was initiated on day 3 (110). However, initiation of treatment of 
metastases from nonimmunogenic tumors with IL-2 on day 10 resulted in no thera
peutic benefit {108). The antitumor effect of IL-2 against poorly responsive tumors, 
which lack MHC class I, is enhanced following transfection of an MHC class I gene 
into these tumor cells (11 1), suggesting a role for CDS+ T -cells. Furthermore, an in
creased lymphocytic infiltrate was evident following histological evaluation of tumors 
undergoing IL-2-induced regression (102), suggesting a possible involvement in the 
observed tumor inhibition. Whether the immune cells demonstrated in the models in
hibit tumor growth through cytolytic mechanisms, cytokine induction, or other 
mechanisms is not firmly established. 

Since IL-2 can induce cytotoxic lymphocyte activity in vitro, a large number of pre
clinical studies have focused on the use of the combination of IL-2-activated cells and 
lower levels of systemically administered IL-2 for the therapy of murine metastases. 
The initial work in this area demonstrated that in several murine pulmonary 
metastasis models, a substantially greater inhibition of metastases was observed in 
mice receiving both LAK cells and IL-2 than in mice receiving either component alone 
(112-114). In contrast to the reduced efficacy of IL-2 in irradiated mice, no reduction 
of the antimetastatic effect of IL-2 plus LAK was seen, most probably reflecting the 
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ability of the transferred LAK cells to mediate the efficacy (113,115). One of the main 
questions associated with this form of therapy is whether the injected LAK cells can 
selectively migrate to the tumor; accumulation of only small numbers of the injected 
LAK cells have been found within tumors (116,117) and, of possible importance, 
injected cells were not seen in all metastatic foci (1 16). 

Another form of IL-2-adoptive cellular therapy is the use of IL-2 plus TILs (118). 
Therapy with IL-2 plus TILs was found to be up to 100 times more efficacious than 
IL-2 plus LAK cells in metastatic tumor models; the best synergy was obtained in 
mice receiving sublethal irradiation or cyclophosphamide treatment, in addition to 
IL-2 plus TILs (118-120). TILs can persist for months in animals, even in the absence 
of IL-2 therapy (1 19,120). 

In animal models, significant effort has also been placed on the therapeutic benefit 
of IL-2 combined with other antitumor drugs. As discussed earlier, a large amount of 
data demonstrated substantially increased activity of IL-2 combined with IFN-a 
(44, I 06); at higher doses of these two cytokines, increased toxicity was also observed 
(106). Combinations with other cytokines, including IFN--y, TNF, and IL-l, have 
been evaluated and resulted in modest levels of increased efficacy (45). Likewise, 
combination of IL-2 and cytotoxic drugs has been evaluated in animal models with 
some improved results (121,122). 

In addition to the systemic use of IL-2, experimental systems utilizing transfection 
of tumor cells with the IL-2 gene, resulting in cells secreting IL-2, have also been 
studied (123,124). IL-2-transfected tumor cells do not form tumors and can immu
nize mice to rechallenge with parental, non-IL-2-secreting tumor cells (123,124); 
variations on this line of research include immunization with tumor cells or tumor 
antigen and IL-2-secreting fibroblasts (125). Antitumor efficacy is dependent on 
CDS+ T-cells and has been correlated with the induction of CTL (123-125). In con
trast to the marked effect with IL-2-secreting tumor cells in preimmunizing mice to 
subsequent tumor challenge, there are few data to support the therapeutic utility of 
such cells in mice with established tumors. 

3.2. Clinical Trials 

IL-2 has been clearly demonstrated to have antitumor efficacy in patients with 
renal cell carcinoma (126,127). In the trials used for registration of the drug, 600,000 
IU/kg of IL-2 were administered iv every 8 h for 5 d, followed by a second course 
after 2 wk of rest; dose reduction occurred frequently owing to toxicities (128). An 
objective response rate of 1507o (407o complete response, 11 07o partial response), was 
observed (128); the median duration of response was 23.2 mo (128). In other trials 
utilizing various regimens and high doses of IL-2, the overall response rate in renal 
cell carcinoma ranged from 0 to 4007o with a median response of 2007o (126,127). Toxi
cities are quite severe with capillary leak syndrome and hypotension among the major 
problems (126,127). Because of high-dose IL-2 toxicities, a variety of schedules/regi
mens and combinations have been evaluated in an attempt to maintain efficacy and 
reduce toxicity (127). It does not appear that combinations of IL-2 plus IFN-a (see 
Section 2) or other drugs result in a better response overall (126,127), although en
hanced efficacy has been reported in some trials. One of the more potentially promis
ing approaches is the use of sc administered IL-2, which in early studies appears to 
give comparable response rates, but less toxicity (127). 
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IL-2 has been shown to have some activity in several other malignancies. In patients 
with malignant melanoma, using various regimens/ doses, an average response rate of 
approx 130Jo (range of 3-60%) was achieved, but at doses often resulting in marked 
toxicity (126,127). Studies evaluating multiple-drug combinations of IL-2, IFN-a, 
and other chemotherapeutic drugs are in progress and may improve response (1 26, 
127). IL-2 has also been tested in a limited number of patients with colorectal, ovar
ian, bladder, neuroblastoma, non-Hodgkin's lymphoma, and acute myeloid leu
kemia (126,127). Although some responses have been observed, the utility of IL-2 in 
these malignanies has not been firmly established. 

With respect to IL-2 combined with LAK cells, early clinical studies suggested that 
some efficacy was achievable with this combination (129). However, more extensive 
testing has demonstrated a response rate similar to that obtained with IL-2 alone and 
with similar toxicities (126,127). For example, in a summary of European studies, an 
overall response rate of 16% (5% CR, 11% PR) was observed in a total of approx 
300 renal cell carcinoma patients treated with IL-2 alone or IL-2 plus LAK (130). In 
melanoma patients, although there is no increase in response rate, there is a trend 
toward longer survival in patients receiving IL-2 plus LAK cells compared to those 
treated with IL-2 alone (131), but additional studies will be needed to confirm this 
finding. Thus, overall, it appears that there is no significant benefit of IL-2 plus LAK 
cell therapy compared to treatment with IL-2 alone. 

Some of the other experimental approaches developed in animal models are now 
beginning to be investigated in clinical trials. Early results with IL-2 combined with 
TILs have also demonstrated some responses, but further testing is required (132). 
Experimental tumor vaccine protocols utilizing IL-2-transfected tumor cells are also 
in progress. 

3.3. Experimental vs Clinical Data 
Based on its biological properties and animal experimental data, IL-2 was 

evaluated in the clinic and shown to have efficacy in some malignancies, in particular 
renal cell carcinoma. Thus, the experimental data clearly demonstrated the utility of 
this cytokine for cancer therapy. However, it isulso obvious that IL-2 was much more 
active in murine models than in people. This maY reflect the relative immunogenicities 
of murine vs human tumors, with the murine tumors being more immunogenic. It 
should be noted that, even in the case of chemotherapeutic drugs, it has been difficult 
to predict which histologic type of malign{u>tcy will respond to therapy by use of 
animal models. In addition to its potential efficacy, the experimental data have pro
vided a framework for understanding the mechanism(s) mediating the antitumor effi
cacy observed with IL-2. Thus, IL-2 does not exert its effects on the tumor directly, 
but rather stimulates the host to mount an immune response through interaction of 
IL-2 with its receptor on various cell populations. Some useful, but limited informa
tion was obtained in animal models for dosing regimen, which began as a starting 
point for clinical trials. 

The marked efficacy of IL-2 combined with cellular therapy, in particular LAK 
cells, appears not be supported by clinical results to date. However, on closer inspec
tion of these experimental data, cures were rarely obtained in these acute animal 
models. Furthermore, the large majority of studies utilized metastatic models, which 
may be "easier" to treat than more established sc tumors. The rather substantial ef
fects seen in animal models may, therefore, translate into marginal effects observed in 
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patients with more chronic disease. Likewise, the success of combination therapy in 
animal models may translate into only a small incremental effect in patients. 
However, it should be emphasized that these experimental models have given new 
directions for therapeutic intervention, which as our knowledge on the use of IL-2 in
creases, may eventually result in greater benefit to patients. In the future, the use of 
TILs or IL-2-transfected tumor cells, for example, may result in greater efficacy in 
some human malignancies. 

4. IL-12 

In contrast to the relatively long histories of IFNs and IL-2, IL-12 is a more recently 
discovered cytokine. It has a unique structure, since it is the only characterized inter
leukin that is composed of two disulfide-bridged subunits, designated p35 and p40 
(133-136). Full biological activity of this protein is only obtained with the hetero
dimer and not with the individual subunits alone (135,136). Although not fully 
characterized, the receptor for IL-12 is distinct from the receptor for IL-2 or other 
cytokines (137-139). As with other cytokines, initial studies with recombinant human 
IL-12 were conducted in various in vitro immunologic assays. A number of the bio
logic activities of IL-12 (reviewed in 140-143) are similar to those of IL-2, including 
enhancement of specific CTL responses, activation of NK/LAK cells, stimulation of 
T- and NK cell proliferation, and induction of IFN-'Y production from both T- and 
NK cells. However, in addition to activities it shares with IL-2, IL-12 has the unique 
property of inducing the maturation of the Th1 helper cell population; Th1 cells 
secrete IL-2 and IFN-'Y and promote cell-mediated immune responses. With the 
availability of recombinant murine IL-12 (rMuiL-12) (144), many of these biological 
effects previously observed in vitro have been confirmed following administration of 
rMuiL-12 to mice (145). 

Based on these potent immunomodulatory effects of IL-12, experiments have been 
performed to evaluate the potential antitumor and antimetastatic effects of IL-12 in 
murine models. To date, experiments with IL-12 have focused in three areas: 

1. Therapeutic effects on sc tumors; 
2. Inhibition of experimental and spontaneous metastases; and 
3. Tumor cells transfected with the genes for IL-12. 

With respect to sc tumors, treatment of tumor-bearing mice with rMuiL-12 can result 
in tumor growth inhibition, tumor stasis, prolongation of survival, and in some 
tumor models, regression of established tumors (146-155). For example, tumor 
regression occurs in approx 75!tfo of mice bearing 14-d old Renca renal cell carcinoma 
tumors that are 1 em or greater in diameter (142,146,149,155); these mice die at 5-7 
wk if untreated. Mice whose tumors regressed following treatment with rMuiL-12 re
jected subsequent challenge with the same, but not other syngeneic tumors, indicating 
that tumor-specific immunity had been induced in these animals (143). At the effec
tive dose/treatment regiment of IL-12, mild to moderate toxicities (141; M. Brunda 
and T. Anderson, unpublished), primarily leucopenia and elevated hepatic enzymes, 
were found, demonstrating antitumor efficacy was achievable under conditions that 
were well tolerated. The antitumor efficacy obtained with IL-12 was superior to treat
ment with either IFN-a or IL-2 in some models (153,155; Brunda et al., unpublished). 
The mechanism through which IL-12 mediates its antitumor efficacy has not been 
fully characterized, although IL-12 has no direct antiproliferative effects on tumor 
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cells in vitro (151) and is probably immune-mediated, since both T-cells and the in
duction of IFN-')' are necessary for optimal effects to be seen (146,151,155). 

Treatment with IL-12 also results in marked antimetastatic effects (141,146,147, 
154). For example, following iv injection of B16Fl0 tumor cells, treatment with IL-12 
initiated on day 7 resulted in a 7507o reduction in the number of pulmonary metastases 
(146). In one experimental metastasis model, treatment with IL-12 gave comparable 
efficacy, but substantially less toxicity than IL-2 (147). Experimental hepatic meta
stases were also inhibited following treatment with IL-12 (146). Similar to its effects in 
experimental metastasis models, treatment with IL-12 likewise substantially reduced 
either pulmonary (154) or hepatic spontaneous metastases (141). 

The potential use of IL-12 in tumor vaccines has been demonstrated in a murine 
model (150). When murine fibroblasts secreting biologically active murine IL-12 were 
mixed with viable BL-6 melanoma cells, a significant delay in tumor growth was 
observed. Histological evaluation of injection sites demonstrated an increased accu
mulation of macrophages and a decrease in CD4+ T-cells at sites of IL-12-secreting 
fibroblasts and tumor cells compared to sites injected with tumor cells alone. 
Therefore, it appears that IL-12 has the ability to modulate immune responses locally, 
resulting in increased antitumor efficacy. 

Thus, from these preclinical experiments, IL-12 appears to hold promise for the 
therapy of malignancies in patients. Clinical trials with this cytokine have been initi
ated, and future studies will determine if the success of IL-12 in animal models will 
translate into clinical efficacy. 

5. CONCLUSIONS 

This chapter demonstrates the important role of preclinical studies in the clinical 
development of cytokines for cancer therapy. Biological activities of a cytokine that 
are relevant to cancer therapy must first be demonstrated using both in vitro and in 
vivo assays. Once these effects have been established, the cytokine can be tested in the 
appropriate animal tumor models. The tumor models are useful in providing the 
rationale for clinical testing of the cytokine, as well as an initial dose range and treat
ment schedule to begin clinical trials. Furthermore, the data obtained from these ex
periments can be used to identify factors that determine a positive response so patient 
subgroups likely to respond will be identified. However, limitations to these models 
include the species-specific effects of some cytokines, the immunogenicity of some 
syngeneic tumors, and the frequent inability of commonly used end points, such as 
tumor growth inhibition and reduction in metastases, to translate into positive clinical 
responses. There is a need to refine the animal models used and to evaluate antitumor 
efficacy in the context of the toxicities induced by the treatment. Nevertheless, the 
results of these studies provide a starting point for use in the clinic and then continue 
to influence the direction of clinical testing. Thus, a constant interaction between pre
clinical and clinical research is essential to realize fully the potential of cytokines in 
cancer therapy. 

In addition, the experience gained from the clinical development of one cytokine 
can provide some of the directions needed for the development of other cytokines. 
Almost 30 years passed from the discovery of IFN-a to its approval for clinical use, 
whereas the time for IL-2 was considerably shorter. Hopefully, the principles learned 
from the development of these cytokines will lead to the rapid development of IL-12, 
as well as other cytokines, for the treatment of human malignancies. 
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CONCLUSIONS 

1. INTRODUCTION 

Most types of cancer chemotherapy, either currently available or in development, 
are cytotoxic in that they are designed to kill rapidly growing tumor cells. Because 
many normal tissues contain stem cells that also proliferate rapidly (e.g., bone mar
row, hair follicles, intestines), these types of agents often cause many side effects, and 
thus, their clinical effectiveness is limited. For this reason, many in the cancer field 
have begun to pursue different approaches. 

One of the most novel and promising approaches to anticancer therapy does not 
target the tumor cells directly. Instead, the objective is to inhibit the growth of new 
capillary blood vessels that feed the growing tumor, a process that is known as tumor 
"angiogenesis." This chapter will explain the concept behind this approach and 
review the process of discovery in the field of angiogenesis inhibition. In particular, it 
will focus on a serendipitous discovery I made 10 years ago while working as a post
doctoral fellow in the laboratory of Judah Folkman. That initial observation led to 
the development of TNP-470, a potent angiogenesis inhibitor that is now entering 
Phase II clinical trials. In the process of reviewing these discoveries, preclinical data 
will be described that, I believe, provide the "proof of principle" for a cancer therapy 
to be based on angiogenesis inhibition. 

Importantly, the chapter that follows is not designed to serve as a thorough intro
duction to the field or a review of all angiogenesis inhibitors that have been identified. 
A number of excellent reviews of this type have been published recently (1 -3). Rather, 
here I hope to convey the importance of serendipity in the process of cancer drug dis
covery and the equally important need for a receptive research environment. 
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2. IN SEARCH OF ANGIOGENESIS INHIBITORS 

The search for angiogenesis inhibitors began almost 25 years ago when J. Folkman 
first suggested that tumors are angiogenesis-dependent (4). This hypothesis was based 
on results of animal studies and anecdotal observations in human cancer patients, 
which showed that for tumors to grow larger than approx 1-2 mm3 in size, they must 
gain the ability to stimulate ingrowth of new capillaries (5-8). The reason for this is 
that tumor cells, like all living cells, require a continous supply of oxygen and nutrients 
in order to grow. In addition, effective blood flow may remove factors that suppress 
tumor cell death (i.e., apoptosis) (9). 

The net result is that tumors generally will not grow significantly in size, and thus, 
will not be malignant or often clinically detectable if new capillary growth is prevented 
(5,9-13). A simple example is cutaneous melanoma. Extensive morphometric analysis 
of histological sections of human melanoma specimens shows that tumors that do not 
promote angiogenesis tend to remain < 0.76 mm in thickness (these are planar lesions) 
and exhibit a low incidence of metastasis (14). In contrast, once capillary ingrowth is 
stimulated, this size restriction is circumvented, and malignancy results. Quantitation 
of capillary densities in pathological specimens also have been found to be an excel
lent prognostic indicator in human patients with breast cancer (15). 

The proposal that tumors depend on continual neovascularization for their own 
growth and expansion immediately stimulated a search for a tumor "angiogenesis 
factor," that is, the soluble mitogen that was thought to be responsible for induction 
of capillary ingrowth (4,6,16). The concept was simple from a therapeutic perspective: 
If one could identify this molecule, then specific inhibitors, such as blocking anti
bodies, could be developed to prevent tumor expansion. Combination of these growth
inhibitory agents with conventional drugs, radiotherapy, and surgical intervention 
could therefore lead, in theory, to rational management or even cure of this disease. 

Great advances have been made in the search for angiogenic factors. Many angio
genic proteins have now been purified, sequenced, and cloned (2,17,18). Some angio
genic factors (e.g., acidic and basic FGFs) are mitogentic for a variety of cell types in 
addition to capillary cells. In contrast, others appear to be highly specific for endo
thelium (e.g., VEGF). Other factors (e.g., TGF-B, TNF-a) are not directly mitogenic 
for endothelial cells, and thus may act indirectly by activating or recruiting other cells, 
such as macrophages, that in turn release angiogenic mitogens. Alternatively, some 
angiogenic factors appear to promote angiogenesis directly by stimulating endothelial 
cell migration and/or capillary tube formation, rather than cell growth per se (19). 

Importantly, as time went on, it became clear that there was enormous redundancy 
among angiogenic factors. Many different types of molecules can stimulate capillary 
growth, and a single tumor can produce more than one angiogenic mitogen (3,17,18, 
20). Thus, more recently, emphasis has shifted away from growth factor identifica
tion to understanding the molecular basis of capillary growth control. 

2.1. Rational Drug Discovery 
In the angiogenesis field, as in many other areas of cancer research, the current 

concept is that a more in depth understanding of the molecular basis of cell and tissue 
regulation will lead directly to development of new therapeutic agents. In fact, there 
are many cases where this has been shown to be true. Examples of angiogenesis in-
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hibitors that have been discovered based on a rational approach include: cartilage
derived inhibitor, protamine, platelet factor 4, medroxyprogesterone, proline ana
logues, retinoids, integrin receptor antagonists, thalidomide, and most recently, 
angiostatin. 

Cartilage-derived inhibitor was first sought after (21,22) and later purified (23) 
based on the observation that cartilage is a relatively avascular tissue. Interestingly, 
sharks, which are highly cartilagenous creatures, both contain angiogenesis inhibitory 
activity in their cartilage and rarely develop solid tumors (24). 

Protamine and platelet factor 4 were tested and found to inhibit new capillary 
growth based on their known high affinity for heparin (25,26). This work followed 
the discovery that heparin can enhance angiogenic factor activity in vitro (27). At 
about the same time, Shing and Klagsbrun (again working in Folkman's department) 
also found that many angiogenic factors can be purified based on their ability to bind 
heparin (28,29). 

The finding that extracellular matrix proteolysis mediates initiation of angiogenesis 
in vivo (30,31) and endothelial cell migration in vitro (32) led to the testing of known 
collagenase inhibitors in angiogenesis assays. This approach resulted in the discovery 
of the antiangiogenic effects of medroxy-progesterone (33). More recently, cartilage
derived inhibitor was found to exhibit anticollagenase activities as well (23). In add
ition, BB94, a synthetic collagenase antagonist that was initially developed to inhibit 
tumor growth and metastasis, also has been found to inhibit neovascularization (34). 
BB94 is currently in Phase I clinical trials. 

Proline analogs, retinoids, and other inhibitors of extracellular matrix deposition 
and processing (e.g., a,a-dipyridyl, 13-aminopriopionitrile) were examined because 
other angiogenesis inhibitors (heparin-angiostatic steroid combinations) were found 
to induce capillary basement membrane dissolution as part of their action (35). All of 
these compounds inhibited angiogenesis in the CAM, and their inhibitory effects cor
related directly with their ability to suppress collagen deposition in that assay (36). 

Soluble antagonists of integrin av/33 receptors (e.g., blocking antibodies, synthetic 
ROD peptides) were tested and found to exhibit antiangiogenic activity based on the 
observation that growing endothelial cells appear to express preferentially this par
ticular extracellular matrix receptor subtype on their surfaces (37,38). Work in my 
laboratory also had previously shown that extracellular matrix and integrins play a 
key role in capillary growth control in vitro (39-43) as well as in vivo (35,36). 

The discovery of thalidomide's antiangiogenic activity is quite interesting. R. J. 
D' Amato, an opthalrnologist working as a research fellow in Folkman's laboratory, 
decided that a rational way to identify new angiogenesis inhibitors would be to search 
the medical literature (using a computer) for existing drugs that exhibit "side effects" 
that might be expected to be associated with angiogenesis inhibition (e.g., increased 
rates of spontanteous abortion, large-scale development defects). The discovery of 
thalidomide's antiangiogenic capabilities resulted (44). Thalidomide has recently 
entered Phase I clinical trials for treatment of angiogenesis-dependent disease in the eye. 

Most recently, angiostatin was discovered based on a search for an endogenous 
inhibitor in serum that might be responsible for the observed inhibitory influence 
exerted by large primary tumors on the growth of secondary metastatic lesions (a 
process that was sometimes referred to as "concomitant immunity" in the past). 
Although little was known about the mechanism behind this inhibition, Folkman had 
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suspected for many years that it could be due to production of systemic angio
genesis inhibitors that would effectively suppress growth of small tumors at a distance. 
In this model, tumor expansion would continue at the primary site, because short
lived angiogenic stimulators overcame the inhibitor locally and shifted the balance 
toward capillary growth at the primary site. However, if clearance of the inhibitors 
was much slower than that of the angiogenic mitogen, then capillary growth suppres
sion might be expected to dominate systemically. M. O'Reilly, another surgical resident 
working as a research fellow in Folkman's laboratory, purified a fragment ofplamino
gen from serum and urine that has been named "angiostatin" (13). Angiostatin, 
which appears to be generated or released by primary tumors that suppress the growth 
of their metastases, effectively prevents the growth of both primary and metastatic 
lesions when administered to mice and, thus, exhibits all of the properties that 
Folkman envisioned. 

2.2. Discovery by Chance: Angiostatic Steroids 
Although the rational approach will likely pay off in the long term, it turns out that 

other angiogenesis inhibitors were discovered based entirely on chance. A classic 
example was when S. Taylor, a medical student working in Folkman's laboratory, 
discovered that heparin and cortisone inhibit angiogenesis (10). She actually made 
this discovery in the course of trying to optimize a screening assay for angiogenic 
modulators. 

To study angiogenesis, Taylor had been placing tumor extracts on the surface of 
the chick chorioallantoic membrance (CAM). This embryonic membrane is used as 
an angiogenesis model, because it is underlined by a continously extending capillary 
network that grows rapidly from day 6 to day 10 of development (35). In earlier 
studies, it was shown that application of living tumor cells, tumor extracts, or partially 
purified angiogenic factor preparations to the surface of the CAM resulted in enhanced 
angiogenesis, as visualized by increased growth of vessels in a "spoke-wheel" pattern 
that converged toward the growth stimulus (8,25). 

When using this CAM assay, Taylor first added heparin in an attempt to enhance 
the activity of the tumor-derived angiogenic factors and, thus, increase the sensitivity 
of the assay (25). Heparin had been previously shown to enhance angiogenic factor
induced capillary cell migration in vitro (27). However, in the assay Taylor used, dust 
often would fall onto the CAM from the surrounding egg shell causing nonspecific 
''inflammatory'' angiogenesis that complicated the interpretation of her results. In an 
attempt to suppress this inflammatory activity and increase the signal-to-noise, Taylor 
and Folkman decided to add cortisone (a potent immune suppressant) to the assay. 
Surprisingly, they found that not only was this nonspecific background angiogenesis
inhibited, but also both normal embryonic capillary growth and tumor extract-induced 
angiogenesis were completely prevented as well. In addition, regression of pre-existing 
capillaries, but not neighboring epithelium, was observed over large regions of the 
CAM. These studies were extended by Folkman and coworkers to show that com
binations of cortisone and heparin or heparin fragments can inhibit angiogenesis and 
suppress tumor growth in a variety of animal models (10,45). 

Taylor and Folkman's discovery eventually led to the identification and character
ization of an entirely new class of antiangiogenic or "angiostatic" steroids (35, 46-48). 
These steroids are potent inhibitors of neovascularization when combined with hep-
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Fig. 1. The fungal contaminant that led to the development of TNP-470. (A) A low-magnification 
phase-contrast view showing the hyphae of the fungal contaminant at the top right of the culture well 
with the retracting endothelial monolayer below. (B) A higher magnification view of the endothelial 
monolayer near the edge of the fungal colony. A gradient of increased cell rounding can be observed, 
as one moves from the bottom left to the top right of the view. 

arin, yet they have no known glucocorticoid, mineralocorticoid, or sex steroid acti
vities. Importantly, some of these angiostatic steroids occur naturally as "inactive" 
steroid metabolites in urine (e.g., tetrahydrocortisol). The presence of these endog
enous inhibitors may play an important role in maintaining the low cell turnover rate 
that is characteristic of the normal vascular endothelium (49). This work also in
directly led to the search for other angiogenesis inhibitors in urine; the discovery of 
genistein (50) and 2-methoxyestradiol (51) soon followed. 

3. TNP-470: SERENDIPITY LEADS 
TO A NEW ANTICANCER DRUG 

3.1. Initial Observation 
Perhaps one of the best examples of the importance of serendipity in drug dis

covery in the angiogenesis field is the case of TNP-470 (originally called AGM-1470; 
11). This story is a very personal one since it began with an observation I made while 
working as a postdoctoral fellow in Folkman's laboratory. In the course of passing 
standard capillary endothelial cell cultures on November 1, 1985, I discovered fungal 
contaminants growing in three different wells of the same multiwell culture dish. One 
of these contaminants I had unfortunately seen many times in the past. Even when 
small, this type of fungus induced complete cell detachment and death in our endo
thelial cell cultures. It was a known scourge that would emerge from time to time. My 
immediate reflex response on seeing this fungus, based on past training and experience, 
was to immerse the entire culture dish immediately in disinfectant and to place it in 
line for autoclaving and disposal (the standard approach to contamination in our lab 
at that time). 

However, the fungus in the second well immediately attracted my attention. In con
trast to all other fungi I had seen in the past and to the contaminants in the neighbor
ing wells, this fungus did not induce complete cell detachment even though it covered 
about one-third of a 35-mm well. Instead, this fungus appeared to induce a gradient 
of cell retraction and rounding in the adjacent endothelial monolayer (Fig. 1). Directly 
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below the fungal colony and along its edge, endothelial cells appeared adherent, but 
completely spherical, whereas cells only a few diameters away exhibited a normal 
extended morphology. This morphological change interested me because in other 
ongoing studies in the laboratory, I had recently found that capillary cells will not 
grow when stimulated by any angiogenic factor, if cells are induced to round by pre
venting cell adhesion to extracellular matrix (later published in 35, 39-42). This basic 
work was a direct extension of my dissertation research with J Jamieson at Yale, 
which centered on the importance of cell shape in the control of tissue growth and 
form (52-54). Folkman himself was a pioneer in this area having published an elegant 
study with A. Moscona (a medical student) in 1978 that was the first to show clearly 
that cell shape plays a key role in growth control (55). In fact, one of the major 
reasons I chose to carry out my postdoctoral research training in Folkman's labor
atory (i.e., rather than complete a clinical residency) was his openness to this novel 
way of looking at cell growth regulation. 

In any case, it was because of my unconventional view of cell growth control that I 
cultured these fungi. I also cultured the fungus in the third well, which was of similar 
size, yet it produced only minimal cell detachment or rounding as another control. All 
three contaminants were cultured in Sabouraud's agar tubes that ''happened'' to be 
sitting on a shelf in our mammalian tissue-culture laboratory. Amazingly, it took 
almost 2 mo before I communicated this finding to Folkman. Basically, I was ambi
valent about launching yet another research project given the already overextended 
state of any postdoctoral fellow. Nevertheless, about 6 wk later in late December of 
1985, I could no longer hold back my excitement, and I finally told Folkman of my 
"discovery." He was extremely enthusiastic and immediately saw the potential 
importance of this observation. In fact, he was so excited about the finding that he 
cultured the fungus, collected the medium, and set about testing it for angiogenesis 
inhibitory activity himself. 

The question of whether this fungus might secrete a soluble inhibitor was a very 
important one. About a year before this incident, Folkman had tried to isolate an 
angiogenesis inhibitor from a fungus that had spontaneously settled on a CAM, 
apparently inducing capillary regression in that assay. However, that project was a 
complete failure; if the fungus did produce an angiogenesis inhibitor, it was not 
secreted in a soluble form that could be detected. The major lesson learned was that 
isolating a fungus in a mammalian cell tissue-culture laboratory can be a dangerous 
mistake: rampant contamination (and death) of many endothelial cell cultures resulted. 
In fact, this fear of contamination was another reason that I questioned whether I 
should tell Folkman about my discovery. It is also important to point out that the 
Sabbouraud's agar tubes I used would never have been available in our cell-culture 
laboratory, if it were not for this prior experience with fungi. Thus, chance played a 
key role at least twice in the early phase of this discovery process. 

Once we cultured the fungus, we confirmed that it indeed secreted a soluble factor 
that inhibited embryonic angiogenesis in the CAM as well as capillary endothelial cell 
proliferation in vitro. When the fungus was sent for typing, it was identified as a 
relatively rare fungus, Aspergillus jumigatus jresenius. Conditioned medium from 
cultures of this fungus also induced cell rounding, and this activity was used as an 
initial bioassay during subsequent purification of the active molecule. 
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A third element of chance then came into play. Work in the Folkman laboratory 
had previously been funded in part by an industrial grant from the Monsanto Com
pany. This grant ended at about this time, and thus, we actively sought funding from 
a number of different American pharmaceutical companies. When these companies 
came to review our work, we described our preliminary findings relating to this fungal 
contaminant. However, there was little interest. At least one of the executives that 
reviewed our fmdings very openly stated that he had little interest because he did not 
see anything "that would be in the clinic within the next six months." 

When all seemed to be lost, Folkman received a note from a Dr. Sugino, who had 
briefly visited the laboratory in the past. It turned out that Sugino now held a high posi
tion in a major pharmaceutical company in Japan called Takeda Chemical Industries, 
Limited. On hearing that Folkman was seeking new funding, Sugino immediately 
sent a delegation to review our proposal. Rather than send mostly businessman (the 
approach of the American companies at that time), Takeda sent a delegation that was 
filled primarily with research scientists. I have two memorable recollections of this 
meeting: (1) the Takeda scientists were extremely excited about the fungus because 
microbial analysis and culture were major strengths of their company, and (2) Takeda 
took a long-term view of the drug discovery process and clearly stated their belief that 
angiogenesis would represent a major target for therapeutic intervention in the near 
future. If it were not for Takeda's partnership and incredible talents in the areas of 
fungal culture, factor purification, and chemical synthesis, TNP-470 would never 
have been developed. 

3.2. Identification of Fumagillin and Analog Development 
Immediately after initiating our collaboration with Takeda, we mailed a sample of 

the fungus that induced a gradient of cell rounding to their scientists. They cultured it 
in large batches and set out to isolate the putative angiogenesis inhibitory factor. 
Eventually, they discovered that the active compound that was secreted by the fungus 
I had isolated was fumagillin, a known antibiotic that had been previously used to 
treat Amebiasis in humans. Purified fumagillin was shown to inhibit endothelial cell 
proliferation in vitro, embryonic angiogenesis, and tumor-induced neovascularization 
in an sc sponge model in mice (52). It also suppressed the growth of a number of 
mouse tumors. However, its effectiveness was limited because it produced severe 
weight loss. 

For this reason, we then set out to synthesize and test fumagillin analogs that would 
retain the potent antiangiogenic activity of fumagillin, but lack its toxic side effects. 
The most potent of these analogs is shown in Fig. 2. It was originally called AGM-
1470 (AngioGenesis Modulator-1470). However, Takeda changed its name to TNP-470 
(Takeda Neoplastic Product-470) once it entered clinical trials. In this chapter, it will 
be referred to as TNP-470. 

I should note that these studies, which extended over a period of years, were spear
headed by scientists at Takeda, including Katsuichi Sudo, Shoji Kishimoto, Tsuneo 
Kanamaru, and Takeshi Fugita. Many of the animal studies carried out at our institu
tion were done by Harold Brem, a surgical resident who was working as a research 
fellow in Folkman's laboratory, along with a number of different surgical residents, 
technicians, and rotating medical students. 
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TNP-470 
Fig. 2. The structure of the angiogenesis inhibitor, TNP-470 [0-(chloroacetyl-carbamoyl)fumagillol]. 

TNP-470 was found to be a potent inhibitor of endothelial cell proliferation in 
vitro (half-maximal growth inhibition at approx 100 pg/mL in both human umbilical 
vein and bovine capillary endothelium; 1 1). It also inhibited embryonic and tumor
induced angiogenesis in a variety of models (e.g., CAM, rat and rabbit corneas, sc 
sponge implants, Matrigel) (11,56). Importantly, although TNP-470 prevented cul
tured endothelial cells from growing when added over a wide range of doses (10 pg to 
1 p.g/mL), it did not kill these cells. In other words, it produced cytostatic rather than 
cytotoxic inhibition (1 1,57,58). Furthermore, the same doses that inhibited capillary 
cell growth had little effect on cultured tumor cells. Nevertheless, TNP-470 effectively 
suppressed the growth of the same tumor cells when implanted in vivo (1 1). This 
work has now been extended to include over 30 different solid tumors in mice, rats, 
rabbits, dogs, and monkeys as well as human tumors in nude mice (11,57,59-76; 
and unpublished data). Almost every solid tumor tested so far has responded well to 
treatment with this compound, whereas a P388 tumor growing in an ascites (nonsolid) 
form was found to be relatively resistant (1 1). 

Although TNP-470 usually only prevents tumor expansion when used alone, recent 
studies by B. Teicher (Dana Farber Cancer Institute) have shown that tumor regres
sion can actually be obtained in a high percentage of animals (over 500Jo in mice bear
ing Lewis Lung Carcinoma) by combining TNP-470 with standard chemotherapeutic 
agents, such as cytoxan (69). Work at Takeda and in our laboratory also has shown 
that TNP-470 is a potent inhibitor of tumor metastasis (59, 73). As expected, 
angiogenesis inhibition does not inhibit initial implantation of tumor cells; rather, it 
prevents further tumor expansion at these distant sites. For example, when mice are 
injected with tumor cells via tail vein and then treated with TNP-470, only small 
( < l-mm3) lesions are produced in the lungs. 

Most importantly, in all of our studies in which mice were injected sc with pure 
TNP-470 dispersed in saline, we never observed any drug-related toxicities in the 
range of doses that were necessary to suppress tumor growth. In the thousands of 
mice tested with this compound, there was no loss of appetite, hair loss, infections, or 
drug-related deaths. There results were incredibly exciting, to say the least, especially 
given the history that led to the development of this drug. 
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3.3. Advantages over Other Anticancer Agents 
In summary, based on a serendipitous finding we (the Takeda Scientists, Folkman, 

Brem, and I) developed a new class of molecules that appear to suppress tumor growth 
and metastasis by inhibiting angiogenesis. These antiangiogenic compounds are analogs 
of the fungal product, fumagillin (11). Importantly, this type of angiogenesis inhibitor 
offers many advantages over curently available anticancer therapies. 

The first is low toxicity, which is largely based on the fact that TNP-470 does not 
kill capillary cells or cells within highly proliferative normal tissues, such as the gut 
epithelium or lymphoid cells. Rather, it prevents quiescent capillary cells from respond
ing to any mitogenic stimulus. The specificity here comes from the fact that normal 
capillary cells have extremely low turnover rates, with half-lives on the order of years, 
whereas cells in tumor capillaries commonly turn over once every few days (49). 

A second advantage is that TNP-470 inhibits the growth of both primary and 
metastatic tumors. Thus, this type of nontoxic compound could be used prophylac
tically, for example, following resection of a tumor of the breast or colon, which are 
known to be highly metastatic and, hence, to have a high rate of recurrence. If their 
low toxicity holds true in humans, then they also may be used in patients with pre
malignant lesions (e.g., carcinoma in situ of the cervix, patients with high serum PSA 
levels) or in otherwise healthy people who have a genetically high propensity for 
tumor development (e.g., as detected by genetic screening methods that are becoming 
increasingly available). 

Another advantage is that the target of this drug, the endothelial cell, is not trans
formed, and thus, development of drug resistance should be less of a problem than 
with conventional therapies. In fact, this turns out to be true. Thus far, we have not 
observed development of drug resistance in any tumors, even when continuously 
administered in mice for more than 6 mo (Brem et al., unpublished data). 

Finally, TNP-470 as well as other angiogenesis inhibitors have been shown to 
potentiate dramatically the anticancer effects of known chemotherapeutic agents 
(e.g., cytoxan; 68,69, 77). Simultaneous administration of multiple angiogenesis in
hibitors also produced additive inhibitory effects (60). Thus, antiangiogenesis agents, 
such as TNP-470, are perfectly suited to act in concert with other drugs as part of a 
combined chemotherapeutic regimen. 

3.4. Translation from the Lab Bench to the Bedside 
Based on these advantages, Phase I clinical trials were initiated with TNP-470 in 

September 1992 at the National Cancer Institute in patients with Kaposi's sarcoma. 
More recently, these trials were extended to include adult patients with many different 
types of solid cancers as well as children with brain tumors. 

It should be noted that in the transition to the clinic, an iv route was chosen for the 
first line of attack. To accomplish this, an entirely new drug formulation had to be 
developed, which involved adding additional chemicals to TNP-470 to ensure stability 
and optimize solubility. When this final formulation was administered into beagle 
dogs by iv bolus injection, toxic effects were observed at high doses in certain organs 
(e.g., microhemorrhages were visualized in histological specimens of the brain). This 



292 Part II I New Strategies and Targets 

toxicity seemed to be partially suppressed by slowing the rate of infusion, and no micro
hemorrhages could be detected when TNP-40 was infused into baboons (unpub
lished data). Thus, we currently do not know whether this toxicity, although relatively 
minor compared to conventional cytotoxic agents, relates to the new route or rate of 
drug administration, the additional chemical components added to the formulation, 
TNP-470 itself, the animal model being utilized, or combinations of these factors. 

In any case, given the relatively minor toxicity observed compared to conventional 
anticancer agents, TNP-470 quickly moved forward into clinical trials. However, 
based on the toxicology studies, a slow rate of infusion (over 30 min rather than iv bolus) 
was incorporated into the clinical protocol. Nevertheless, the take-home message here 
is that when translating a discovery from the lab bench to the bedside, seemingly small 
decisions can potentially make an enormous difference. For example, the choice of 
chemical additives for a new drug formulation usually is not a significant issue for 
most anticancer agents, which are themselves very toxic. However, this could be a 
major concern for those interested in developing novel anticancer agents, such as 
angiogenesis inhibitors, that potentially can suppress tumor growth without signifi
cant systemic toxicity. 

It is precisely because of concerns such as these that clinical trials involve an initial 
phase (Phase I), which focuses exclusively on defining dose-limiting toxicities. Animal 
studies may be useful to identify potential problem areas. However, only results of 
actual toxicology studies carried out in human patients receiving the final formulation 
using an appropriate administration route and dose schedule have real meaning in the 
long term. In the case of TNP-470, the toxicities in Phase I trials have been found to 
be relatively minor. In fact, this has been a problem in the sense that Phase I trials 
have extended much longer than is usually required for cytotoxic agents (e.g., the 
original trial that began in 1992 still continues as of today). Dose-limiting toxicity has 
only been determined in older male patients with prostate cancer. In these patients, 
TNP-470 appeared to induce confusion, although this effect reversed when therapy 
was stopped. 

In hindsight, it is interesting that because of our initial toxicology results in beagle 
dogs, TNP-470 was initially restricted from use in patients with brain cancer, even 
though there is no effective therapy available for these highly vascular tumors. Given 
that internal bleeding has not been a problem so far in human testing, Phase I trials in 
children with brain tumors were recently initiated. Most importantly, Phase II trials 
also should begin in the near future. However, here again there is a concern. Most 
oncologists usually only view an anticancer drug as active and useful if they can mea
sure a dramatic and rapid tumor ''response,'' as defined by a measureable shrinkage 
in tumor size or mass. In contrast, based on our preclinical studies, we expect 
TNP-470 (and other angiogenesis inhibitors) to produce relatively minor growth sup
pression (rather than shrinkage) when used alone, especially in the short term. Further
more, extensive clinical trials in children with hemangioma using another angiogenesis 
inhibitor, a-interferon, suggest that no clinical effect may be visible for many months, 
even though complete tumor regression can be obtained by 1 yr in most of these 
patients (78, 79). In fact, this clinical experience with a-interferon provides probably 
the best indication to date of how antiangiogenesis therapy will need to be adminis
tered in the future. Thus, not only must an angiogenesis inhibitor be active, but the 
clinicians involved in the testing of the drug must also understand that they are deal-
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ing with an entirely different type of therapeutic agent and, thus, develop totally new 
clinical end points. This, of course, may change once angiogenesis inhibitors are 
tested in combination with conventional chemotherapeutic agents, since dramatic and 
immediate shrinkage in tumor size should result. 

In summary, we must await the publication of results of the ongoing TNP-470 
studies and future clinical trials involving drug combinations before we can ascertain 
the importance of this discovery. There clearly have been many drugs that were promis
ing in early testing and yet only minimally effective when examined in humans. 
However, I believe that the preclinical results obtained with TNP-470 and other 
angiogenesis inhibitors, at the very least, provide a glimpse of what an anticancer 
therapy based on antiangiogenesis might be like in the future. 

3.5. Implications for the Future 
Probably the most important lesson we have learned from past experience with 

cancer chemotherapy in human patients is that it is unlikely that there will be a single 
silver bullet that will cure all cancers. We also know that clinical cures can be obtained 
with certain types of cancer. However, these dramatic responses almost always require 
simultaneous administration of multiple drugs. As an example, in treatment of acute 
lymphocytic leukemia in children, three to four different active agents had to be 
administered in combination before complete remissions could be produced in almost 
all patients. However, even then, clinical cures were only obtained in about 150Jo of 
these cases. To increase the cure rate to over 75%, as it is today, six to seven different 
active agents had to be administered in concert. This is likely what a cure of adult 
human cancer will require in the future. Given our preclinical results with TNP-470, I 
believe it is likely that one or more angiogenesis inhibitors will be a key part of this 
type of combined regimen for "cancer management" in the future. 

4. CONCLUSIONS 

The discoveries in the field of angiogenesis inhibition that I described in this chap
ter may provide a lesson for those interested in learning how to identify new anti
cancer drugs. One point was raised repeatedly: the incredible importance of chance and 
serendipity in the drug discovery process. Contamination of the CAM assay by eggshell 
dust and of my endothelial culture dish by a fungus are two particular examples of 
how chance can intervene at a particular time and place. However, these serendipitous 
events did not occur in a vacuum. No drugs would come from these observations, if 
the investigators did not have a clear goal in mind and methods on hand to follow up 
their observations. If the investigators were in a laboratory where rigid focus and 
strict observance of a preplanned path of inquiry (e.g., as laid out in the specific aims 
of a government grant proposal) were the rule, these observations also would likely 
not be made, let alone pursued. In essence, these events would remain no more than 
cursory observations similar to those made every day in labs around the world, if the 
research environment was wrong. 

In contrast, as you probably can appreciate from my description, the Folkman 
laboratory of the 1980s (and to this day) was one that was continually open to new 
ideas and unconventional ways of viewing biological problems, young people (who 
are not yet tied to convention) were always involved on the front lines, and bioassays 
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that were both novel and highly useful were freely accessible to all. There also was a 
rare clarity of focus that came directly from Folkman's own vision, and his incredible 
ability to communicate the excitement and importance of the clinical problem at 
hand. Finally, gelling all this was sustained financial support from both government 
(NIH) and industrial sponsors, as well as an active ongoing collaboration with top
notch industrial medicinal chemists and microbiologists. Serendipity without this type 
of receptive environment would be like a bulb without electricity; the potential for 
enlightenment would be there, but little light would fall. 

In conclusion, if there is any message in this chapter, it is that to best facilitate drug 
discovery, the scientific and pharmaceutical communities must learn how to develop 
this type of research incubator in which all of the key elements that are essential for 
discovery are placed in close proximity in a stable environment. If the final goal is truly 
translation of basic discoveries directly to the bedside, then ongoing collaborations 
and paths of communication between academic researchers and industrial scientists 
also must be established and maintained. Academics have the freedom to change 
paths at will and to explore serendipitous or counterintuitive results. However, they 
usually do not understand when to patent a discovery or how to develop a "product" 
that can be manufactured and distributed worldwide. Industrial scientists, on the 
other hand, tend to understand the nuts and bolts of true drug development (e.g., 
toxicology, pharmacokinetics, formulation development, FDA approval, and so 
forth). Yet, they lack the freedom to change direction at will. The creation of this 
type of research incubator becomes increasingly more difficult as the funds available 
to basic researchers and to the biopharmaceutical community become increasingly 
hard to find. Nevertheless, this is the goal that we must collectively pursue to be sure 
that new discoveries, both rational and serendipitous, will continue to be made in 
years to come. 
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NOTE ADDED IN PROOF 

The first complete tumor regression induced by administration of TNP-470 was 
recently reported in a woman with metastatic cervical carcinoma (80). This patient 
has now remained free to tumor and toxicity for over a year of continuous therapy 
with this single angiogenesis inhibitor. 
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1. INTRODUCTION 

The therapeutic use of oligonucleotides represents a new paradigm for drug dis
covery. The technology focuses on a class of chemicals, oligonucleotides, that have 
not been studied as potential drugs before and uses them to intervene in processes 
that, likewise, have not been studied as sites at which drugs might act. Although the 
field is still in its infancy, it has generated considerable enthusiasm because of the 
potential specificity of oligonucleotide drugs and the breadth of potential applications. 

The enthusiasm about the technology has been tempered by appropriate reserva
tions concerning the ability of the technology to deliver on its promise. In essence, the 
questions about the technology reduce to: can oligonucleotide analogs be created that 
have appropriate properties to be drugs; specifically, what are the pharmocokinetic, 
pharmacologic, and toxicologic properties of these compounds, and what are the 
scope and potential of the medicinal chemistry of oligonucleotides? Although much 
remains to be done, the answers to many of the questions are now available and sug
gest that the technology may yield important therapeutic advances. 

This chapter will focus strictly on the antisense mechanism with particular emphasis 
on the potential role of this technology in the treatment of cancer. 

2. THE ANTISENSE CONCEPT 

2.1. History 
The antisense concept derives from an understanding of nucleic acid structure and 

function, and depends on Watson-Crick hybridization (1). Thus, arguably, the demon
stration that nucleic acid hybridization is feasible (2) and the advances in in situ 
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hybridization and diagnostic probe technology (3), lay the most basic elements of the 
foundation supporting the antisense concept. 

However, the first clear enunciation of the concept of exploiting antisense oligonu
cleotides as therapeutic agents was in the work of Zamecnik and Stephenson in 1978 
(4). In this publication, these authors reported the synthesis of an oligodeoxyribonu
cleotide 13 nucleotides long that was complementary to a sequence in the respiratory 
syncitial virus genome. They suggested that this oligonucleotide could be stabilized by 
3 '-and 5 '-terminal modifications, and showed evidence of antiviral activity. More 
importantly, they discussed possible sites for binding in RNA and mechanisms of 
action of oligonucleotides. 

Though less precisely focused on the therapeutic potential of antisense oligonu
cleotides, the work of Miller and Ts'o and their collaborators during the same period 
helped establish the foundation for antisense research and re-establish an interest in 
phosphate backbone modifications as approaches to improve the properties of oligo
nucleotides (5, 6). Their focus on methylphosphotriester-modified oligonucleotides as 
a potential solution to pharmacokinetic limitations of oligonucleotides presaged a 
good bit of the medicinal chemistry to be performed on oligonucleotides. 

Despite the observations of Miller and Ts'o and Zamecnik and colleagues, interest 
in antisense research was quite limited until the late 1980s, when advances in several 
areas provided technical solutions to a number of impediments. Since antisense drug 
design requires an understanding of the sequence of the RNA target, the explosive 
growth in availability of viral and human genomic sequences provided the informa
tion from which "receptor sequences" could be selected. The development of 
methods for synthesis of research quantitites of oligonucleotide drugs then supported 
antisense experiments on both phosphodiester and modified oligonucleotides (7,8). 
The inception of the third key component (medicinal chemistry) forming the founda
tion of oligonucleotide therapeutics, in fact, was the synthesis in 1969 of phosphoro
thioate poly rl:poly rC as a means of stabilizing the polynucleotide (9). Subsequently, 
Miller and Ts'o initiated studies on the neutral phosphate analogs, methylphospho
nates (5), and groups at the National Institutes of Health and the Food and Drug 
Administration and the Worcester Foundation investigated phosphorothioate oligo
nucleotides (10-14). With these advances forming the foundation for oligonucleotide 
therapeutics and the initial studies suggesting in vitro activities against a number of 
viral and mammalian targets (12,15-19), interest in oligonucleotide therapeutics in
tensified. 

2.2. Strategies to Induce Transcriptional Arrest 
An alternative to the inhibition of RNA metabolism and utilization via an anti

sense mechanism is to inhibit transcription by interacting with double-stranded DNA 
in chromatin. Of the two most obvious binding strategies for oligonucleotides binding 
to double-stranded nucleic acids, strand invasion and triple-strand formation, triple
stranding strategies, until recently, attracted essentially all of the attention. 

Triple helices have been known for polynucleotides since 1957 (20). Triple strands 
can form via non-Watson-Crick hydrogen bonds between the third strand and purines 
involved in Watson-Crick hydrogen bonding with the complementary strand of the 
duplex (for review, see 21). Thus, triple-stranded structures can be formed between a 
third strand comprised of pyrimidines or purines that interact with a homopurine 
strand in a homopurine-homopyrimidine strand in a duplex DNA. With the demon-
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stration that homopyrimidme oligonucleotides could indeed form triplex structures 
(22-24), interest in triple-strand approaches to inhibit transcription heightened. 

Although there was initially considerable debate about the value of triple-stranding 
strategies versus antisense approaches (25), there was little debate that much work re
mained to be done to design oligonucleotides that could form triple-stranded structures 
with duplexes of mixed sequences. Pursuit of several strategies has resulted in signifi
cant progress (for review, see 21), but resolution of many issues remains to be achieved 
before triplexing strategies can be used effectively to create pharmacological agents. 

Strand invasion, an alternative approach to obstructing transcription by formation 
of triple strands, has been shown to be feasible if analogs with sufficient affinity can 
be synthesized. Recently, peptide nucleic acids (PNA) have been shown to have very 
high affinity and be capable of strand invasion of double-stranded DNA under some 
conditions (26). Again, much remains to be learned about this analog class and other 
high-affinity analogs before the pharmacological potential of transcriptional arrest 
via strand invasion is defined. 

2.3. Ribozymes and Oligonucleotide-Mediated RNA Cleavage 

Ribozymes are RNA molecules that catalyze biochemical reactions (27). Ribozymes 
cleave single-stranded regions of RNA via transesterification of hydrolysis reactions 
that cleave a phosphodiester bond (28). Clearly, a therapeutic oligonucleotide that 
could specifically bind to and cleave an RNA target should be attractive. Again, how
ever, many technical hurdles must be overcome before modified ribozymes or syn
thetic oligonucleotides with ribozyme-like activity can be used as drugs. 

2.4. Combinatorial Approaches to Oligonucleotide Therapeutics 
At least two methods have been published by which oligonucleotides have been 

identified to interact with cellular proteins by combinatorial methods (29-31). The 
potential advantage of a combinatorial approach is that oligonucleotide-based mole
cules can be prepared to adopt various structures that support binding to nonnucleic 
acid targets as well as nucleic acid targets. These can then be screened for potential ac
tivities without knowledge about the cause of the disease or the structure of the target. 

2.5. The Medicinal Chemistry of Oligonucleotides 
Because it was apparent almost immediately that native phosphodiester oligodeoxy

or ribonucleotides are unsatisfactory as drugs because of rapid degradation (32), a 
variety of modifications have been prepared. As previously mentioned, perhaps the 
most interesting of the initial modifications were the phosphate analogs, the phos
phorothioates (9) and the methylphosphonates (5). Both fully modified oligonucleo
tides and oligonucleotides "capped" at the 3 1- and/or 5 1 -termini with phosphoro
thioate or methylphosphonate moieties were tested (33). However, studies from many 
laboratories demonstrated that capped oligonucleotides were relatively rapidly de
graded in cells (34-37), nor were point modifications with intercalators that enhanced 
binding to RNA (38,39), cholesterol (40), or poly-L-lysine (41,42) sufficiently active 
or selective to warrant broad-based exploration. 

Since the initial approaches to modifications of oligonucleotides, an enormous 
range of modifications, including novel bases, sugars, backbones, conjugates, and 
chimeric oligonucleotides, have been tested (for review, see 43,44). Many of these 
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modifications have proven to be quite useful and are progressing in testing leading to 
clinical trials. 

2.6. Pharmacological Rationalization of Therapeutic Oligonucleotides 
Of central importance to the long-term future of therapeutic oligonucleotides has 

been the rationalization of oligonucleotides in the context of modern pharmacology 
(45). Progress has been gratifying in that most of the fundamental concerns about 
oligonucleotides are now answered. These include such issues as questions about the 
kinetics and characteristics of oligonucleotides binding to RNA targets, proof of 
activity and mechanism of action in vitro and in vivo, pharmacokinetic and toxico
logic properties of oligonucleotides, and the breadth and value of oligonucleotide 
medicinal chemistry. With six oligonucleotides in clinical trials, numerous demon
strations of potent systemic activities in animals, and clarification of potential tox
icities and the therapeutic index of phosphorothioate oligonucleotides, it is reasonable 
to conclude that substantial progress has been achieved. 

2. 7. RNA Intermediary Metabolism 
Oligonucleotides are designed to modulate the information transfer from the gene 

to protein-in essence, to alter the intermediary metabolism of RNA. Figure 1 sum
marizes these processes. 

RNA intermediary metabolism is initiated with transcription. The transcription ini
tiation complex contains proteins that recognize specific DNA sequences and locally 
denature double-stranded DNA, thus allowing a member of the RNA polymerase 
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family to transcribe one strand of the DNA (the antisense strand) into a sense 
pre-mRNA molecule. Usually during transcription, the 5 1 -end of the pre-mRNA is 
capped by adding a methyl-guanosine, and most often by methylation of one or two 
adjacent sugar residues. This enhances the stability of the pre-mRNA and may play a 
role in a number of key RNA processing events (46). Between the 5 1 -cap and the site 
at which translation is initiated is usually a stretch of nucleotides (5 1 -untranslated 
region, 5 1 -UTR). This area may play a key role in regulating mRNA half-life (47). 

Similarly, the 3 1 -end of the pre-mRNA usually has a stretch of several hundred 
nucleotides beyond the translation termination signal. This area often plays an impor
tant role in determining mRNA half-life. Moreover, posttranscriptionally, most pre
mRNA species are polyadenylated. Polyadenylation stabilizes the RNA, is important 
in transport of mature mRNA out of the nucleus, and may play important roles in the 
cytoplasm as well (48,49). 

Because eukaryotic genes usually contain intervening sequences (introns), most 
pre-mRNA species must have these sequences excised and the mature RNA spliced 
together. Splicing reactions are complex, highly regulated, and involve specific se
quences, small-mol-wt RNA species, and numerous proteins. Alternative splicing 
processes are often used to produce different mature mRNAs and, thus, different 
proteins. Even though introns are often considered waste, important sequences are 
conserved, and some introns may play a variety of regulatory roles. 

Mature mRNA is exported to the cytoplasm and engages in translation. mRNA half
lives vary from a few minutes to many hours, and appears to be highly regulated (47). 

Each step shown in the pathway is a composite of numerous steps and is theoret
ically amenable to intervention with oligonucleotides. For virtually no mRNA is the 
pathway fully defined; however, available information is insufficient to determine the 
rate-limiting steps in the intermediary metabolism of any mRNA species (50,51). 

2.8. Factors Influencing Antisense Activity 

2.8.1. AFFINITY 

The affinity of oligonucleotides for their receptor sequences results from hybridi
zation interactions. The two major contributors to the free energy of binding are 
hydrogen bonding (usually Watson-Crick base pairing) and base stacking in the 
double helix that is formed. Affinity is affected by ionic strength. In general, the 
higher the ionic strength, the higher the affinity of charged oligonucleotides for poly
nucleotides. As affinity results from hydrogen bond formation between bases and 
stacking occurs between coplanar bases, affinity increases as the length of the oligo
nucleotide receptor complex increases. Thus, the affinity per nucleotide unit and the 
number of hybridizing nucleotide pairs are crucial determinants of overall affinity. 
Affinity also varies as a function of the sequence in the duplex. Nearest neighbor rules 
allow the prediction of the free energy binding for DNA-DNA and RNA-RNA 
hybrids with relatively high precision (52,53). A common misconception is that 
DNA-RNA duplexes are more stable than DNA-DNA duplexes. In fact, the relative 
stability of these duplexes varies as a function of the sequence. RNA-RNA duplexes 
are typically the most stable (S. M. Freier, unpublished results). 

As with other drug-receptor interactions, activity requires a minimum level of 
affinity. For many targets and types of oligonucleotides, the minimum length of an 
oligonucleotide may be 12-14 nucleotides. 
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Although theoretical affinities for oligonucleotide-single-strand nucleic acid in
teractions are very large, in practice, affinity constants are substantially lower. Several 
factors contribute to the differences between theoretical and realized affinities. Un
doubtedly, the most important factor is that RNA can adopt a variety of secondary 
structures (for review, see 54). In addition to secondary structure, RNA can adopt 
tertiary structures. Tertiary structures result from the interactions of secondary struc
tures in an RNA molecule with other secondary structural elements or single-stranded 
regions (55). A third factor that can potentially reduce the affmity of an oligonucleo
tide for its RNA receptor is that oligonucleotides can form secondary and tertiary 
structures themselves. To avoid duplex formation, oligonucleotides that contain self
complementary regions are usually not employed. However, other structures that 
were not well understood or expected have recently been described. Tetrameric com
plexes formed by oligonucleotides with multiple guanosines (29,56-58) and other 
base sequences (59) can be highly stable, clearly would prevent an antisense interac
tion, and have a number of biological effects that have confounded interpretation of 
experiments. 

Since RNA and oligonucleotide structures are affected by ionic milieu and nonpro
ductive interactions with proteins and polycations, the in vivo situation is, of course, 
considerably more complicated. Relatively little is understood about the interplay 
among all these factors and their effects on the true affinities of oligonucleotides for 
potential RNA targets. 

2.8.2. SPECIFICITY FOR NUCLEIC AciD SEQUENCES 

Specificity derives from the selectivity of Watson-Crick or other types of base pair
ing. The decrease in affmity associated with a mismatched base pair varies as a function 
of the specific mismatch, the position of the mismatch in a region of complementarity, 
and the sequence surrounding the mismatch. In a typical interaction between comple
mentary 18-mers, the ~Of, or change in Gibbs free energy of binding induced by a 
single mismatch varies from +0.2 to +4.0 kcal/mol/modification at 100 rnM Naa. 
Thus, a single base mismatch could result in a change in affinity of approx 500-fold 
(60). Modifications of oligonucleotides may alter specificity. 

At the genomic level, any sequence of 17 residues is expected to occur only once 
(61). Assuming a random distribution of sequences in RNA, any sequence of 13 resi
dues is expected to occur once in the cellular RNA population and, if the nonrandom 
nature of mammalian RNA sequence is taken into account, an 11-mer oligonucleo
tide or perhaps smaller could identify and bind to a unique sequence (62,63). 

To exploit fully the theoretical potential for specificity of an oligonucleotide in a 
therapeutic context, it is necessary to manipulate the length of the oligonucleotide and 
its concentration at target. The results of such an exercise have been reported (64). In 
this study, phosphorothioate oligodeoxynucleotides were designed to target the nor
mal or codon 12-point mutation of Ha-ras mRNA. Predictions from hybridization 
experiments suggested that approximately a fivefold specificity for mutant compared 
to normal Ha-ras RNA was possible. By optimizing oligonucleotide length and the 
extracellular concentration of the oligonucleotide, nearly theoretical specificity was 
achieved in cells in tissue culture. 

Other factors can also be used to enhance specificity. RNA secondary and tertiary 
structure assures that not all sequences are equally accessible. Design of oligonucleo-
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tides to interact with sequences involved in maintenance of RNA structure can theo
retically enhance specificity and, if the structure is essential to the stability or function 
of the RNA, potency. Furthermore, many RNA and DNA sequences interact with 
proteins, again assuring far more diversity in response to an oligonucleotide and, 
therefore, greater specificity than might be predicted solely on the basis of differences 
in nucleic acid sequence. 

2.8.3. THERAPEUTIC SPECIFICITY (THERAPEUTIC INDEX) 

Oearly, in a therapeutic context, the ability of an oligonucleotide to bind selectively 
to specific sequences in nucleic acid targets is an important factor in determining its 
therapeutic index. However, oligonucleotides and analogs can interact with other 
cellular components, and these interactions can have significant effects on the thera
peutic index of oligonucleotides. The factors that determine the significance of non
nucleic interactions of oligonucleotides on the therapeutic index include the affinities 
for nonnucleic acid sites vs nucleic acids, the numbers of different nonnucleic acid 
binding sites, the concentrations of each of the binding sites, the biological impor
tance of various binding sites, and kinetic factors. These are, of course, conceptually 
equivalent to the factors that affect the therapeutic index of drugs of all classes, but 
very little is understood about these potential interactions. 

Chemical classes of oligonucleotides differ in their tendency to interact with 
various nonnucleic acid targets. For example, phosphorothioates tend to bind to a 
wide range of proteins with relatively low affinity (36). Nevertheless, detailed in vitro 
and in vivo toxicological studies have shown that these interactions probably reduce 
the therapeutic index of phosphorothioates less than perhaps was expected (44,65). 
We believe that this is owing to the fact that the phosphorothioates bind with very low 
affmity to a larger number of proteins and their potential toxic effects are consequently 
"buffered." 

2.9. Mechanisms of Action of Antisense Oligonucleotides 
The mechanisms by which interactions of oligonucleotides with nucleic acids may in

duce biological effects are complex and potentially numerous. Furthermore, very little 
is currently understood about the roles of various mechanisms or the factors that may 
determine which mechanisms are involved after oligonucleotides bind to their receptor 
sequences. Consequently, a discussion of mechanisms remains largely theoretical. 

2.9.1. OCCUPANCY-ONLY MEDIATED MECHANISMS 

Classic competitive antagonists are thought to alter biological activities because 
they bind to receptors preventing natural agonists from binding and inducing normal 
biological processes. Binding of oligonucleotides to specific sequences may inhibit the 
interaction of the RNA or DNA with proteins, other nucleic acids, or other factors 
required for essential steps in the intermediary metabolism of the RNA or its utiliza
tion by the cell. 

2.9.1.1. Inhibition of Splicing. A key step in the intermediary metabolism of most 
mRNA molecules is the excision of introns. These "splicing" reactions are sequence
specific and require the concerted action of spliceosomes. Consequently, oligonucleo
tides that bind to sequences required for splicing may prevent binding of necessary 
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factors or physically prevent the required cleavage reactions. This then would result in 
inhibition of the production of the mature mRNA. Although there are several ex
amples of oligonucleotides directed to splice junctions, none of the studies presented 
data showing inhibition of RNA processing, accumulation of splicing intermediates, 
or a reduction in mature mRNA, nor are there published data in which the structure 
of the RNA at the splice junction was probed and the oligonucleotides demonstrated 
to hybridize to the sequences for which they were designed (66-69). Activities have 
been reported for anti-c-myc and antiviral oligonucleotides with phosphodiester, meth
ylphosphonate, and phosphorothioate backbones. Very recently, an oligonucleotide 
was reported to induce alternative splicing in a cell-free splicing system, and in that 
system, RNA analyses co~firmed the putative mechanism (70). 

2.9.1.2. Translational Arrest. The mechanism for which the majority of oligonu
cleotides have been designed is translational arrest by binding to the translation initia
tion codon. The positioning of the initiation codon within the area of complementarity 
of the oligonucleotide and the length of oligonucleotide used have varied consider
ably. Again, unfortunately, only in relatively few studies have the oligonucleotides, in 
fact, been shown to bind to the sites for which they were designed, and other data 
that support translation arrest as the mechanism have not been reported. 

Target RNA species that have been reported to be inhibited include HIV (71), 
vesicular stomatitis virus (VSV) (72), n-myc (73), and a number of normal cellular 
genes (74-77). 

In our laboratories, we have shown that a significant number of targets may be in
hibited by binding to translation initiation codons. For example, ISIS 1082 hybridizes 
to the AUG codon for the UL13 gene of herpes virus types 1 and 2. RNase H studies 
confirmed that it binds selectively in this area. In vitro protein synthesis studies con
firmed that it inhibited the synthesis of the UL13 protein, and studies in HeLa cells 
showed that it inhibited the growth of herpes type 1 and type 2 with an ICso of 
200-400 nM by translation arrest (78). Similarly, ISIS 1753, a 30-mer phosphorothio
ate complementary to the translation initiation codon and surrounding sequences of 
the E2 gene of bovine papilloma virus, was highly effective, and its activity was 
shown to be owing to translation arrest. ISIS 2105, a 20-mer phosphorothioate com
plementary to the same region in human papilloma virus, was shown to be a very 
potent inhibitor. Compounds complementary to the translation initiation codon of 
the E2 gene were the most potent of the more than 50 compounds studied comple
mentary to various other regions in the RNA (79). We have shown inhibition of trans
lation of a number of other mRNA species by compounds designed to bind to the 
translation codon as well. 

In conclusion, translation arrest represents an important mechanism of action for 
antisense drugs. A number of examples purporting to employ this mechanism have 
been reported, and recent studies on several compounds have provided data that 
unambiguously demonstrate that this mechanism can result in potent antisense drugs. 

2.9.1.3. Disruption of Necessary RNA Structure. RNA adopts a variety of three
dimensional structures induced by intramolecular hybridization, the most common of 
which is the stem loop. These structures play crucial roles in a variety of functions. 
They are used to provide additional stability for RNA and as recognition motifs for a 
number of proteins, nucleic acids, and ribonucleoproteins that participate in the 
intermediary metabolism and activities of RNA species. Thus, given the potential 
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general utility of the mechanism, it is surprising that occupancy-based disruption 
RNA has not been more extensively exploited. 

As an example, we designed a series of oligonucleotides that bind to the important 
stem-loop present in all RNA species in HIV, the TAR element. We synthesized a 
number of oligonucleotides designed to disrupt TAR, and showed that several indeed 
did bind to TAR, disrupt the structure, and inhibit TAR-mediated production of a 
reporter gene (31). Furthermore, general rules useful in disrupting stem-loop struc
tures were developed as well (80). 

Although designed to induce relatively nonspecific cytotoxic effects, two other ex
amples are noteworthy. Oligonucleotides designed to bind to a 17-nucleotide loop in 
Xenopus 28 S RNA required for ribosome stability and protein synthesis inhibited 
protein synthesis when injected into Xenopus oocytes (81). Similarly, oligonucleo
tides designed to bind to highly conserved sequences in 5.8 S RNA inhibited protein 
synthesis in rabbit reticulocyte and wheat germ systems (82). 

2.9.2. OCCUPANCY-ACTIVATED DESTABILIZATION 

RNA molecules regulate their own metabolism. A number of structural features of 
RNA are known to influence stability, various processing events, subcellular distribu
tion, and transport. It is likely that, as RNA intermediary metabolism is better 
understood, many other regulatory features and mechanisms will be identified. 

2.9.2.1. 5 '-Capping. A key early step in RNA processing is 5 '-capping (Fig. 1). 
This stabilizes pre-mRNA and is important for the stability of mature mRNA. It also 
is important in binding to the nuclear matrix and transport of mRNA out of the 
nucleus. Since the structure of the cap is unique and understood, it presents an inter
esting target. 

Several oligonucleotides that bind near the cap site have been shown to be active, 
presumably by inhibiting the binding of proteins required to cap the RNA. For exam
ple, the synthesis of SV40 T-antigen was reported to be most sensitive to an oligonu
cleotide linked to poly-L-lysine and targeted to the 5 '-cap site of RNA (83). However, 
again, in no published study has this putative mechanism been rigorously demon
strated. In fact, in no published study have the oligonucleotides been shown to bind 
to the sequences for which they were designed. 

In studies in our laboratory, we have designed oligonucleotides to bind to 5 '-cap 
structures and reagents to cleave specifically the unique 5 '-cap structure (84). These 
studies demonstrated that 5 '-cap-targeted oligonucleotides were capable of inhibiting 
the binding of the translation initiation factor eiF-4a (85). 

2.9.2.2. Inhibition of 3'-Polyadenylation. In the 3 '-untranslated regions of pre
mRNA molecules are sequences that result in the posttranscriptional addition of long 
(hundreds of nucleotides) tracts of polyadenylate. Polyadenylation stabilizes mRNA 
and may play other roles in the intermediary metabolism of RNA species. Theoreti
cally, interactions in the 3 '-terminal region of pre-mRNA could inhibit polyadenyla
tion and destabilize the RNA species. Although there are a number of oligonucleo
tides that interact in the 3 '-untranslated region and display antisense activities (86), to 
date, no study has reported evidence for alterations in polyadenylation. 

2.9.2.3. Other Mechanisms. In addition to 5 '-capping and 3 '-adenylation, there 
are clearly other sequences in the 5 '-and 3 '-untranslated regions of mRNA that af
fect the stability, localization, and translatability of the molecules. Again, there are a 
number of antisense drugs that may work by interfering with these processes. 
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2.9.3. ACTIVATION OF RNASE H 

RNase His an ubiquitous enzyme that degrades the RNA strand of an RNA-DNA 
duplex. It has been identified in organisms as diverse as viruses and human cells (for 
review, see 87). At least two classes of RNase H have been identified in eukaryotic 
cells. Multiple enzymes with RNase H activity have been observed in prokaryotics 
(87). Furthermore, there are data that suggest that in eukaryotic cells, there are multi
ple isozymes. 

Although RNase H is involved in DNA replication, it may play other roles in the 
cells and is found in the cytoplasm as well as the nucleus (88). However, the concen
tration of the enzyme in the nucleus is thought to be greater, and some of the enzyme 
found in cytoplasmic preparations may be the result of nuclear leakage. 

RNase H activity is quite variable. It is absent or minimal in rabbit reticulocytes (89), 
but present in wheat germ extracts (87). In HL60 cells, for example, the level of activity 
in undifferentiated cells is greatest, relatively high in DMSO and vitamin D-differen
tiated cells, and much lower in PMA-differentiated cells (Hoke, unpublished data). 

The precise recognition elements for RNase H are not known. However, it has 
been shown that oligonucleotides with DNA-like properties as short as tetramers can 
activate RNase H (90). Changes in the sugar influence RNase H activation as sugar 
modifications that result in RNA-like oligonucleotides, e.g., 2 1 -fluoro- or 2 1 -0-methyl 
does not appear to serve as a substrate for RNase H (91,92). Alterations in the orien
tation of the sugar to the base can also affect RNase H activation, since a-oligonucle
otides are unable to serve as substrates for RNase H or may require parallel annealing 
(93,94). Additionally, backbone modifications influence the ability of oligonucleo
tides to activate RNase H. Methylphosphonates do not serve as RNase H substrates 
(95,96). In contrast, phosphorothioates are excellent substrates (78,97,98; Hoke, un
published data). Chimeric oligonucleotides that bind to RNA and activate RNase H 
have been studied (99,100). For example, oligonucleotides comprised of wings of 2 1-

0-methyl sugars and methylphosphonate backbone and a 5-base gap of deoxyoligo
nucleotides bind to their target RNA and activate RNase H (99,100). Furthermore, a 
single ribonucleotide in a sequence of deoxyribonucleotides was shown to be suffi
cient to serve as a substrate for RNase H when bound to its complementary deoxy
oligonucleotide (101). 

That it is possible to take advantage of chimeric oligonucleotides designed to acti
vate RNase H and have greater affinity for their RNA receptors and to enhance speci
ficity has also been demonstrated (102,103). In a recent study, RNase H-mediated 
cleavage of target transcript was much more selective when deoxyoligonucleotides 
comprised of methylphosphonate deoxyoligonucleotide wings and phosphodiester 
gaps were compared to full phosphodiester oligonucleotides (103). 

Despite the information about RNase H and the demonstrations that many oligo
nucleotides may serve as RNase H substrates in lysate and purified enzyme asasys 
(104-106), relatively little is yet known about the role of structural features in RNA 
targets in activating RNase H and direct proof that RNase H activation is, in fact, the 
mechanism of action of oligonucleotides in cells. 

Recent studies in our laboratories provide additional, although indirect, insights 
into these questions. ISIS 1939 is a 20-mer phosphorothioate complementary to a 
sequence in the 3 1-untranslated region of ICAM-1 RNA (86). It inhibits ICAM-1 
production in human umbilical vein endothelial cells, and Northern blots demonstrate 
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that ICAM-1 mRNA is rapidly degraded. A 2 '-0-methyl analog of ISIS 1939 displays 
higher affinity for the RNA than the phosphorothioate, is stable in cells, but inhibits 
ICAM-1 protein production much less potently than ISIS 1939. It is likely that ISIS 
1939 destabilizes the RNA and activates RNase H. In contrast, ISIS 1570, an 18-mer 
phosphorothioate that is complementary to the translation initiation codon of the 
ICAM-1 message, inhibited production of the protein, but caused no degradation of 
the RNA. Thus, two oligonucleotides that are capable of activating RNase H had dif
ferent effects depending on the site in the mRNA at which they bound (86). 

2.9.4. COVALENT MODIFICATION OF THE TARGET 

NUCLEIC ACID BY THE OLIGONUCLEOTIDE 

A large number of oligonucleotides conjugated by alkylating and photoactivable 
alkylating species have been synthesized and tested for effects on purified nucleic 
acids and intracellular nucleic acid targets (106-111). The potential disadvantages are 
obvious: non-specific alkylation may occur in vivo and result in toxicities. 

A variety of alkylating agents have been used to modify covalently single-stranded 
DNA and shown to induce alkylation at sequences predicted by the complementary 
oligonucleotide to which they were attached (107-111). Similar alkylators have been 
employed to modify covalently double-stranded DNA after triplex formation (112-115). 

Photoactivable crosslinkers and platinates have been coupled to oligonucleotides and 
shown to crosslink sequence specifically as well. Photoactivable crosslinkers coupled to 
phosphodiesters, methylphosphonates, and phosphorothioates have been shown to 
produce sequence-specific crosslinking (116-123). Photoreactive crosslinking has also 
been demonstrated for double-stranded DNA after triplex formation (124,125). 

Preliminary data suggesting that covalent modifications of nucleic acids in cells are 
feasible and may enhance the potency of oligonucleotides have also been reported. 
Psoralen-linked methylphosphonate oligonucleotides were reported to be significantly 
more potent than methylphosphonate oligonucleotides in inhibiting rabbit globin 
mRNA in rabbit reticulocyte lysate assay (126). Psoralen-linked methylphosphonates 
were also reported to be more potent in inhibiting herpes simplex virus infection in 
HeLa cells in tissue culture (67). Additionally, although not producing covalent mod
ification a 9-mer phosphodiester conjugated with an intercalator inhibited mutant 
Ha-ras synthesis in T-24 bladder carcinoma cells (127). 

2.9.5. OLIGONUCLEOTIDE-INDUCED CLEAVAGE OF NUCLEIC ACID TARGETS 

Another attractive mechanism by which the potency of oligonucleotides might be 
increased is to synthesize derivatives that cleave their nucleic acid targets directly. 
Several potential chemical mechanisms are being studied and positive results have 
been reported. 

The mechanism that has been most broadly studied is to conjugate oligonucleotides 
to chelators of redox-active metals and generate free radicals that can cleave nucleic 
acids. Dervan and colleagues have developed EDTA-conjugated oligonucleotides that 
cleave double-stranded DNA sequence specifically after triplex formation (22, 128). 
Dervan and others have also employed EDTA-oligonucleotide conjugates to cleave 
single-stranded DNA (129,130). It is thought that EDTA-chelated iron generates 
hydroxyl radicals via a fenton-like reaction that cleaves the DNA. However, the 
cleavage occurs at several oligonucleotides near the nucleotide at which EDTA is 
attached rather than with absolute specificity. 
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In the presence of copper, oligonucleotides conjugated to 2,10 phenanthroline also 
cleave DNA via a free radical mechanism with some sequence specificity (131-135) 
as do porphyrin-linked oligonucleotides when exposed to light (136-138). Porphyrin
linked oligonucleotides, however, oxidize bases and induce crosslinks, as well as 
cleave the phosphodiester backbone. 

To date, no reports have demonstrated selective cleavage of an RNA or enhanced 
potency of oligonucleotides in cells using oligonucleotides with cleaving moieties that 
employ these mechanisms. However, it seems likely that studies in progress in a 
number of laboratories will explore this question shortly. 

To date, no reports have demonstrated selective cleavage of an RNA or enhanced 
potency of oligonucleotides in cells using oligonucleotides with cleaving moieties that 
employ these mechanisms. However, it seems likely that studies in progress in a 
number of laboratories will explore this question shortly. 

Another mechanism that may be intrinsically more attractive for therapeutic appli
cations, particularly for cleavage of RNA targets, is a mechanism analogous to that 
used by many ribonucleases, nucleotidyltransferases, phosphotransferases, and ribo
zymes. Ribozymes are oligoribonucleotides or RNA species capable of cleaving them
selves or other RNA molecules (139). Furthermore, the Tetrahymena ribozyme has 
been shown to cleave DNA, but at a slower rate than RNA (134). Although several 
classes of ribozymes have been identified and differ with regard to substrate specificity, 
the use of internal or external guanosine, and other characteristics, they all employ 
similar enzymatic mechanisms. Oeavage and ligation involve a Mg2+ -dependent trans
esterification with nucleophilic attack by the 3 '-hydroxyl of guanosine (140). 

Significant progress in achieving a number of key objectives that may result in the 
therapeutic application of ribozymes has been reported. In addition to studies to 
understand the basic mechanisms by which ribozymes cleave RNA (141), progress in 
reducing the size of ribozymes and stabilizing them has been reported. A hammer
head ribozyme (142) that has been reduced to a minimum length of 22 nucleotides has 
been shown to cleave RNA (143). Most ribonucleotides in several ribozymes have 
been shown to be nonessential and have been replaced by deoxynucleotides that may 
stabilize the ribozyme against RNases (144,145). Phosphorothioate moieties have 
been substituted in various positions without loss of activity (146). By substituting 2 '
fluoro-2 '-deoxy uridine for pyrimidines in the conserved region of a hammerhead 
ribozyme and four phosphorothioate moieties at the 3 '-end of the ribozyme, a ribo
zyme that was as active at the parent ribozyme and stable in undiluted fetal calf serum 
was reported (147). Additionally, a ribozyme containing 2 '-fluoro or 2 '-amino nucle
otides at all pyrimidine positions was reported to be highly active and stable in fetal 
calf serum (148). Other ribozymes containing 2'-modified adenosines and one with 
2 '-methoxy substituents in a contiguous oligonucleotide have been reported 
(149,150). Thus, it would appear that there is some scope for the application of 
medicinal chemistry to improve the pharmacokinetic properties of ribozymes. 

Although the therapeutic utility of modified synthetic ribozymes is yet to be 
reported, the progress in this area is gratifying and suggests that this may be a viable 
approach. 

Another approach to the exploitation of ribozyme activities involves the synthesis 
of oligonucleotides complementary to a target RNA and linked to a sequence that can 
serve as an external guide sequence for RNase P. RNase P is an enzyme that contains 
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a catalytic RNA (ribozyme) and uses a highly conserved sequence, the external guide 
sequence, to direct the catalytic RNA to the site of cleavage (151). Oligonucleotides 
incorporating an external guide sequence and expressed by transfection of appropriate 
plasmids were reported to cause RNase P cleavage of the RNA for chloroamiphenical 
acetyl transferase (152). Thus, it would seem feasible to design stabilized oligonucleo
tides with external guide sequences that could be employed as drugs. 

The notion that a relatively small oligonucleotide could be designed that could in
teract with and cleave desired sequences as do ribozymes was given impetus by studies 
that showed activity for ribozymes as short as a 19-mer (153) and the demonstration 
that ribozyme activity can be retained after substitutions, such as phosphorothioates, 
are introduced (140). Consequently, creating oligonucleotides that cleave RNA 
targets by synthesizing oligonucleotides with appropriate tethers and functionalities 
positioned to catalyze degradation via acid-base mechanisms (Cook, unpublished 
data) is an attractive possibility. 

2.9.6. CoNCLUSIONS 

In conclusion, an array of potential postbinding mechanisms has already been 
identified for oligonucleotides. However, for specific oligonucleotides, insufficient 
data are available to draw firm conclusions about mechanism, and it is likely that 
more than one mechanism may play a role in the activity of a given oligonucleotide. 

Perhaps more importantly, it is clear that many additional mechanisms are likely to be 
identified as progress continues. It is important to consider the structure and function 
of receptor sequences in designing oligonucleotides, and to continue to study potential 
mechanisms in detail. Oearly, RNase H may play a role in the mechanisms of many 
oligonucleotides, but equally clearly, it is not critical for the activity of others. In the 
future, the mechanisms (and resulting efficacy) for which oligonucleotides are designed 
will probably be optimized for each drug target and chemical class of oligonucleotide. 

3. THE SELECTION OF OPTIMAL RNA RECEPTOR SITES 

The antisense mechanism begins with the binding of an oligonucleotide to a pre
mRNA or mRNA species via Watson-Crick hybridization. In essence then, antisense 
oligonucleotides are designed to alter the intermediary metabolism of RNA as 
described in the previous section. Therefore, at least four factors might influence the 
receptor sequence that results in the greatest antisense activity: accessibility of recep
tor sequences to oligonucleotide, RNA structure and the functions of the various 
structures, terminating mechanism of the oligonucleotide, and chemical properties of 
the oligonucleotide. 

3.1. Factors Influencing Receptor Sequence Accessibility 

3.1.1. INTERACTIONS WITH PROTEINS AND 0rHER NUCLEIC ACIDS 

It is generally accepted that each RNA molecule interacts with multiple proteins at 
multiple sites, and that there are specialized sequences that interact with selected pro
teins and other nucleic acids. However, there is relatively little information about the 
overall accessibility of receptor sites in RNA species or the kinetics of the numerous 
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interactions that must take place between an RNA molecule and other cellular com
ponents as the RNA is processed and used. Moreover, there are likely multiple poorly 
understood cellular processes that affect targeting of antisense drugs that are even yet 
to be considered. For example, a number of studies have demonstrated that RNA 
species may be localized to different subcellular compartments. In addition to the ob
vious compartmentation into nuclear, nucleolar, and cytoplasmic loci, RNA species 
have been reported to be sorted into a number of different cytoplasmic sites, and this 
sorting has significant effects on the translation of the mRNA, the half-life, and other 
properties of the RNA (154,155). Clearly, such events should have a profound 
influence on the potential effects of antisense drugs. Consequently, the search for op
timal sites for antisense interactions has been largely empirical, and at present, mean
ingful generalizations are not possible. Nevertheless, enough information has been 
developed to emphasize the complexity of these issues and their effects on antisense 
drug actions. 

3.1.2. THE OPTIMAL ANTISENSE SITE VARIES 

AS A FuNCTION OF THE RNA SPECIES 

To determine whether the pattern of sites that are most sensitive to antisense effects 
varies depending on the RNA species, it is necessary to study a series of oligonucleo
tides of the same chemical class that have approximately equivalent theoretical affini
ties for their target sequences and have equivalent terminating mechanisms against a 
number of RNA species. We chose to study phosphorothioate oligodeoxynucleotides 
20 nucleotides in length against a large number of RNA targets. Each RNA target was 
"scanned" using one or two concentrations of oligonucleotides targeted to various 
regions, and then for many oligonucleotides, full-dose response and time-course studies 
were performed. 

Figure 2 shows the effects of phosphorothioate oligonucleotides targeted to different 
regions in two RNAs, ICAM, and E-selectin. As can be seen, even for oligonucleo
tides of a single chemical class with equivalent affinities and the ability to terminate 
RNA activity by serving as substrates for RNase H, enormous variations in potency 
was observed, depending on the position in the RNA targeted (86,156-158). For ex
ample, ISIS 2679 is a potent inhibitor of E-selectin production. Yet ISIS 2687, posi
tioned a few nucleotides from ISIS 2679, is nearly inactive. Similar studies have been 
performed in our laboratories on many mammalian and viral genes, and the only gen
eralization that is currently supported is that each RNA target (even closely related 
isotypes) is different. Table 1 represents a qualitative summary of some of our experi
ence. The results are qualitative and represent the "best site" identified after studying 
multiple oligonucleotides. The number of oligonucleotides studied varies from target 
to target, as do assay conditions, cell type, and other factors. Consequently, this table 
and the next are meant to demonstrate the complexity of the problem only, not to 
provide a definitive statement about the "most active site" in any RNA. Table 2 
(Dean et al., unpublished data) summarizes in more detail experience in our labora
tories with regard to the activities of phosphorothioate oligodeoxynucleotides active 
against human and mouse pKC-a. Clearly, although the numbers of oligonucleotides 
tested are small, it is apparent that all regions may provide active receptor sites, and 
that mouse and human pKC-a may be different. 



Chapter 15 I Antisense Oligonucleotide 313 

3.1.3. THE OPTIMAL ANTISENSE SITE VARIES 

AS A FUNCTION OF TERMINATING MECHANISM 

To test whether the type of terminating mechanism an oligonucleotide may have 
influences the sites of optimal antisense activity, we have studied two groups of oligo
nucleotides, phosphorothioate oligodeoxynucleotides and phosphorothioate oligonu
cleotides fully modified in the 2 '-position as either 2 '-fluoro, methoxy, or propoxy. 
RNase H activation is a terminating mechanism available to the oligodeoxynucleotides. 
The fully 2 '-modified oligonucleotides will not serve as substrates for RNase H. The 
2 '-fluoro and methoxy oligonucleotides have significantly greater affinity for RNA 
than the oligodeoxynucleotides. The propoxy oligonucleotides have slightly greater 
affinities (45, 159). 

In a study on intercellular adhesion molecule-1 (ICAM-1), a phosphorothioate 
oligodeoxynucleotide, ISIS 1939, was shown to cause an RNase H-mediated reduc
tion in ICAM-1 RNA. The 2'-methoxy analog is ISIS 1939 caused no reduction in 
RNA levels and was unable to inhibit ICAM protein synthesis (86). Thus, a position 
in the untranslated region of ICAM-1 RNA appeared to be sensitive only to an anti
sense oligonucleotide capable of supporting RNase H-mediated cleavage of the RNA. 
In contrast, the 2 '-methoxy analog of ISIS 1570, a phosphorothioate oligodeoxynu
cleotide designed to bind to the translation initiation codon of ICAM-1 RNA, was 
almost as active as the parent molecule (86). 

Figure 3 compares the most active receptor sequences in E-selectin RNA for oligo
deoxynucleotides and fully modified 2 '-propyl analogs (Bennett, unpublished 
results). There are quite obviously substantial differences in the positions of activity 
with the non-RNase H-dependent mechanisms displaying somewhat different pat
terns of activity compared to the oligodeoxynucleotide. 

3.1.4. THE OPTIMAL ANTISENSE SITE 

MAY VARY AS A FUNCTION OF AFFINITY 

Studies in our laboratory have shown that, in a series of compounds that bind to 
the same receptor sequence and have the same terminating mechanism, potency in
creases as affinity is enhanced (102). We have also reported that higher-affinity oligo
nucleotides are required to invade some RNA stem loops (31,55,80,160). It, there
fore, is reasonable to speculate that higher-affinity oligonucleotides might be able to 
bind to receptor sequences unaccessible to lower-affinity compounds, thus producing 
a different pattern of activities. 

One approach to addressing this question is to compare the patterns of activities 
for higher-affinity RNase H activity "gapmers" to oligodeoxynucleotides. The 
gapmers display higher affinity and support RNase H. Figure 4 shows the patterns of 
activities observed when murine VCAM-1 was studied. Some differences were 
observed (Bennett, unpublished observations). However, given the fact that the pro
poxy gapmers have only slightly greater affinities for RNA than their parents, rela
tively small differences were expected and observed. More substantial differences 
have been observed in patterns of activities for higher-affinity gapmers. For example, 
in a study of the E-7 mRNA of human papillomavirus, the overall pattern of activity 
for gapmers was similar to the oligodeoxyoligonucleotides, but a 2 '-fluoro gapmer 
was found that was active in a region not identified by the oligodeoxynucleotides and 
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Table 1 
Most Active Receptor Sequencea 

Target 

HSV-UL13 
HPV-E2 
BPV-E2 
H-ICAM-1 

M-ICAM-1 
H-ELAM 

H-Type II PLA2 
5-LO 
HIV 
HIV-Rev 
RAS 

Influenza 
PKC-a 

HCMV major immediate early region 
HCV polyprotein 

AUG 
AUG 
AUG 
3'-UTR 
AUG 
5 '-cap 
3'-UTR 
5'-UTR 
3'-UTR 
3'-UTR 
Coding 

Site 

5 I -UTR (TAR) 
AUG 
Coding region 
AUG 
Repetitive sequences 
5'-UTR 
3 '-UTR 
AUG 
Coding region 
5 '-UTR and AUG 

RNA degradation 

None 
Possible 

Yes 
No 
No 
Yes 
No 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 

0 The most active site(s) in each target gene is presented along with comments on whether degra
dation of the RNA was observed when an oligonucleotide that would form an RNA substrate was 
studied. 

Table 2 
Active Sites for Phosphorothioate Oligodeoxynucleotides in Protein Kinase C-a 0 

Target 0/igos tested Active oligos % "Hit rate" 

Human pKC-a 
5 '-UTR 1 1 100 
mG 3 2 ~ 

ORF 6 1 16 
3'-UTR 10 2 20 

Mouse pKC-a 
5'-UTR 
AUG 
ORF 
3'-UTR 

4 
2 
1 

11 

2 
1 
0 
5 

50 
50 
0 

45 

0 The activities of 23-mer P = S oligonucleotides against different sites on PKC-a in vitro in the 
presence of cationic lipids as reported by Dean and McKay, 1994. The "activity level" is, of course, 
somewhat arbitrary since some oligonucleotides are more active than others. However, all assays 
were conducted similarly, and the minimal activity label observed is biologically significant. 
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Fig. 3. Comparison of 2 '-deoxy (•) with 2 '-0-propyl (D) P-S oligo inhibition of E-selectin. Most 
active receptor sequences in E-selectin RNA for oligodeoxynucleotides and fully modified 2 '-0-propyl 
analogs. Assays were as described in Bennett et al. (158). The positions of the oligonucleotides cor
respond to location in the RNA 5 '- to 3 '-ends as shown in the maps in Fig. 2. 
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Fig. 4. Comparison of patterns of deoxy <•) and propyl gap (0) activities for higher-affinity RNase H 
activating gapmers observed when murine VCAM-1 was studied. Assays were as described in Bennett 
et al. (158). The positions of the oligonucleotides correspond to location in the RNA 5 '-to 3 '-ends in a 
manner similar to that shown in Fig. 2. 

a propoxy gapmer analog of an active oligodeoxynucleotide was inactive (Cowsert, 
unpublished observations). 

Clearly, much more thorough studies are required before firm conclusions about 
the effect of affinity on the patterns of antisense activities are determined, but it 
seems likely that affinity will play a major role. 
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4. CHARACTERISTICS OF 
PHOSPHOROTHIOATE OLIGODEOXYNUCLEOTIDES 

Of the first-generation oligonucleotide analogs, the class that has resulted in the 
broadest range of activities and about which the most is known is the phosphorothio
ate class. Phosphorothioate oligonucleotides were first synthesized in 1969 when a 
poly rl:poly rC phosphorothioate was synthesized (9). This modification clearly 
achieves the objective of increased nuclease stability. In this class of oligonucleotides, 
one of the oxygen atoms in the phosphate group is replaced with a sulfur. The 
resulting compound is negatively charged as is a phosphodiester, but more resistant to 
nucleases (161). 

4.1. Hybridization 
The hybridization of phosphorothioate oligonucleotides to DNA and RNA has been 

thoroughly characterized (for review, see 43,45,156). The Tm of a phosphorothioate 
oligonucleotide for RNA is approx 0.5 oc less per nucleotide than for a correspond
ing phosphodiester oligodeoxynucleotide. This reduction in Tm per nucleotide is vir
tually independent of the number of phosphorothioate units substituted for phospho
diesters. However, sequence context has some influence as the 6Tm can vary from 
-0.3 to 1.0°C depending on sequence. Compared to RNA: RNA duplex formation, 
a phosphorothioate oligonucleotide has a Tm approx - 2.2°C lower per unit (162). 
This means that to be effective in vitro, phosphorothioate oligodeoxynucleotides 
must typically be 17-20 mer in length (64,102) and that invasion of double-stranded 
regions in RNA is difficult (31,160). 

4.2. Interactions with Proteins 
Phosphorothioate oligonucleotides bind to proteins. The interactions with proteins 

can be divided into nonspecific, sequence-specific, and structure-specific binding 
events, each of which may have different characteristics and effects. Nonspecific 
binding to a wide variety of proteins has been demonstrated. Exemplary of this type 
of binding is the interaction of phosphorothioate oligonucleotides with serum 
albumin. The affinity of such interactions is low. The Kd for albumin is approx 
400 p,M, thus, in a similar range with aspirin or penicillin (163). Phosphorothioate 
oligonucleotides can interact with nucleic acid binding protein, such as transcription 
factors and single-strand nucleic acid binding proteins. However, very little is known 
about these binding events. Additionally, it has been reported that phosphorothioates 
bind to an 80-kDa membrane protein that was suggested to be involved in cellular up
take processes (164). However, again, little is known about the affinities, sequence, or 
structure specificities of these putative interactions. 

Phosphorothioates interact with nucleases and DNA polymerases. These com
pounds are slowly metabolized by both endo- and exonucleases (45) and inhibit these 
enzymes (165). The inhibition of these enzymes appears to be competitive, and this 
may account for some early data suggesting that phosphorothioates are almost in
finitely stable to nucleases. In these studies, the oligonucleotide-to-enzyme ratio was 
very high, and thus, the enzyme was inhibited. A phosphodiester oligonucleotide 
added after degradation of the phosphorothioate plateaued was not degraded. Oearly, 
such effects could have significant pharmacokinetic consequences. 
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Phosphorothioates also bind to RNase H when in an RNA-DNA duplex, and the 
duplex serves as a substrate for RNase H (166). At higher concentrations, presumably 
by binding in a single-strand form to RNase H, phosphorothioates inhibit the enzyme 
(166). Again, the oligonucleotides appear to be competitive antagonists for the 
DNA-RNA substrate. 

Phosphorothioates have been shown to be competitive inhibitors of DNA poly
merase a and {3 with respect to the DNA template, and noncompetitive inhibitors of 
DNA polymerases "Y and ~ (166). Despite this inhibition, several studies have sug
gested that phosphorothioates might serve as primers for polymerases and be extended 
(1 65,167,1 68). In our laboratories, we have shown extensions of two to three nucleo
tides only. At present, a full explanation regarding why no longer extensions are 
observed is not available. 

Phosphorothioate oligonucleotides have been reported to be competitive inhibitors 
for HIV reverse transcriptase (169) and inhibit reverse transcriptase-associated RNase 
H activity (170). They have been reported to bind to the cell-surface protein, CD4 
(171), and to protein kinase C (172). Various viral polymerases have also been shown 
to be inhibited by phosphorothioates (for review, see 167). Additionally, we have 
shown potent, nonsequence-specific inhibition of RNA splicing by phosphorothio
ates (Hodges & Crooke, unpublished data). 

Like other oligonucleotides, phosphorothioates can adopt a variety of structures. 
As a general rule, self-complementary oligonucleotides are avoided, if possible, to 
avoid duplex formation between oligonucleotides. However, other structures that are 
less well understood can also form. For example, oligonucleotides containing runs of 
guanosines can form tetrameric structures called 0-quartets, and these appear to in
teract with a number of proteins with relatively greater affinity than unstructured 
oligonucleotides (173). ISIS 5320 is exemplary (Fig. 5). 

4.3. Nuclease Stability 
The principal metabolic pathway for oligonucleotides is cleavage via endo- and 

exonucleases. Phosphorothioate oligodeoxynucleotides, although quite stable to 
various nucleases (32,37,174), are competitive inhibitors of these same enzymes 
(165, 1 66). Consequently, the stability of phosphorothioate oligonucleotides to 
nucleases is probably a bit less than initially thought, since high concentrations (that 
inhibited nucleases) of oligonucleotides were employed in the early studies. Similarly, 
phosphorothioate oligonucleotides are degraded slowly by cells in tissue culture with 
a half-life of 12-24 h (37,165) and are slowly metabolized in animals (175). The pat
tern of metabolites suggests primarily exonuclease activity with perhaps modest con
tributions by endonucleases. 

4.4. In Vitro Cellular Uptake 
Phosphorothioate oligonucleotides are taken up by a wide range of cells in vitro 

(176-180). In fact, very recently, uptake of phosphorothioate oligonucleotides into a 
prokaryote, Vibrio parahaemoyticus, has been reported (181). Uptake is time- and 
temperature-dependent. It is also influenced by cell type, cell-culture conditions, 
media and sequence, and length of the oligonucleotide (1 78). No obvious correlation 
between the lineage of cells, whether the cells are transformed or whether the cells are 
virally infected, and uptake has been identified (1 78), nor are the factors that result in 
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Fig. 5. The structure of ISIS 5320. Tetramer found of TsTsGsGsGsGsTsT. 

differences in uptake of different sequences of oligonucleotide understood. Although 
several studies have suggested that receptor-mediated endocytosis may be a significant 
mechanism of cellular uptake (164), the data are not yet compelling enough to con
clude that receptor-mediated endocytosis accounts for a significant portion of the up
take in most cells. 

Numerous studies have shown that phosphorothioate oligonucleotides distribute 
broadly in most cells once taken up (178,179,182). Again, however, significant differ
ences in subcellular distribution among various types of cells have been noted. 

Cationic lipids have been used to enhance uptake of phosphorothioate oligonu
cleotides in cells that take up little oligonucleotide in vitro (183,184). Again, however, 
there are substantial variations from cell type to cell type. 

4.5. In Vivo Pharmacokinetics 
Phosphorothioate oligonucleotides bind to serum albumin and a-2 macroglobulin. 

The apparent affinity for albumin is quite low (250-400 pM) and comparable to the 
low-affinity binding observed for a number of drugs, e.g., aspirin, penicillin (163). 
Serum protein binding, therefore, provides a repository for these drugs and prevents 
rapid renal excretion. Since serum protein binding is saturable, at higher doses, intact 
oligomer may be found in urine (168,185). Studies in our laboratory suggest that in 
rats, iv doses of 15-20 mg/kg saturate the serum protein binding capacity (Leeds, 
unpublished data). 

Phosphorothioate oligonucleotides are rapidly and extensively absorbed after par
enteral administration. For example, in rats, after an id dose 3.6 mg/kg of 14C-ISIS 
2105, a 20-mer phosphorothioate, approx 700Jo of the dose was absorbed within 4 h, 
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and total systemic bioavailability was in excess of 90% (186). After id injection in 
humans, absorption of ISIS 2105 was similar to that observed in rats (187). 

Distribution of phosphorothioate oligonucleotides from blood after absorption or 
iv administration is extremely rapid. We have reported distribution half-lives of< 1 h 
(175,186,187), and similar data have been reported by others (168,185). Blood and 
plasma clearance is multiexponential with a terminal elimination half-life from 40 to 
60 h in all species except humans. In humans, the terminal elimination half-life may 
be somewhat longer (187). 

Phosphorothioates distribute broadly to all peripheral tissues. Liver, kidney, bone 
marrow, skeletal muscle, and skin accumulate the highest percentage of a dose, but 
other tissues display small quantitites of drug (175,186). No evidence of significant 
penetration of the blood-brain barrier has been reported. The rates of incorporation 
and clearance from tissues vary as a function of the organ studied, with liver accumu
lating drug most rapidly (20% of a dose within 1-2 h), and other tissues accumulating 
drug more slowly. Similarly, elimination of drug is more rapid from liver than any 
other tissue, e.g., terminal half-life from liver: 62 h; from renal medulla: 156 h. 

At relatively low doses, clearance of phosphorothioate oligonucleotides is owing 
primarily to slow metabolism (175,185,186). Metabolism is mediated by exo- and 
endonucleases that result in shorter oligonucleotides, and ultimately, nucleosides that 
are degraded by normal metabolic pathways. Although no direct evidence of base ex
cision or modification has been reported, these are theoretical possibilities that may 
occur. In one study, a larger-mol-wt radioactive material was observed in urine, but 
was not fully characterized (168). Clearly, the potential for conjugation reactions and 
extensions of oligonucleotides via these drugs serving as primers for polymerases must 
be explored in more detail. In a very thorough study, a pair of 20 nucleotide phospho
diester and phosphorothioate oligonucleotides were administered intravenously at a 
dose of 6 mg/kg to mice. The oligonucleotides were internally labeled with 3H-CH3 
by methylation of an internal deoxycytidine residue using Hha1 methylase and S-PHJ 
adenosyl methionine (188). The observations for the phosphorothioate oligonucleo
tide was entirely consistent with those made in our studies. Additionally, in this 
paper, autoradiographic analyses showed drug in renal cortical cells (188). 

One study of prolonged infusions of a phosphorothioate oligonucleotide to human 
beings has been reported (189). In this study, five patients with leukemia were given 
10-d iv infusions at a dose of 0.05 mg/kg/h. Elimination half-lives reportedly varied 
from 5.9 to 14.7 d. Urinary recovery of radioactivity was reported to be 30-601t/o of 
the total dose, with 301t/o of the radioactivity being intact drug. Metabolites in urine 
included both higher- and lower-mol-wt compounds. Obviously, these data differ 
from observations in other studies. At present, the data are insufficient to determine 
if the pharmacokinetics of prolonged iv infusions are truly substantially different 
from the pharmacokinetic behavior of iv bolus injections. 

We have also performed oral bioavailability experiments in rodents treated with an 
H2 antagonist to avoid acid-mediated depurination or precipitation. In these studies, 
very limited ( < 101t/o) bioavailability was observed. 

In summary, pharmacokinetic studies of several phosphorothioates demonstrate 
that they are well absorbed from parenteral sites, distribute broadly to all peripheral 
tissues, do not cross the blood-brain barrier, and are eliminated primarily by slow 
metabolism. In short, once a day or every other day systemic dosing should be feasi
ble. Although the similarities between oligonucleotides of different sequences are far 
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greater than the differences, additional studies are required before determining 
whether there are subtle effects of sequence on the pharmacokinetic profile of this 
class of drugs. 

4.6. Pharmacological Properties 

4.6.1. MOLECULAR PHARMACOLOGY 

Antisense oligonucleotides are designed to bind to RNA targets via Watson-Crick 
hybridization. Since RNA can adopt a variety of secondary structures via Watson
Crick hybridization, one useful way to think of antisense oligonucleotides is as com
petitive antagonists for self-complementary regions of the target RNA. Obviously, 
creating oligonucleotides with the highest affinity per nucleotide unit is pharmacolog
ically important, and a comparison of the affinity of the oligonucleotide to a comple
mentary RNA oligonucleotide is the most sensible comparison. In this context, phos
phorothioate oligodeoxynucleotides are relatively competitively disadvantaged, since 
the afrmity per nucleotide unit of oligomer is less than RNA(> - 2.0°C Tm/U} (190). 
This results in a requirement of at least 15-17 nucleotides in order to have sufficient 
afrmity to produce biological activity (64). 

Phosphorothioate oligonucleotides have also been shown to have effects incon
sistent with the antisense mechanism for which they were designed. Some of these 
effects are owing to sequence- and structure-specific, as well as nonspecific inter
actions with proteins. These effects are particularly prominent in in vitro tests for 
antiviral activity since often high concentrations of cells, viruses, and oligonucleotides 
are coincubated (191,192). Human immune deficiency virus (HIV) is particularly 
problematic, since many oligonucleotides bind to the gp120 protein and other pro
teins of the virus (173). In addition to protein interactions, other factors, such as 
overrepresented sequences of RNA and unusual structures that may be adopted by 
oligonucleotides, can contribute to unexpected results (173). 

Given the variability in cellular uptake of oligonucleotides, the variability in potency 
as a function of binding site in an RNA target and potential nonantisense activities of 
oligonucleotides, careful evaluation of dose-response curves and clear demonstration 
of the antisense mechanism are required before drawing conclusions from in vitro expe
riments. Nevertheless, numerous well-controlled studies have been reported in which 
antisense activity was conclusively demonstrated. Since many of these studies have been 
reviewed previously (43-45,170,193), suffice it to say that antisense effects of phos
phorothioate oligodeoxynucleotides against a variety of targets are well documented. 

4.6.2. IN VIVO PHARMACOLOGICAL ACTIVITIES 

Table 3 summarizes a number of the published reports (abstracts and full publica
tions) demonstrating in vivo activity of oligonucleotides. Local effects have been 
reported for phosphorothioate and methylphosphonate oligonucleotides. A phos
phorothioate oligonucleotide designed to inhibit c-myb production and applied locally 
was shown to inhibit intimal accumulation in the rat carotid artery (194). In this study, 
a Northern blot showed a significant reduction in c-myb RNA in animals treated with 
the antisense compound, but no effect by a control oligonucleotide. Similar effects 
were reported for phosphorothioate oligodeoxynucleotides designed to inhibit cylin
dependent kinases (CDC-2 and CDK-2). Again, the antisense oligonucleotide in
hibited intimal thickening and cylin-dependent kinase activity, whereas a control 
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Table 3 
Reported Activities of Antisense Drugs in Animals 

Target Animal Reference 

HSV-1 Mouse 67 
p120 Oncogene Mouse 197 
c-myb Rat 194 
Interleukin 1 receptor Mouse 201 
NF-kB Mouse 202 
CDC-2 and CDK-2 Rat 195 
N-myc Mouse 196 
Y-Y 1 receptors Rat 198 
NMDA-Rl receptor channel Rat 199 
Symptosomal-associated protein 25 Rat 200 
NF-kB Mouse 203 
Intercellular adhesion molecule 1 Mouse 213 
pKC-o: Mouse 206 
BCR-ABL Mouse 204 
c-myb Mouse 205 

oligonucleotide had no effect (195). Additionally, local administration of a phospho
diester oligonucleotide designed to inhibit N-myc resulted in reduction in N-myc ex
pression and slower growth to a subcutaneously transplanted human tumor in nude 
mice (196). 

Local antitumor effects of phosphorothioate oligodeoxynucleotides have also been 
reported. An antisense oligonucleotide designed to inhibit the expression of the p120 
protein was shown to inhibit the growth of a human tumor transplanted intraperi
toneally in nude mice when the compound was administered intraperitoneally (197). 

Antisense oligonucleotides administered intraventricularly have been reported to 
induce a variety of effects in the central nervous system. Intraventricular injection of 
antisense oligonucleotides to neuropeptide-Y-Y 1 receptors reduced the density of the 
receptors and resulted in behavioral signs of anxiety (198). Similarly, an antisense 
oligonucleotide designed to bind to NMDA-Rl receptor channel RNA inhibited the 
synthesis of these channels and reduced the volume of focal ischemia produced by 
occlusion of the middle cerebral artery in rats (199). 

Injection of antisense oligonucleotides to synaptosomal-associated protein-25 into 
the vitreous body of rat embryos reduced the expression of the protein and inhibited 
neurite elongation by rat cortical neurons (200). 

In addition to local and regional effects of antisense oligonucleotides, a growing 
number of well-controlled studies have demonstrated systemic effects of phosphoro
thioate oligodeoxynucleotides. Expression of interleukin-1 in mice was inhibited by 
systemic administration of antisense oligonucleotides (201). Oligonucleotides to the 
NF-kB p65 subunit administered intraperitoneally at 40 mg/kg every 3 d slowed 
tumor growth in mice transgenic for the human T-cellleukemia viruses (202). Similar 
results with other antisense oligonucleotides were shown in another in vivo tumor 
model after either prolonged sc infusion or intermittent sc injection (203). 

Two recent reports further extend the studies of phosphorothioate oligonucleotides 
as antitumor agents in mice. In one study, phosphorothioate oligonucleotide directed 
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to inhibition of the BCR-ABL oncogene was administered at a dose of 1 mg/d for 9 d 
iv to immunodeficient mice injected with human leukemic cells. The drug was shown 
to inhibit the development of leukemic colonies in the mice and to reduce selectively 
BCR-ABL RNA levels in peripheral blood lymphocytes, spleen, bone marrow, liver, 
lungs, and brain (204). In the second study, a phosphorothioate oligonucleotide anti
sense to the proto-oncogene myb, inhibited the growth of human melanoma in mice. 
Again, myb mRNA levels appeared to be selectively reduced (205). 

Thus, there is a growing body of evidence suggesting that antisense oligonucleo
tides (in most cases, phosphorothioate oligodeoxynucleotides) can produce local, 
regional, and systemic effects at nontoxic doses in vivo. Although proof of mecha
nism of action is difficult, in most cases, studies with control oligonucleotides demon
strate that the effects are consistent with the proposed antisense mechanism. In the 
important series of studies by Dean and McKay (206), an antisense mechanism and 
isotype selectivity have been conclusively demonstrated after systemic administration 
of an antisense oligonucleotide designed to inhibit protein kinase C-a (pKC-a) in mice. 

All of these data suggest that phosphorothioate oligodeoxynucleotides may have 
therapeutic potential. 

4.6.3. IN VIVO TOXICOLOGICAL PROPERTIES 

The acute LDso dose in mice of all phosphorothioates tested to date is in excess of 
500 mg/kg (Kornbrust, unpublished observations). Although there may be differ
ences among different oligonucleotide sequences and the LDso may be influenced by 
route of administration, these factors appear to result in minimal variation. Several 
phosphorothioate oligodeoxynucleotides have been studied for potential fetal toxici
ties, and to date, no significant adverse effects have been noted (Kornbrust, unpub
lished observations; 207). 

Although there is no evidence of antigenicity or induction of delayed-type hyper
sensitivity in animals or humans given multiple doses of phosphorothioate oligonu
cleotides (156; Kornbrust, unpublished observations), multiple doses of these drugs 
clearly affect the immune system in animals, with rats being the most sensitive species. 
The manifestations of these toxicities that are observed at lowest doses are increases in 
spleen weight, production of IgM and IgG, and expansion of B-cell populations in 
spleens (Kornbrust, unpublished observations; 208). Although the sequence of the 
oligonucleotides can affect the dose at which these effects are produced and an anti
sense sequence designed to inhibit the 65-kDa subunits of NF-kB was reported to be 
devoid of such effects (209), in our experience, all thoroughly tested phosphorothio
ate oligodeoxynucleotides induced these effects. As a general rule, the doses required 
to induce these effects have been substantially greater than those demonstrating phar
macologic activity. 

In monkeys, several phosphorothioate oligodeoxynucleotides have been shown to 
cause acute hypotensive events (Kornbrust, unpublished observations; 210). These 
effects are transient, if managed appropriately, relatively uncommon, and typically 
appear to occur in response to the first dose given to an animal. Recent studies sug
gest that one mechanism responsible for this may be related to complement activa
tion, and that this toxicity can be avoided by giving iv infusions rather than bolus 
injections. We have evaluated the mechanisms by which phosphorothioate oligonu
cleotides might induce complement activation and phosphorothioates appear to 
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affect the alternative pathway. In large part, the effects of phosphorothioates are sim
ilar to those associated with other polyanions, such as heparin. Complement regula
tory factors, such as Factor Hand D, appear to be most influenced by these drugs. 
Based on predictions about studies on animal models, toxicological studies in 
monkeys, and unpublished studies on systemically administered phosphorothioates 
currently in the clinic, the therapeutic index relative to this potential toxicity would 
appear to be likely to be acceptable. 

We have also noted prolongation of prothrombin, partial thromboplastin, and 
bleeding times in monkeys. Again, these effects are plasma concentration-dependent 
and appear to occur at doses that are sufficient to saturate serum albumin binding 
sites. The effects on partial thromboplastin time are much more pronounced than 
those on prothrombin time. The effects appear to be primarily on the extrinsic path
way with clear inhibition of thrombin activity demonstrated. No effects on Factors 
VIII-XI have been observed. Again, based on predictions from studies in monkeys, 
the doses likely to produce this toxicity seem substantially greater than the predicted 
therapeutic doses. Clearly, only carefully controlled clinical trials will define the 
human toxicities and therapeutic indices of these drugs. 

4.6.4. CLINICAL ACTIVITIES 

To date, we have studied several hundred patients given multiple doses of three 
phosphorothioate oligonucleotides and encountered no significant toxicities. Other 
oligonucleotides are being studied in human beings by other groups, and to date, no 
significant or dose-related toxicities have been reported. 

ISIS 2922, a 20-mer phosphorothioate designed to inhibit cytomegalovirus, has 
been administered intravitreally to patients with advanced AIDS and advanced drug
resistant CMV retinitis, and showed impressive antiviral activity (211). 

In this study, three dose groups were studied in patients that had advanced CMV 
retinitis and had failed ganciclovir and/ or foscarnet therapy. The median CD4 count 
in these patients was 4, so they were extremely immunocompromised. The median time 
from diagnosis of CMV retinitis was 10 mo. Two patients were treated in the 2-pM 
dose group and failed. Three of four eyes treated at 4 pM and six of eight eyes at 
8 pM responded. The responses were rapid, long-lasting, and substantial. The only 
adverse event observed was increased inflammation (212). 

ISIS 2105 is a 20-mer phosphorothioate oligonucleotide designed to inhibit the 
replication of human papilloma viruses 6 and 11, the viruses responsible for genital 
warts. Plot ascending-dose multiple-dose studies as primary therapy of genital warts 
have shown the drug locally and systemically well tolerated after id administration. At 
doses of 2.5 mg/wart twice weekly and greater, the drug has been associated with reso
lution of genital warts. In a pivotal placebo-controlled trial of patients treated by sur
gical removal of the warts and administration of single doses of 0.3 or 1.0 mg/wart ISIS 
2105 at the time of surgery, reductions in wart recurrence were observed that were not 
statistically significant, but suggestive of antiviral activity as a surgical adjuvant. 

Development of ISIS 2922 is proceeding with Phase III trials in patients with CMV 
retinitis. Development of ISIS 2105 is proceeding with a multiple-dose Phase II trial 
designed to confirm its activity and evaluate its potential utility. 

ISIS 2302 is a 20-mer designed to inhibit ICAM (158,179). We have completed a 
single-dose Phase I study in normal volunteers given this drug by 2 h iv infusion at 
doses up to 2 mg/kg. No significant toxicities were observed. 
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Table 4 
Phosphorothioate Oligonucleotides 

Limits 
Pharmacodynamic 

Low affinity per nucleotide unit 
Inhibition of RNase H at high concentrations 

Pharmacokinetic 
Limited bioavailability 
Limited blood-brain barrier penetration 
Dose-dependent pharmacokinetics 

Toxicologic 
Release of cytokines 
Complement-associated effects on blood pressure? 
Clotting effects 

4.6.5. CONCLUSIONS 

Phosphorothioate oligonucleotides have perhaps outperformed many expecta
tions. They display attractive parenteral pharmacokinetic properties. They have pro
duced potent systemic effects in a number of animal models and, in many experi
ments, the antisense mechanism has been directly demonstrated as the hoped-for 
selectivity. Further, these compounds appear to display satisfactory therapeutic 
indices for many indications. 

Nevertheless, phosphorothioates clearly have significant limits (Table 4). Pharma
codynamically, they have relatively low affinity per nucleotide unit. This means that 
longer oligonucleotides are required for biological activity and that invasion of many 
RNA structures may not be possible. At higher concentrations, these compounds in
hibit RNase H as well. Thus, the higher end of the pharmacologic dose-response 
curve is lost. Pharmacokinetically, phosphorothioates do not cross the blood-brain 
barrier, are not significantly orally bioavailable, and may display dose-dependent 
pharmacokinetics. Toxicologically, clearly the release of cytokines, activation of 
complement, and interference with clotting will pose dose limits if they are encoun
tered in the clinic. 

Since several clinical trials are in progress with phosphorothioates and since others 
will be initiated shortly, we shall soon have more definitive information about the 
activities, toxicities, and value of this class of antisense drugs in human beings. 

5. POTENTIAL IN CANCER CHEMOTHERAPY 

Against a growing number of human tumor xenografts, phosphorothioates and 
more novel analogs directed to a number of targets have been shown to have potent 
antitumor effects (for review, see 44; Dean, unpublished data; Monia, unpublished 
data). In a variety of studies, we have observed potent antitumor effects consistent 
with an antisense mechanisms at doses 2-3 orders of magnitude lower than minimally 
toxic doses. Furthermore, we have also observed enhanced potency with chimeric ana
logs (Monia, manuscript in preparation). Thus, it would seem that cautious optimism 
with regard to the potential of such compounds in the treatment of malignancies is 
warranted. 
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A further benefit is the opportunity to use antisense agents to evaluate the roles of 
specific targets in malignancies. 
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SUMMARY 

1. INTRODUCTION 

This chapter will outline novel treatment strategies predicated on the modulation 
of growth factor or cytokine-mediated signal transduction pathways. Several excellent 
recent monographs have addressed this tissue from the point of view of inhibitors of 
individual pathway constituents (1,2). The current focus will be on defining the path
ways potentially relevant to the common neoplasms, followed by a consideration of 
approaches to modulating processes common to the action of various pathways, with 
mention of individual agents as they exemplify these strategies. In addition, oppor
tunities for interdigitation of "growth-factor directed" and "traditional" therapeutic 
agents will be considered. 

One view of neoplasia (3) is that it is fundamentally a disorder of cellular commun
icatioa induced by somatic mutations of growth regulatory genes. An extension of 
this hypothesis is the "autocrine" promotion of neoplasia, first put forth in response 
to the realization that a prominent aspect of the transformed phenotype in tissue cul
ture or other artificial systems is a reduction in the requirement for exogenous growth 
factors usually supplied in the form of serum (4). Thus, as illustrated in Fig. 1, tumor 
cells could be viewed as secreting their own "autocrine" factors, or responding to 
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Fig. 1. Growth factors act in autocrine, paracrine, or endocrine styles. 

"paracrine" factors secreted by adjacent tumor cells or stroma. The pathways acti
vated by these factors would act in parallel or in addition to the traditional endocrine 
influences, although with the elucidation of the structures of multiple cytokines, it is 
clear that the concept of endocrine control of tumor cell growth may have to be altered 
to include cytokines. 

A corollary of this thinking is that manipulation of growth-factor-directed path
ways may offer inroads into the therapeusis of neoplasia that actually manipulate 
neoplastic physiology, rather than "simply" seeking cytotoxicity. From a strategic 
perspective, an enhanced therapeutic index and more specific targeting of the tumor 
are the hoped-for consequences, although the tools to begin this endeavor in a clinical 
sense are only now emerging. 

2. SIGNAL TRANSDUCTION PATHWAYS AND MECHANISMS 

2.1. Tyrosine Kinase-Linked Signaling 

Soon after the elucidation of the structure of Rous sarcoma virus (RSV) genome, it 
became apparent that neoplastic transformation was caused by a protein kinase activity 
directed at tyrosine residues detectable in irnmunoprecipitates using serum from tumor
bearing animals or antibodies raised against the putative v-src transforming protein 
(5). Although phosphotyrosine was a relatively minor phosphoamino acid in normal 
cells, it was possible to demonstrate that RSV -transformed cells had increased levels 
of phosphotyrosine. The transforming oncogenes of numerous acute transforming 
viruses were found to have a general structure illustrated in Fig. 2. The SHl(src hom
ology) domain refers to the ATP binding region, and two other islands of homology 
defined the SH2 and SH3 domains represented in the ab/, fps, fgr, yes, lyn, fyn, lck, 
and other nonreceptor-linked tyrosine kinases (reviewed in ref. 6). 
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Fig. 2. Overview of non-receptor tyrosine kinase organization. The v-src protein arises from the src 
gene present in the RSV genome, downstream of the gag, pOl, and env genes. The SHl region (src
homology) encodes the catalytic domain, and the SH2 and SH3 regions encode regulatory domains. 

The importance of these entities to human neoplasia was graphically defined by the 
demonstration that in certain diseases, pathogenetic alterations of tyrosine kinases 
could be demonstrated. For example, the Philadelphia chromosome, long known as a 
cytogenetic marker in chronic myelogenous leukemia (CML) and certain cases of 
acute lymphoblastic leukemia (ALL), was shown to arise from the translocation of 
the c-ab/ gene on chromosome 9 into the "breakpoint cluster region" (bcr) on chro
mosome 22 to create a chimeric fusion protein bcr-abl with dramatically increased 
tyrosine kinase activity in comparison to normal c-ab/ (7-9). Elevated expression of 
c-src activity was detected in colon carcinomas (10), and c-lck was aberrantly expressed 
in certain colon and lung carcinoma cells (11). The enzymatic activity of nonreceptor
linked tyrosine kinases can be linked to stimulation of cells by external stimuli. For 
example, stimulation ofT -cells by antigen resulted in increased lck activity, and it was 
possible to demonstrate a physical association between lck and the CD4 cell-surface 
molecule (12) that participates in T -cell activation. 

Growth factors may be defined as proteins or peptides that stimulate the growth of 
tissue culture cells in vitro or in organ culture systems. These activities had been defmed 
over the preceding 50 years based primarily on the biologic assay system in which their 
activity was first manifest (reviewed in 13). For example, epidermal growth factor 
(EGF) was first defined as a factor that promoted the development of the neonatal 
mouse, with potent growth-stimulatory activity for squamous cells. Platelet-derived 
growth factor (PDGF) was defmed as a factor present in platelets that stimulated 
fibroblast growth. The relation of increased tyrosine kinase activity to growth factor 
action was strikingly illustrated by the demonstration that the transforming oncogene 
from the avian erythroblastosis virus consisted of two gene products, one of which, 
v-erbB2, had homology to the EGF-receptor (EGF-R) (14,15). A tyrosine kinase 
activity was clearly encoded by the EGF-R gene, and addition of EGF to cells bearing 
the EGF-R induced the phosphorylation of numerous intracellular proteins on tyro
sine. Subsequent studies revealed this to be a common occurrence after addition of a 
variety of growth factors and cytokines. Such "growth-factor receptor-linked tyrosine 
kinases'' had common structural features (reviewed in 16), including an extracellular 
ligand binding domain, a transmembrane domain, an SHl domain, and a variety of 
potential regulatory structural motifs presumed to allow specific signaling. Compari
son of sequences of transforming genes from other animal tumors defined the EGF-R 
as the prototype for a family of growth factor receptors, including c-erbB2 (17). The 
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clinical importance of the EGF-R family is evident from the frequent elevated expres
sion or amplification of the EGF-R in squamous tumors (18-20) or association of 
adverse prognosis with expression of c-erbB2 (21). 

The most immediate consequence of tyrosine kinase action, altered phosphorylation 
of proteins in growth factor-stimulated cells, was initially difficult to relate to a specific 
pathway leading to cellular proliferation, since the phosphorylated molecules included 
molecules as diverse as cytoskeletal elements and "housekeeping proteins" of uncertain 
relevance to neoplasia. However, genetic evidence indicated that ras oncogene function 
was required for transformation by oncogenes of the src family (22), and moreover, it 
was possible to demonstrate that soon after addition of certain growth factors that 
acted by tyrosine kinase activation, there was increased activity of the c-raf oncogene 
product (23), a serine/threonine kinase. Thus, the concept emerged that there are 
hierarchical arrangements of protein kinase activities in growth factor-stimulated 
cells, with growth factor-receptor-linked tyrosine kinases "upstream" of "down
stream" serine/threonine kinases. 

Three independent approaches were undertaken to define the correct relationships 
in this signaling pathway. The first was directed at understanding how tyrosine kinases 
activated their substrates and was based ultimately on the demonstration that trans
forming oncoproteins existed, such as v-crk, which clearly increased the tyrosine phos
phate content of transformed cells, but which did not contain an SHl (phosphoryl
transfer) domain (24). By definition, therefore, such a protein could act only by 
influencing the action of endogenous kinases. However, v-crk did contain an SH2-
like domain, raising the possibility that SH2 domains could regulate the phosphoryla
tion of substrates for tyrosine kinases .. How this might occur was suggested by the 
demonstration that polyoma middle T -antigen, a tyrosine kinase, could be coimmu
noprecipitated with an enzymatic activity, phosphatidylinositol (PI) 3 '-kinase, which 
could also be detected in PDGF- and EGF-stimulated cells. The structure of PI-3 '
kinase revealed that it possessed an SH2 domain (25,26). This result suggested that 
SH2 domains could form a physical association with substrates for tyrosine kinases, 
and indeed, extensive studies have documented that SH2 domains serve as a 
molecular "docking mechanism" to cause association of phosphotyrosine-containing 
proteins, including the autophosphorylated growth factor receptors or autophos
phorylated tyrosine kinases with the SH2-domain-bearing proteins. In the case of PI-
3 '-kinase, this association allows a mechanism whereby its activity may be increased 
after binding to activated signaling molecules (27). An analogous mechanism was 
demonstrated to operate in the case of PDGF-R and EGF-R activation of phospho
lipase-C--y (PLC--y) (28-30). The latter finding provided a direct mechanism by which 
a tyrosine kinase-linked receptor could activate the serine/threonine protein kinase C 
(PKC), since the product of the activated PLC--y, diacylglycerol (DAG), is a known 
endogenous regulator of PKC. The capacity of SH2 domains to subserve an 
"adapter" function was most dramatically illustrated by the use of a phosphorylated 
EGF-R as a probe to define proteins that bound phosphorylated tyrosine. This defined 
a protein grb2 (which "grabbed" phosphotyrosine) (31) with a unique structure con
sisting of a single SH2 domain flanked by two SH3 domains and no kinase activity. 
Grb2 in turn could be demonstrated to be homologous to proteins defined in inverte
brate systems as participating in a tyrosine kinase-regulated developmental pathway 
(32), and to form a complex through its SH3 domain with the mammalian homolog 
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of the son of sevenless (Sos) protein (33,34), which was known to regulate ras func
tion by causing ras proteins to exchange GDP for GTP. Thus, a means for tyrosine 
kinases to influence ras action was demonstrated. 

The second approach to define the proper sequence of protein kinase activation 
after growth factor action was based ultimately on genetic experiments that c-raf could 
be proposed to act "downstream" of ras, since "dominant-negative" ras mutants did 
not affect raj-transformed systems. This implied a potential interaction between ras 
and raj. Such an interaction could be directly demonstrated by high concentrations of 
cloned and expressed ras and raj alleles, and ultimately by physical association between 
ras and raj in cells (35,36). Once ras exchanges GDP for GTP, assuming an "acti
vated" conformation, c-rafis "recruited" to the membrane, where it undergoes an as 
yet poorly defined "activation" process, resulting in an increase in the enzymatic 
activity of c-raf (37,38). 

The final approach that ultimately clarified the downstream effectors of tyrosine 
kinase action resulted from an examination of the hypothesis that if the "kinase cas
cade" of growth factor action was correct, then serine/threonine kinase activities 
should increase following the application of a stimulus of tyrosine kinase activity. 
Thus, it was possible to demonstrate that after application of EGF, a variety of activi
ties increased, including an activity that phosphorylated a Microtubule Associated 
Protein (MAP) kinase and increased its kinase activity for the MAP substrate (39-41). 
This activity was unique in that the MAP kinase could be shown to require both tyro
sine and threonine phosphorylation for activity. This allowed the definition of a "dual
specificity" MAP kinase kinase (MAPKK) (42), which was itself regulated by c-raf 
kinase (43), thus linking tyrosine kinase action ultimately to the activation of MAP 
kinase. The significance of this observation is that MAP kinase could be demonstrated 
to phosphorylate several nuclear proteins, including the myc and jun oncoproteins, 
cytoskeletal elements, and transcription factors. Thus, a cell-surface ligand-receptor 
interaction is linked through a series of direct and indirect steps to the expression of 
specific genes (41). 

The current view of tyrosine kinase-mediated signaling is summarized in Fig. 3, 
where either engagement of a growth factor receptor in quiescent cells or stimulation 
of a nonreceptor-linked tyrosine kinase through cell-surface molecules with which it 
forms a noncovalent association leads to stimulation of ras activity, which in turn 
activates c-raf and ultimately MAP kinase. The action of the latter protein causes 
increased transcription of regulatory molecules, which allows either entry into or 
normal progression through the Gl phase of the cell cycle. 

2.2. G-Protein-Linked Signaling 
A distinct class of growth factor receptors uses receptors that function not by directly 

inducing covalent modification of substrate proteins, as is the case with the tyrosine 
protein kinase-linked receptors, but rather by the elaboration of "second messengers" 
that allosterically modify the function of effector molecules, including protein kinases 
and phospholipases. The paradigm for humoral mediators of this class is the {3-adren
ergic receptor, which activates adenylate cyclase and thereby catalyzes the conversion 
of ATP to cyclic AMP (cAMP). cAMP in turn binds to regulatory subunits of cAMP-
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Fig. 3. Growth factor action induces a phosphorylation cascade. Signaling through growth factor 
receptors leads to activation of ras through the adapter molecule grb2 and the GDP release protein sos. 
Activated ras, in turn, increases raj activity, which then leads to activation of MAP kinase. Transcrip
tion "factors" and other signaling pathways are activated, following entry of cells in a path that results 
in DNA synthesis. 

dependent protein kinase (PKA) (44). The molecular "switch" that allows ligand
bound receptor to activate adenylate cyclase is a heterotrimeric "G-protein" that con
sists of a heterotrimer. Ligand-activated receptor (see Fig. 4) releases GDP from the 
Gsa subunit, which then binds GTP, causing the release of Gsa from the (3-y subunits. 
The GTP·Gsa subunit stimulates adenylate cyclase until the GTP is hydrolyzed, allow
ing re-formation of the Gsaf3-y heterotrimer, bearing GDP, ready for induction of 
another catalytic cycle. 

The structures of receptors that utilize this general mechanism are all similar in that 
they have an extracellular domain, seven transmembrane segments, which course in 
and out of the membrane in a "serpentine" fashion, and an intracellular "loop," 
which with its carboxyl-terminal portion interacts with G proteins and is the site of 
receptor-directed regulatory mechanisms, including desensitization and control of 
receptor internalization controls (reviewed in 45,46). G proteins exist that, as indicated 
above, stimulate adenylate cyclase (Gs), inhibit adenylate cyclase (Gi), modulate ion 
channel activity (Gs and Go), stimulate phospholipase-C(3 {Gq and Gt6), and couple 
photoreceptors to cGMP phosphodiesterase (Gr). Of special relevance to targeting 
therapeutic measures at the pathways activated by these transducers, Gs is known as 
the target for cholera toxin, which covalently modifies it to assume a persistently acti
vated state; G is the target for pertussis toxin, which causes an inhibitory covalent 
modification. Note that the heterotrimeric G proteins do have limited homology to 
the monomeric GTP binding proteins, such as members of the ras oncoprotein super
family in the GTP binding domain and in the overall scheme of catalysis, but are dis
tinctive in that the ras alleles in higher eukaryotes have never been shown to regulate 
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Fig. 4. G protein cycle. The inactive G protein, bearing GDP, is caused to release GDP under the 
influence of a growth factor or hormone. A transient inactive "empty" subunit exists, but then binds 
GTP, activating the a subunit to modulate positively effectors, such as adenylate cylase. Hydrolysis of 
the GTP to GDP under the influence of a GTPase-activating protein (GAP) returns the a subunit to its 
basal state, bound to G protein {3 and 'Y subunits (empty circles). 

directly the action of downstream soluble effectors, such as cAMP, but as indicated 
above, appear to engage in protein-protein interactions in the activated state. 

G protein-coupled receptors and their downstream effectors are of potential rele
vance to a number of human neoplasms. Neuropeptides of the bombesin family, of 
possible importance in the pathogenesis of lung, breast, and prostate neoplasms, have 
serpentine receptors (47) that activate phospholipase-C (48). The consequence of that 
interaction is elevation of intracellular Ca2+ and diacylglycerol, the latter serving in 
particular to activate PKC. Pituitary tumors have been shown to have "activating" 
mutations in Gsa (49), and in model systems, transfectants from immortalized cell 
lines bearing heterologous serpentine receptors can apparently cause tumors in a ligand
dependent fashion (50). In addition to adrenergic receptors, this class includes receptors 
for chemotactic cytokines or chemokines (e.g., IL-8, RANTES, IL-10), for f-met-leu
phe, and for autocrine motility factor, which is involved in directed migration of 
tumor cells (51). 

2.3. Other Signal Transduction Mechanisms 
The tyrosine kinases and the G protein-linked mechanisms account for the trans

duction mechanisms employed by hundreds of humoral mediators, including growth 
factors, autocoids, and cytokines. However, in a few specialized instances, other 
receptor mechanisms have been defmed that also have potential therapeutic relevance, 
although in many cases, aspects of their mechanisms have not been as extensively 
defined as in the former two receptor types. 



344 Part II I Newer Strategies and Targets 

2.3.1. A SERINE-KINASE-LINKED RECEPTOR: 
TRANSFORMING GROWTH FACTOR-/3 (TGF-/3) 

TGF-13 has recently been demonstrated to engage a receptor (receptor II), a consti
tutively active transmembrane serine/threonine kinase (52), which after binding of 
TGF-13 engages a "receptor I" into a noncovalent complex, allowing propagation by 
receptor I of a serine/threonine kinase signal to downstream substrates. The defini
tion of those downstream effectors will be of interest to define, since TGF-13 is a nega
tive growth regulator of a variety of cell types, perhaps by acting as a negative 
regulator of cyclin-dependent kinases (53). 

2.3.2. TUMOR-NECROSIS FACTOR (TNF) RECEPTORS 
The TNF family consists of TNF-a (cachectin), TNF-{3 (lymphotoxin), and lym

photoxin B, which are now recognized as major inflammatory cytokines that may 
also be paracrine effectors in a variety of tumors. Two distinct receptors (p55 and 
p75) have been identified (54), and evidence exists that either receptor can activate 
biologic responses to TNF through a mechanism that involves receptor complexing 
on the cell surface. TNF-treated cells show activation of PKC, but without increases 
in Ca2+, suggesting that a phospholipase-Cis not responsible. Recently, evidence has 
been presented that the TNF system can activate a sphingomyelinase (55) with the 
resulting ceramide acting as a second messenger to activate a ceramide-dependent 
protein kinase. Also of interest has been the recent recognition that receptors related 
to TNF, including Fas/ AP0-1 (CD95), can participate in the activation of an endo
genous apoptotic death program important in the physiologic regulation of the immune 
system, but also with relevance to the therapy of neoplasms, such as gliomas, which 
express the receptor (56). Other members of this receptor family include CD40, CD30, 
nerve growth factor receptor, and CD27. These receptors have more limited tissue 
distribution, but may be manipulable for therapeutic goals. 

2.3.3. INTERFERON RECEPTORS AND THE JAK-STAT PATHWAY 
The interferons are a diverse family of factors originally recognized by their ability 

to confer resistance to viral infection through activation of discrete genes in cells bear
ing receptors specific for each interferon subtype. Recent insights into interferon
induced signal transduction have demonstrated that engagement of either IFN-a or 
IFN-'Y receptors activates so-called Janus kinases (tyrosine kinases with two kinase 
domains, only one of which is active), which then phosphorylate a p91 molecule, 
which can then bind another p91, p84, or p113 molecule. The protein complex then 
undergoes rapid ("STAT") transport to the nucleus, where transcription of IFN
responsive genes occurs (57-60). This recently defined mechanism appears to have 
relevance not only to the action of the IFNs, but also to IL-6, ciliary neurotrophic 
factor (CNTF), leukemia inhibitory factor, oncostatin M, IL-2, IL-4, IL-7, IL-9, 
IL-15, growth hormone prolactin, erythropoietin, and GM-CSF. 

2.3.4. PHOSPHATASE SIGNALING MECHANISMS: CD45 
CD45 was originally defined as an antigen differentially expressed on a variety of 

hematopoietic lineages, whose epitope derived from a transmembrane glycoprotein 
with a complex origin from alternative splicing to yield a family of molecules from 
180-220 kDa (61). However, definition of the structure of a protein tyrosine phos-
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phate phosphatase revealed homology, and it rapidly followed that C045 is itself a 
transmembrane tyrosine phosphate phosphatase, implying a role in the regulation of 
signal transduction in hematopoietic cell signaling. Construction of C045 deletion 
mutants revealed notable defects in antigen-mediated signaling, implying that the 
functional outcome of C045 activity is a positive signal in generation of the immune 
response (62). Although this is of obvious significance to normal T-cell function, 
since there is a growing list of tyrosine phosphate phosphatases identified by homol
ogy cloning (63), the formal possibility is that their action similarly may propagate a 
"positive" signal. 

2.3.5. PHOSPHATASE SIGNALING MECHANISMS: CYCLOSPORIN 

The immunosuppressants cyclosporin and rapamycin bind to a family of intra
cellular binding proteins that are peptidyl-prolyl isomerases, perhaps important in 
protein folding (64). However, it also appears that the cyclosporin binding protein 
complex results in inhibition of the phospho-serine/threonine phosphatase calcineurin, 
abundant in hematopoietic cells and brain (65), which is postulated to regulate trans
cription factor action. In a way not completely understood, this ultimately results in 
selective inhibition of signaling in T cells through pathways that normally stimulate 
cytokine and cytokine receptor gene expression, thus accounting for the observed 
immunosuppression. However, it is likely that other high-affinity drug binding pro
teins operate on signals important to cell proliferation, since rapamycin in particular 
( 66) can mediate inhibition of tumor cell growth. The direct relationship of this effect 
to inhibition of a particular phosphatase or to other signaling mechanism action is 
currently unclear. 

2.3.6. GANGLIOSIDE SIGNALING MECHANISMS 

Oangliosides are glycosphingolipids containing both hydrophobic ceramide and 
hydrophilic carbohydrate moieties that include sialic acid residues. Oangliosides are 
generally represented by the letter 0 followed by M or D to define whether they con
tain one or two sialic acid residues, respectively, followed by a number or letter to 
distinguish monosialic acid and disialic acid members from one another. Gangliosides 
are present in many cell membranes, but are most abundant in nervous tissue, neural 
crest, and lymphocytes. 

Oangliosides can bind to a number of extracellular proteins, including cholera toxin 
and diphtheria toxin; however, their physiological ligands are not yet defined. The 
use of monoclonal antibodies (MAb) to mimic ligand-ganglioside interactions has 
revealed that gangliosides can initiate a wide variety of intracellular signaling mechan
isms (67). For example, a subset ofT cells expresses the 003 ganglioside. Antibody 
to this ganglioside induces tyrosine phosphorylation, nuclear translocation of c-rel, 
but not NFxB, upregulation of IL-2 receptors and HLA-OR, and secretion of inter
feron-y (68). In addition, T cells stimulated through 003 proliferate and develop 
cytotoxic activity. These effects can be inhibited by cyclosporin, staurosporin, and 
herbimycin A, implying the involvement of cyclophilin/calcineurin, PKC, and tyrosine 
kinases in this response. T cells normally require two signals to become activated. No 
other single stimulus exerts such a wide range of biologic effects on T cells. Similar 
changes have been noted in tumor cells expressing gangliosides. 
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Fig. 5. Regulation of growth factor cascades by stimulation of receptors with negative influence on 
receptor activation. 

3. IMPLICATIONS OF GROWTH 
FACTOR-DRIVEN CASCADES/NETWORKS 

It is apparent that the growth factor-driven signal transduction systems described 
above do not function independently, but rather act in parallel as well as intersecting 
arrays. The implications of this arrangement include the possibility that entire path
ways may be diminished or augmented in their biologic effect by the action of another 
pathway at a critical regulatory point in the former pathway. This possibility is illus
trated in Fig. 5. Signals propagate from three input receptors and stimulate a particular 
transcription unit that gives rise to a product that decreases the expression of one of 
the receptor types. Hence, the result of operation of the signal from ligand A might 
feedback to decrease response to itself; this is homologous desensitization; however, 
it is apparent that ligands B and C could also heterologously desensitize the system to 
the actions of A. In addition, ligand B has a protein-mediated negative regulatory 
effect on receptor A. This example is not contrived in that, for example, the affinity 
of EGF-R for EGF is known to be diminished by activated PKC (67). The latter could 
arise from stimulation of EGF-R through PLC--y, or could arise through activation of 
G protein kinase-coupled receptors through the action of PLC(j. Another mechanism 
of receptor desensitization is the modification of the receptor, for example, by phos
phorylation, such that its affmity for its ligand is altered or its coupling to its signal 
transduction mechanism is blocked. 

These principles have not been incorporated at all into the design of therapeutically 
relevant strategies. There has been much focus, as will be shown below, in the design 
of specific antagonists of specific targets. Yet it should be clear that narrow therapeutic 
windows might allow limited biologic effect. What should be pursued are strategies 
that decrease or inappropriately increase the activation state of entire pathways in a 
way that is cell-specific, depending on the array of receptors present. 
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The most obvious way to effect this goal is to use combinations of growth modula
tory large molecules or their antagonists, in conjunction with the small molecules, 
which although not absolutely specific, may be augmented in their effect or by their 
action, increase the effect of growth factors or their antagonists acting on their cog
nate receptors. Such an approach would attempt to capitalize on the pharmacologic 
tractability of small molecules with the specificity of receptor-mediated processes. 
Specific types of therapeutic intervention predicated on modulation of growth-factor
related signaling will now be considered. 

4. GROWTH FACTORS, ANALOGS, AND ANTAGONISTS 

4.1. Suramin 
Suramin is a polysulfonated naphthylurea (with a structure that can be viewed as 

reminiscent of heparan sulfate) that emerged from a screening survey early in the 20th 
Century to find noncolored analogs of the trypan blue series of antitrypanosomal 
compounds. Interest in polyanions, such as suramin, as potential antineoplastic agents 
was renewed following the demonstration that it could reverse simian sarcoma virus 
transformation (68) and alter the binding of PDGF to its receptor (69). Thus, it was 
proposed that suramin could antagonize the growth of tumors that depended on 
autocrine or paracrine mechanisms (70). Antitumor responses in patients have been 
attributed to suramin in prostate carcinoma, although the exact contribution of sura
min to concomitant hormonal manipulation (71), including flutamide withdrawal in 
that series, remains to be clarified. 

An additional difficulty is that the concentration-effect relationship for the inhibi
tion of growth factor binding to receptors is variable with, for example, EGF being 
somewhat insensitive and FGFs somewhat more sensitive to suramin action. However, 
it is also clear that the concentrations even where the drug can inhibit the binding of 
"sensitive" growth factors overlap where effects on a variety of glycosaminoglycan 
enzymes are also seen, with the consequent risk of anticoagulation. 

Nonetheless, it remains formally interesting to consider the development of agents 
that can specifically bind to growth factors, and suramin is clearly a "lead structure" 
for this goal with respect to the FGFs in particular. In addition, design of such com
pounds must take into account the toxicities associated with suramin use, including 
adrenal injury, neurotoxicity, and susceptibility to infection. Suramin in vivo causes 
lymphocytopenia and can antagonize IL-2 binding to its receptor (72). It has been 
incompletely studied in cytokine-driven neoplasms. 

4.2. Bombesin-like Peptides 
Evidence has been presented that bombesin-like peptides, which in humans include 

gastrin-releasing peptide and neuromedin-B, function as autocrine growth factors in 
human small-cell lung carcinoma (73). These peptides function through serpentine 
receptors (47) coupled to phospholipase-C. with release of Ca2+ and phosphatidylin
ositol turnover (74, 75) demonstrable after addition of exogenous peptide. In addition, 
there is evidence that tumors of diverse histologies, including breast, prostate, and 
gastrointestinal sites, can respond to peptide addition with similar responses. Since 
the pharmacophore for this series has been defined and consists of only the C-terminal 
octapeptide, there has been great interest in developing antagonists (76). SCLC xeno
grafts in athymic mice are susceptible to bombesin antagonists (77). Schally and col-
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laborators have demonstrated antitumor activity in vivo for example, in xenografts of 
colon, pancreatic, breast, gastric, and CNS origin (78-80). Of concern, however, in 
developing this concept further is the fact that cells have multiple pathways for activa
tion of the Ca2+ /phosphatidylinositol signaling pathway (as has been amply demon
strated for SCLC) (81,82) and that, therefore, use of alternative receptors for this 
goal could be accomplished readily in human tumors. 

Efforts have also been undertaken to produce antibodies against bombesin pep
tides, and evidence for some antitumor activity has been observed in SCLC xeno
grafts in athymic mice (73). Antibodies to peptides do not localize to tumor masses 
in vivo in humans and have not been shown to induce responses in a significant frac
tion of patients. The poor capacity of macromolecules to penetrate tumor masses 
only heightens the concern that efforts to block Ca2+ /PI signaling may elude current 
therapeutic tools to accomplish this goal by efforts directed at a single-receptor system. 

4.3. Somatostatin and Analogs 
Lamberts et al. have recently reviewed (83) the mechanisms by which somatostatin 

or its agonists may cause an antitumor effect, including inhibition of the secretion of 
hormones, such as growth hormone and insulin; direct or indirect inhibition of insulin
like growth factor 1; inhibition of angiogenesis, and a direct antiproliferative effect. 
The receptors for somatostatin (of which four have been defmed) are G protein-coupled 
receptors that in some systems activate adenylate cyclase. Direct antitumor effects of 
somatulin have been demonstrated in lung carcinoma xenografts (84). 

4.4. LHRH Antagonists 
In both breast and endometrial carcinoma cells, evidence has been presented that 

the LHRH antagonist [Ac-D-Nal(2)1,D-Phe(4C1)2,D-Pal(3)3,D-Cit6,D-AlalO]LHRH 
can inhibit IGF-driven cell proliferation, associated with a decrease in IGF-2 elabor
ation. A postreceptor mechanism has been proposed (85,86), but the nature of the 
receptor by which the peptide elicits its effect has not been defined. 

4.5. Transforming Growth Factor-a 
This growth factor is produced by a variety of tumors (e.g., 87,88) where it signals 

through the EGF receptor. Efforts to interdict this signaling have included the develop
ment of specific antireceptor antibodies (89,90) and the synthesis of TGF-a fragments. 
Most interesting has been the recent observation in model systems (91,92) that the 
combination of an anti-EGF-R antibody plus either cis-platin or doxorubicin appears 
to increase the likelihood of benefit (vide intra). Rieman et al. (93) devised a mechan
ism-based screen of ligand binding to a cell line that overexpresses the receptor, and 
have examined a series of natural product extracts. One compound series emerged, 
the methyl pheophorbides, which appear to give evidence not only of blocking the 
interaction of TGF-a congeners, but also in PDGF and IL-1{3 assays. In addition, the 
pheophorbides are related to the protoporphyrins and are dependent on light for 
efficient action on cells. Although the molecular basis for these effects is not clear, 
pheophorbides are important as a lead structure for compounds that can "dampen" 
or eliminate ligand and receptor interaction. Trapidil (94) is another compound that, 
in meningioma cells, inhibits PDGF-R mediated DNA synthesis, yet can also antag
onize EGF-driven cell growth in fibroglasts. 
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4.6 Insulin-like Growth Factor-/ {IGF-1) 
Convincing evidence by Baserga has recently been summarized (95) that IGF-1 can 

function as an important mediator of the transformed state in model systems, and in 
the maintenance of the transformed phenotype in glioblastoma, breast cancer, small
celllung cancer, and melanoma cell lines. This system is of interest because in addi
tion to inhibition of IGF-I action by antibodies or potential antagonists, there is a 
large family of IGF binding proteins (96,97) that are coexpressed with IGF-I receptor 
in, for example, certain breast carcinoma cell lines and, therefore, could represent an 
alternative strategy to modulating IGF-I action. 

4.7. PDGF 
The PDGF-R clearly has the potential to transmit an oncogenic signal, since the 

v-sis oncogene product is homologous to the PDGF-13 chain. Of interest, evidence has 
been presented for stimulation of the PDGF-R both at the cell surface and with pre
sentation of the mitogenic signal to the receptor in an intracellular compartment in 
model systems. Recently, convincing evidence has been presented that an autocrine 
pathway involving PDGF can drive glioblastoma cell growth (98). This result is intrigu
ing because it has been further demonstrated that synthetic peptides can be created 
that fuse peptide segments from disparate segments of the PDGF molecule to create 
antagonists of moderate affinity (99). Interestingly, these antagonist peptides dis
rupted receptor dimerization, and although this resulted in clear diminution of recep
tor autophosphorylation, a decrease in PH]-thymidine incorporation, which was not 
restricted to that produced by PDGF, was noted. This finding delineates a potential 
strategy for the design of antagonists that can affect signals through more than one 
growth factor system by altering the capacity to dimerize, thus potentially inducing 
aberrant dimerization. 

4. 8 Cytokines 
Although a comprehensive treatment of this subject would be outside the scope of 

this chapter, certain cytokine pathways are of clear relevance in considering strategies 
for clinical exploitation. 

The IL2-R consists of the a (I-cell ~ivation antigen; Tac), 13, and-y, chains, which 
together form a heterotrimeric receptor linked to the activation of tyrosine kinase cas
cades (100-102). This receptor system is expressed in a variety of hematopoietic neo
plasms (103). Current strategies are seeking to target radiolabels or toxins to the IL2-R, 
either employing antibodies or chimeric fusion proteins (104-107) as targeting agents. 
The latter approach has produced clinical responses in neoplasms bearing the IL2-R 
(1 08-111). An important feature of the IL2 signaling system is that the -y-chain of the 
IL2-R is actually shared with the IL4 and IL 7 receptors (1 12). A consequence of this 
is that exposure to IL2 can potentially modulate signaling and mitogenic responses to 
the other two cytokines. This has been shown to be of functional consequence in 
cutaneous T-cell lymphoma cells exposed to IL7 (113). Of interest to develop are pre
clinical studies with some of the modulators of protein kinase action to be described 
below in conjunction with IL2, IL4, or IL 7 in neoplasms bearing these receptors. 

In multiple myeloma, some evidence exists for an autocrine or paracrine pathway 
activated by IL6, and although efforts are under way to derive analogous targeting 
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approaches using this cytokine receptor, its expression is more ubiquitous than the 
IL2 receptor system (114), and therefore, the likelihood of a useful therapeutic index 
is lower. In contrast, the CD30 antigen is a cell-surface molecule with homology to 
members of the TNF receptor family whose expression is largely restricted to hemato
poietic cells, and it is prominently expressed on the Reed-Sternberg cells in Hodgkin's 
disease. Although it has served as a target for the development of "traditional" toxin 
or antibody-based targeting strategies, it would be useful to clarify whether TNF-like 
intracellular signals are elicited by this molecule, since efforts to deregulate their 
expression could lead to additional therapeutic strategies (115). 

Cytokine receptors may also be of relevance to the treatment of nonhematopoietic 
neoplasms. For example, interferon and IL-l have been clearly demonstrated as 
potentially useful modulators of the growth of certain gynecologic tumor cells. Recent 
evidence has been accumulating that IL-l can inhibit the growth of ovarian car
cinoma cells (116). IL-l has also been found to regulate secretion of collagenase, 
important in mediating invasiveness (117) in choriocarcinoma cells. Interferons can 
also act directly to inhibit the growth of ovarian carcinoma cells (118). 

5. MODULATION OF CYTOKINE 
OR GROWTH FACTOR RECEPTOR EXPRESSION 

A prominent effect of numerous stimuli for cell activation is an altered display or 
regulation of cell-surface expression. Examples where this strategy may be of value in 
developing novel therapeutic strategies include the following cases. 

5.1 Interferons 
Interferons a and 'Y can cause marked alterations in apparent expression of EGF-R, 

perhaps by altering the rate of internalization (119). Evidence has been presented for 
the existence of cell types that, in response to interferons, modulate (120-122) expres
sion of the EGF receptor. 

5.2. TNF 

TNF can act as an autocrine and paracrine (123) stimulator of the growth of 
ovarian carcinoma cells. A striking potential mechanism to consider in explaining 
these phenomena has recently been demonstrated in pancreatic carcinoma cells, where 
exposure to TNF caused a decrease in c-erbB2 expression, but an increase in EGF-R 
RNA. The decrease in c-erbB2 mRNA was accompanied by decreased protein expres
sion (124). Thus, in addition to direct signaling through its own receptor-linked path
ways, TNF can clearly influence signaling through these tyrosine kinase linked path
ways. The generality of this phenomenon will be of interest to clarify in greater detail. 

5. 3. Steroids and Retinoids 
In breast carcinoma cells, there is considerable evidence that part of the stimulation 

of growth attributable to estrogens proceeds by activation of growth factor secretion 
(125) with the consequent autocrine or paracrine action of those growth factors on 
adjacent tumor cells or stroma promoting the growth of the tumor cells. For example, 
estrogen-treated breast carcinoma cells elaborate TGF-a, FGF, and IGF-like species 
(125,126). Conversely, antiestrogens, such as tamoxifen, droloxifene, and tore-
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mifene, can be shown to induce the production of TGF-{3, a negative growth regula
tory influence (127), as well as to oppose the growth-stimulating effects of IGF-1 
(128). Most interesting is the observation that tamoxifen decreases c-erbB2 expres
sion in biopsy specimens from estrogen receptor(-) tumor specimens in patients 
treated for 3 wk before surgery (129). These results raise the possibility that the anti
estrogen can decrease c-erbB2 expression by hormone receptor-linked and hormone 
receptor-independent mechanisms, although this point has not yet been suggested in 
studies with cell lines in vitro. 

Retinoids are of clear importance in delaying or abrogating the onset of second 
aerodigestive tract neoplasms in a population at risk; however, the mechanism for 
this effect is not clear. Recent evidence has been presented that although retinoic acid 
can enhance EGF-related signaling in normal keratinocytes, human epidermoid car
cinoma cells have been described in which retinoids suppress the transcription of the 
EGF-R through a specific element in the EGF-R promoter that can be related to the 
activity of the RAR-')' (130). This finding may also have relevance to breast neoplasms, 
where exposure of mammary carcinoma cells to retinol resulted in a diminished tyro
sine phosphorylation of the EGF-R with decreased TGF-a stimulation of the PLC-'Y 
isoform (131). In addition, retinoic acid decreases the estrogen-induced increase in 
TGF-a secretion by MCF-7 cells (132). Taken together, these molecular mechanisms 
clearly justify clinical studies of retinoid plus antiestrogen combinations in the treat
ment or prevention of breast neoplasms. 

APL represents an important paradigm for the development of differentiation 
agents as therapeutic agents, since as a single agent all trans retinoic acid can elicit 
valuable clinical response. In vitro, HL60 cells or patient-derived APL specimens 
demonstrate enhanced expression of the GM-CSF receptor after differentiation by 
the retinoid (133). Whether this is cause or effect has not yet been demonstrated, but 
modulation of cytokine responsiveness may be a clinically exploitable effect of retinoid 
exposure (134). 

6. MODULATION OF INTRACELLULAR 
SIGNAL TRANSDUCTION PATHWAYS 

6.1. Protein Kinases 
Much effort has been expended to design specific antagonists of protein kinases. 

Yet consideration of Fig. 3 will suggest that a very specific kinase antagonist may be 
circumvented by the action of additional pathways of cellular activation, or a kinase 
antagonist directed at a key "final common pathway" kinase, such as PKC, MAP 
kinase, or the cyclin-dependent kinases, will not have the requisite therapeutic index. 
The latter consideration is of special relevance, since as discussed by Hunter (135), the 
catalytic mechanism of all protein kinases studied to date is similar in a way that would 
suggest descent from a common ancestral gene. 

Thus, the design features that should be considered in pursuing protein kinase 
antagonists for therapeutic development should incorporate not only their ability to 
function as enzymatic inhibitors, but as deregulators of cellular signal transduction in 
a way that would achieve the desired end point, which in the case of neoplasia is cell 
growth inhibition or death. In addition to merely designing "potent" enzymatic 
inhibitors, one must consider the cellular consequences of that inhibition. 
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6.2. Tyrosine Protein Kinases 
Two general classes of tyrosine protein kinase signaling antagonists are conceiv

able: those that inhibit the act of phosphoryl transfer, and those that interfere with 
the protein-protein associations of tyrosine kinase substrates through interruption of 
SH2 and SH3 domain function. The former are revealed by a decrease in tyrosine 
phosphates in treated cells and are the class that has received the greatest develop
mental attention over the past 20 years, whereas the latter are at a very preliminary 
stage of development, but could afford means of interrupting tyrosine kinase signal
ing pathways without necessarily affecting the catalytic activity of the kinase. Burke 
(136) and Fry (137) have recently reviewed in detail the various chemical classes that 
have been found to cause tyrosine kinase inhibition. We shall focus here on biological 
issues pertinent to their development. 

6.2.1. INHIBITORS OF PHOSPHORYL TRANSFER 

6.2.1.1. Natural Products. Inhibition of p6(Pc phosphoryltransfer by flavonoid 
compounds, such as quercetin, was first described by Graziani et al. (138). The struc
ture-activity and kinetic analysis as summarized by ref. (139) defmes these com
pounds to be competitive with ATP. Accordingly, there is potential interference with 
a large number of ATP-requiring enzymatic reactions, and the specificity of this class 
of compounds can be legitimately questioned. Quercetin is actually a better inhibitor 
of many serine/threonine kinases in comparison to tyrosine kinases. Genistein, an 
isoflavone again present in many plants, particularly soy products, shares the general 
kinetic mechanism, but exhibits greater specificity for tyrosine as compared to 
serine/threonine kinases (140). 

Erbstatin (Fig. 6) was isolated from a Streptomyces culture filtrate and has a struc
ture clearly relatable to tyrosine. It was found to be a potent inhibitor of the BOP
receptor tyrosine kinase (141), as well as the activity of the pp60src in immunoprecipi
tates from Rous sarcoma virus-infected cells. However, the cellular effects of the agent 
are less clear. It inhibits the growth of L1210 leukemia cells, and evidence for induc
tion of apoptosis in these cells has recently been presented (142). The mechanism of 
this effect is not clear, but in sea star oocytes, erbstatin can prevent the activation by 
1-methyladenine-induced activation of p34cdc2, p44mpk, and ribosomal S6 kinase 
(143). A general criticism of the use of erbstatin and synthetic analogs is that a clear 
delineation of the responsible mechanism leading to growth inhibition and/or cell 
death has not been achieved. 

Lavendustin was also originally isolated from a Streptomyces, and produces 
inhibition that is of mixed type with respect to both ATP and substrate. The com
pound is of interest because both amine and nonamineanalogs have demonstrated in 
one case nanomolar potency vs p561ck. A difficulty with many compounds of this type 
is exemplified by the recent series (144,145) where there is discordance between the 
compounds' ability to inhibit enzymatic activities as compared to their ability to 
inhibit cell growth, emphasizing the need to develop this type of inhibitor with a con
sideration of biologic as well as chemical effects of the drug. 

Recently, a novel chemical class of tyrosine kinase antagonist was discovered from 
marine sponge extracts. Halistanol trisulfdate is a sulfated steroid derivative with 
micromolar potency for pp6()sf(' (146). More detailed studies are required to assess the 
capacity of this class of compound to inhibit cell growth. 
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Fig. 6. Structures of protein kinase antagonists. (A) Erbstatin (NSC no. 606641). (B) Geldanamycin 
(NSC no. 122750). (C) Flavopiridol (NSC no. 649890). (D) UNC-01 (NSC no. 638850). 

The benzoquinoid ansamycins, including herbimycin A and geldanamycin (Fig. 6), 
are of interest because recent experiments have suggested novel ways in which interac
tion of a drug with either its target directly or accessory molecules can lead to apparent 
modulation of protein kinase activity. The parent compound of the series, herbimycin 
A, was originally described as an activity isolated from a Streptomyces species with 
activity in a pesticide screening assay (147). However, Uehara et al. (148) were able to 
demonstrate that herbimycin caused striking phenotypic reversion of RSV -trans
formed cells, and pp6()src prepared from the cells was inactive in phosphorylating sub
strate, but the drug added in vitro could not efficiently inhibit the kinase activity of 
pp6()src from untreated cells. This finding suggested to these workers that herbimycin 
might be acting indirectly to alter the normal cellular function of pp6()src. The capa
city of herbimycin to reverse many of the protean effects of pp6()src in transformed 
cells (149) with relatively few effects on nontransformed cells only heightened interest 
in the compound, as did documentation of antiangiogenic activity (150). However, 
Uehara et al. (151) went on to show that the decreased kinase activity of pp6()src was 
actually accompanied by a decrease in the level of pp6()src protein, suggesting that the 
drug could affect the turnover of the target. This general type of observation has been 
extended to EGF-R (152) and plS5c-erbB2 (153), and thus not simply inhibition of 
kinase activity per se, but a change in the normal dynamics of the target must be con
sidered in assessing activity. 
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Whitesell et al. (154) made a distinction between relatively rapid cytocidal action of 
herbimycin and geldanamycin in "sensitive" cell types at concentrations below where 
src kinases would be inhibited, again suggesting a cellular target in addition to the 
kinases alone. Whitesell went on to demonstrate recently (155) that the heat-shock 
protein hsp-90 could form a complex with immobilized geldanamycin, and that solu
ble benzoquinoid ansamycins inhibited the previously described complex between the 
src kinase and hsp-90. These findings therefore suggest that hsps, pleiotropically in
volved in a cell's stress response, may also be regarded as the "real" target for the 
action of the benzoquinoid ansamycins, with indirect effects on apparent tyrosine 
kinase activity. Although the implications of these findings are continuing to be 
assessed, it is clear that attempts to develop benzoquinoid ansamycins clinically might 
profitably consider use of strategies for long exposure to relatively low concentra
tions, a strategy that has been suggested to cause differentiation of neuroblastoma 
(156) and leukemia cells (157). Such a usage may allow function through altered 
assuration of heat-shock proteins with regulatory kinases. 

6.2.1.2. Synthetic Inhibitors of Phosphoryl Transfer. Modeled on the structure of 
erbstatin, several groups have produced small molecules with the capacity to discrimi
nate between different tyrosine protein kinases. Yaish et al. (158) coined the term 
"tyrphostin" to describe compounds that were modeled on erbstatin and that were 
designed to inhibit phosphoryl transfer by competing with substrate as opposed to 
compounds, such as genistein, which were competitive with ATP. A large number of 
tyrphostins have been synthesized (159,160), and as summarized by Levitzki (161,162), 
these compounds can be divided into four structural classes: the malononitriles, the 
S-arylmalononotriles, the bisubstrate quinoline (where the quinoline portion acts as a 
pseudo-ATP mimetic), and a series of compounds related to lavendustin. Although 
the earliest tyrphostins were synthesized with the intention of providing molecules 
competitive with substrate, actual analysis of the kinetic behavior of tyrphostins sug
gests that, depending on the particular kinase, there may be mixed inhibition (com
petitive with respect to both substrate and ATP). 

Two immediate problems with this class of compounds is that in many instances, 
although they have the capacity to discriminate among different tyrosine kinases in 
in vitro kinase reactions, evidence of activity in living cells in some cases occurs at 
widely discordant concentrations. Second, clear examples of where these structures 
actually act in cells to inhibit growth with moderate to good potency, but without 
reference to inhibition of tyrosine kinases have been demonstrated. For example, the 
tyrphostin AG 555 is a good inhibitor of topoisomerase I (163). 

Despite the caveat, therefore, that the mechanism of a tyrphostin in living cells has 
to be carefully established as relating to the inhibition of a tyrosine kinase, it is possible 
to show in several systems that cell growth can be blocked through mechanisms that 
may in some way relate to inhibition of the kinase. For example, Lyall et al. (164) 
showed that tyrphostin-like compounds directed against the EGF receptor could 
inhibit cell growth in a way that was arguably related to the inhibition of the EGF-R 
kinase, and could act in athymic mouse xenografts expressing high levels of EGF-R to 
inhibit tumor growth (165). However, the capacity of such compounds to inhibit 
"outbred" real human tumors in such xenograft systems is less clear. 

A number of such tyrphostins that inhibit the p2I()Xr-abl fusion protein have been 
described (166), including those that correlatively inhibit CML cell growth (167) or 
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cause differentiation (168) of these cells. Such compounds could conceivably be used 
as an adjunct to bone marrow transplantation in CML or ALL. An additional system 
with clear evidence of biologic effect on the part of tyrphostins includes PDGF-R 
induced mitogenesis, with consequent great interest in employing tyrphostin-like 
compounds to inhibit endothelial cell growth (169,170). 

A structure reminiscent of, but clearly distinct from the tyrphostins, PD153035, is 
an EGF-R (171) tyrosine kinase antagonist with inhibitory potency in the picolmolar 
range, and the capacity to inhibit other kinase systems thus far tested only at the micro
molar range. It is competitive with ATP, and successfully reverts Swiss 3T3 cells 
transformed by overexpression of EGF-R. Evidence of activity in animals bearing 
human tumor xenografts has not yet been reported. 

6.2.2. INHIBITORS BASED ON SH2 AND SH3 DOMAINS 

As discussed above, a consequence of tyrosine kinase action is the creation of tyro
sine phosphates that serve as anchoring points for attachment of docking or adapter 
proteins, which bind to the tyrosine phosphates through SH2 domains. The deter
minants of binding to these approx 100 amino acid domains present on a wide variety 
of biologically relevant signaling molecules have been explored. In addition to the 
tyrosine phosphate, amino acids on either side of the tyrosine phosphate are important 
in determining high-affmity binding to the SH2 domain (172,173). This fmding encour
aged the development of phosphotyrosyl peptide mimics that in principle would inter
rupt the normal ability of SH2 domains to which the peptide had affmity from forming 
complexes with its "normal" repertoire of tyrosine-phosphorylated binding partners. 
Two problems relevant to the further development of this concept include the sus
ceptibility of such phosphopeptides to hydrolysis and their ability to enter cells. A 
series of phosphonomethyl-peptides were designed (174) that were successful in block
ing complexes between c-Src or polyoma middle T-antigen and PI-3 '-kinase. Sub
sequent efforts to develop this class of inhibitors will require efforts to cyclize or 
attach these molecules to molecules that internalize efficiently. 

6.3. PKC 
The different structural classes of PKC antagonist, as summarized by Harris et al. 

(175) include antagonists with respect to phospholipid or diacylglycerol, including 
calphostins and various lipid analogs; antagonists of peptide substrates, including 
various pseudo-substrate peptides, as well as the natural product chelerythrine and 
ATP competitors. 

Antagonists of PKC that compete with ATP include the widely used isoquinoline 
sulfonamides H7 and H8, whose selectivity for PKC is not very impressive, and a 
series of indolocarbazoles and 2,3-bisinolylmaleimides. The lead structure for the lat
ter two classes is staurosporine, an alkaloid originally isolated from a Streptomyces. 
This entity was originally shown to inhibit brain PKC potently (176), but in actual 
fact, a variety of other serine/threonine and tyrosine kinases are inhibited as similar 
concentrations (177). UCN-01 (Fig. 6) (7-0H staurosporin) has improved selectivity 
for PKC, and kinetic experiments have identified a clear selectivity of UCN-01 for the 
a, {J, 'Y isoforms of PKC (178). Although UCN-01 does show evidence of potent anti
proliferative effects in vitro (179) as well as antitumor activity (180) in vivo, it is not 
clear whether its antiproliferative activity can be attributed to its anti-PKC actions. 
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Recent evidence suggest that UCN-01 can cause inappropriate activation of the cyclin
dependent kinase family of cell-cycle regulatory protein kinases (181), perhaps by in
terfering with the normal regulatory phosphorylations of these entities. In the case of 
staurosporin, this can correlate with induction of apoptosis in some cell types (182). 

The 2,3 bis-indolyl maleimide series of PKC antagonists, although structurally 
related to the staurosporin-derived compounds, are notable for the exquisite selec
tivity with over a 10,000-fold difference in capacity to discriminate between different 
kinases, and clearly have potential to be useful tools to dissect PKC-mediated path
ways in living cells (183-185). 

Recognizing the potential caveats with respect to specificity of effect in relation to 
inhibition of a particular kinase, the compounds discussed in this section have anum
ber of very interesting effects at the level of the whole cell whose proper exploitation 
will lead to their use as modulators of response to other agents or to growth factors. 
For example, staurosporin has been reported to increase cell-surface expression of 
both forms of the TNF receptor (186), and bis-indolyl maleimide-based inhibitors 
sensitize cells to TNF-induced cytotoxicity (187). 

Inappropriate activation of PKC, for example, by phorbol esters has been associated 
with delay to cell-cycle progression in such systems as melanoma cells (188). These 
fmdings raise the possibility that manipulation of the phorbol or other tumor-pro
moter pharmacophore may produce a PKC agonist with antiproliferative activity 
(189). The natural product bryostatin has some of these features, and inappropriate 
activation of PKC may be a partial explanation for its antiproliferative effect, especially 
observed in hematopoietic systems (190,191). 

6.4. Cyclin-Dependent Kinases 
Recent studies have defined that progression through the cell cycle requires the 

coordinated activity of a family of protein kinases that consist of a catalytic subunit 
that in most cases has invariant expression throughout the cell cycle and a regulatory 
subunit, or cyclin, whose expression oscillates. The prototype for this family of regula
tory molecules is p34¢c2 (also known as cyclin dependent kinase-1, or cdk-1)/cyclin B, 
as the cdc2 mutation in yeast was complemented by the catalytic subunit of 34-kD
mol wt. This complex governs entry into M phase. Other cdks with their cognate 
cyclins have been defined, such as cdk2/cyclin E, which governs entry into and transit 
through S phase, and cdk4/cyclin D, which mediates transit through Gl. For a com
plete review of the cdks, see refs. (192, 193). Of significance, in addition to the presence 
of a cyclin partner, the proper sequence of regulatory phosphorylations is critical for 
maximal activity. 

Although endogenous cellular inhibitors of cdks have been defined such as p21 WAF, 

p16, and p27, small molecules that can accomplish this result are of interest. Three 
molecules with relative specificity for cdks have been defined. Olomoucine (an iso
pentenyl purine) has been defined as a selective inhibitor of cdks 1, 2, and 6. The 
inhibition is competitive with ATP (194) and relatively highly selective in comparison 
to other kinases. Butyrolactone likewise has specificity for cdks, and both compounds 
can inhibit the normal oscillation of DNA synthesis in extracts of amphibian eggs 
(195). However, their respective potency for inhibition of mammalian cell growth is 
relatively modest, with ICsoS in the - 50-pM range. In contrast, flavopiridol (L86-8275) 
(Fig. 6) was originally discerned as a potent inhibitor of cell growth (ICsos 25-300 nM) 



Chapter 16 I Growth Factors and Inhibitors 357 

that potently blocked cell-cycle progression in either G2 or G 1, and retarded cell pro
gression through S (196). Potent direct inhibition of cdk1 (197), competitive with 
respect to ATP (K; = 45 nM), as well as interference with the normal regulatory phos
phorylations of cdkl and cdk2 (198,199) appear to correlate closely with the concen
trations effective in inhibiting cell growth. Flavopiridol has reproducible antitumor 
activity in animals (200), and will be of interest to consider for development whether 
alone, in conjucntion, or as a modulator of susceptibility to cell-cycle-specific agents. 

6.5. Pl-3'-Kinase 
This enzyme contains a 110-kDa catalytic subunit and an 85-kDa regulatory sub

unit, and it phosphorylates inositol lipids on the D-3 hydroxyl position (201). Activa
tion of PI-3 '-kinase has been shown to occur following receptor ligation in many dif
ferent systems, including growth factor receptors with intrinsic tyrosine kinase 
activity (202-205) and those associated with src-like kinases (206-209). Mutation of 
residues in the PDGF receptor critical for p85 binding has demonstrated that PI-3 '
kinase plays a critical role in mitogenesis and other cell functions (210). 

Wortmannin is a fungal metabolite that inhibits the activity of PI-3 '-kinase by 
interacting with the pliO regulatory subunit (211,212). It has been shown to be very 
effective in vitro at micromolar concentrations and is beginning to be tested in vivo. 
The crucial role of PI-3 '-kinase in the activation ofT -cells and B-cells makes it likely 
that wortmannin and other agents that target this enzyme will be highly immunosup
pressive. Indeed, in one model system, wortmannin has been exploited to treat graft
vs-host disease (Taub and Longo, unpublished observations). Mechanisms to target 
such inhibitors to specific cell types may make PI-3 '-kinase inhibitors more selective 
in their effects. 

6. 6. Phosphatases 
As might not be surprising, agents that inhibit the normal removal of phosphates 

generated during signaling can have antiproliferative effects. Okadaic acid is actually 
a tumor promoter that increases intracellular phosphates by inhibition of protein 
phosphatases 1 and 2. Recently, okadaic acid, the structurally unrelated phosphatase 
inhibitor calyculin-A, and the analog dinophysistoxin-1 were shown to be capable of 
inducing an apoptosis-like pathway in certain breast carcinoma cells (213), and in 
B-lymphocytes, to activate MAP kinase, but without inducing DNA synthesis (214). 
It has been suggested that antiproliferative effects of phosphatase antagonists may 
relate to their abrogation of modification of normal cell-cycle checkpoints, allowing 
unscheduled entry into mitosis. It has recently been suggested that fostriecin, a known 
low potency (ICso = -40 p.M) topoisomerase II inhibitor, can inhibit phosphatase-
2A with 1000-fold higher potency and appears to induce premature mitosis (215). Thus, 
protein phosphatase inhibitors may emerge as useful modulators in conjunction with 
agents that induce DNA damage and, therefore, require for DNA repair the induction 
of a pause in cell-cycle progression in 02. In phosphatase-inhibitor-treated cells, this 
pause may not exist or may be abrogated in a way leading to "mitotic catastrophe." 

6. 7. Phospholipase C and Calcium-Based Signaling 
Engagement of receptors that couple through heterotrimeric G proteins to intracel

lular effectors can increase intracellular Ca2+ by stimulation of a phosphatidylinositol-
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4,5-bis-phosphate (PIP2)-specific phospholipase C, releasing inositol-! ,4,5-tris-phos
phate (IP3) and diacylglycerol. IP3 releases calcium from internal stores (216), and 
can be metabolized to higher-order inositol phosphates (217), which may play a role 
in opening plasma membrane Ca2+ channels, and lead to sustained maintenance of 
increased Ca2+ or to replenishment of internal stores. 

This process can be interrupted by a variety of routes. Direct inhibitors of phos
pholipase-C. including some 3-nitrocoumarin derivatives, have been described (218), 
but the cell growth-inhibitory activity of this compound has not yet been unequivo
cally linked to inhibition of the phospholipase. Carboxy amido imitazole (CAl) (219) 
was found to inhibit tumor cell motility in a way that correlates with the compound's 
ability to block entry of Ca2+ through an as yet not clearly defmed Ca2+ channel, and 
this compound is currently in clinical trial. Exposure of certain cells bearing the GMl 
ganglioside receptor for cholera toxin to cholera toxin show decreased release of Ca2+ 
in response to various stimuli (220) after exposure to cholera toxin. Peptide antago
nists and calcium channel blockers have also inhibited growth of certain tumor types in 
vitro and in vivo (221). However, the direct relationship of altered calcium flux as the 
unique growth-inhibitory mechanism for these agents has not been unequivocally 
established. Nonetheless, they remain lead agents in modulating Ca2+-based signaling. 

6.8. Activation-Induced Cell Death 
and Synergy Between Chemical and Biologic Agents 

There is evidence that certain neoplastic cells respond paradoxically to signals that 
are associated with growth and proliferation of their normal counterparts. Thus, 
B-cell and T -cell lymphomas have been shown to respond to activation signals either 
through their antigen recognition structures (222-224) or through costimulation recep
tors, such as CD40 and class II MHC on B-cells or C02 and CD28 on T -cells (225-227), 
by undergoing irreversible growth arrest or apoptosis. The antitumor effects of phar
macologic doses of estrogen in patients with breast cancer may reflect a similar phe
nomenon. Although the precise mechanism of these effects is unclear, an irreversible 
block in cell-cycle progression usually in Gl, but occasionally in 02, is often observed. 
These results imply that the autonomous proliferation of cancer cells may be sensitive 
to superimposed normal signal transduction. 

An independent set of observations lends credence to this notion. A number of 
investigators have noted that antibodies directed at cell-surface tyrosine kinase recep
tors, such as her-2/neu and the EGF receptor, appear to sensitize tumor cells to kill
ing by DNA-damaging chemotherapeutic agents, such as cisplatin and doxorubicin 
(91,92,228,229). The mechanisms for this interaction may be diverse; however, at 
least one study documented that the antibody to the growth factor receptor inhibited 
the ability of the tumor cell to repair the cisplatin-induced DNA damage and blocked 
cisplatin-induced unscheduled DNA synthesis (230). The responses of cells to meta
bolic and genotoxic stress often permit them to repair damage or bypass obstructions. 
The use of complementary approaches that prohibit the cell's repair and evasion 
mechanisms may paralyze the cell. Thus, manipulations of cell-cycle progression and 
signal transduction may intersect with the action of conventional cytotoxic agents to 
enhance the cell killing (231). 
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7. SUMMARY 

It is apparent that the immediate future for development of agents that modulate 
growth factor-mediated signal transduction is bright, with many novel approaches 
possible predicated on this emerging understanding of cellular pharmacology. How
ever, our understanding remains somewhat primitive, a fact that serves to limit the 
degree to which our drug development efforts can be said to be clever. An important 
consequence of our understanding of mechanisms of action of these agents is that the 
boundary between classical drug development of small molecules and induction of 
biological responses by antibodies, growth factors, and cytokines is rather blurred by 
the realization that depending on what growth-promoting influence is paramount, the 
drug molecules may be expected to have vastly different effects. Thus, development 
of these agents cannot rely on empiricism, but must incorporate an understanding of 
the physiology of the intended target in neoplastic as compared to normal tissues if 
optimal development is to proceed. 
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1. INTRODUCTION 

Successful anticancer drugs must exploit known or unknown, gross or ever so 
subtle, differences between normal and malignant cells. The development of immuno
toxins is one of the first attempts to develop rationally anticancer drugs that are based 
on known cellular differences associated with cancer cells. Much immunological evi
dence had accumulated that transformed cells express tumor-specific antigens. How
ever, it was difflcult to generate heterosera with well-defined antitumor reactivity. 
The isolation in 1967 of an agglutinin from wheat germ that identified a tumor-specific 
determinant on neoplastic cell surfaces (J) marked the first time that a pure molecular 
species was available for targeting of tumors. 

Further probing of cell surfaces with lectins and agglutinins, however, was hampered 
by the availability of only a small number of lectins with an even smaller number of 
different binding specificities. This situation changed dramatically with the advent of 
the monoclonal antibody (MAb) technology (2). The potential for generating a nearly 
unlimited reservoir of reagents each with its own binding specificity for an antigen 
was rapidly exploited in creating MAbs that bound to novel tumor cell-speciflc anti
gens. Although some naked antibodies were used in clinical tests for the treatment of 
cancer, many immunologists doubted that the humoral part of the immune system 
would have sufflcient cytotoxic potential to eliminate millions of tumor cells. MAb 
were, therefore, armed with extraneous cytotoxic effector functions and became 
delivery vehicles that imparted tumor speciflcity to otherwise nonselective cytotoxic 
effector molecules. 
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Fig. 1. Schematic representation of immunoconjugates. 

The covalent binding of an effector molecule to an MAb yields an immunoconjug
ate (Fig. 1), which is called an immunotoxin, when the effector molecule is a toxin, an 
antibody-drug conjugate when cytotoxic drugs are used as effectors, and a radio
immunoconjugate in the case of linked radioisotopes. Common to all three method
ologies is their reliance on the tumor-specific binding of their MAb component. There
fore, we shall first discuss the generation of "tumor-specific" MAbs and then describe 
the development and testing of radioimmunopharmaceuticals, of immunotoxins, and 
of antibody-drug conjugates. 

2. TUMOR-SPECIFIC ANTIBODIES 

The ideal MAb for the generation of immunoconjugates would bind to an antigen 
exclusively present on the surface of tumor cells, and would further be expressed 
homogeneously on all tumor cells or at least on all tumor stem cells (the latter, how
ever, is difficult to assay). In addition, the antigen should not be shed from cells, 
should not be present in the serum of patients, and ideally, for practical medical and 
commercial reasons, should be present on the tumors of all patients with the same 
type of cancer. 

In the infancy of immunotoxin development, several MAb were claimed to be 
tumor-specific. However, the development and use of more thorough analytical 
methods, such as analysis with a fluorescence activated cell sorter (FACS), sensitive 
immunohistochemical staining techniques using large panels of fresh-frozen tissue 
sections, and modern biochemical and molecular biological techniques, contributed 
to today's generally accepted view that most antibodies recognize tumor-associated 
antigens that are expressed only preferentially on tumors. Some antigens may be found 
on only a limited number of tissues, whereas others are on only one specific tissue 
type and are, therefore, tissue-specific. In the best case, some tumor-associated anti
gens may be expressed only during a particular developmental stage of a certain cell 
type. Some degree of tumor specificity often presents itself by the overexpression of 
certain surface antigens on transformed cells, such as erbB-2/HER-2 on breast tumor 
cells of a subgroup of patients (3), or certain carbohydrate antigens on epidermoid 
carcinomas (4). The only surface antigens that are absolutely tumor-specific are the 
surface immunoglobulin or idiotype present on the cells of B-cellleukemia and lym
phomas, and the clonotypic T -cell receptor on T -cell leukemia and lymphoma cells. 
Not only are these structures tumor-specific, but individualized, patient-specific 
MAbs have been created (5). 
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To generate MAb with antihuman tumor reactivity, typically mice or rats were 
immunized with whole cells or cell membrane preparations from tumor cell lines or 
from tumor biopsies. The .spleens of the immunized animals were then used to generate 
and select antibody-producing hybridomas. However, many MAbs used in immuno
conjugates, in particular, antibodies reactive with hematopoietic cells, were originally 
developed as research tools to differentiate between various normal cell types and 
were, therefore, generated by injecting animals with normal human cells, such as the 
various cell types from blood. 

MAb that have the potential to be used in anticancer immunoconjugates are con
veniently grouped into those that react with hematopoietic tumors and those that 
bind to antigens on solid tumors. Because of the rapid renewal of hematopoietic cells 
and the experience of regeneration of blood cells after bone marrow transplantation, 
tissue-specific antibodies were widely used in immunoconjugates against leukemias 
and lymphomas. T -cell malignancies were treated, for example, with conjugates bind
ing to the T-cell markers CD5, CD7, or the IL-2 receptor /3-chain (CD 25); B-cell 
malignancies with antibody conjugates against the B-cell differentiation antigens 
CD19, CD20, and CD22; and analogously, myeloid malignancies with conjugates 
against the myeloid marker CD33 (6). Most of these antigens are differentiation anti
gens that are expressed throughout the ontogeny of a particular cell type starting at 
the earliest lineage restricted stage to ensure that the conjugates were able to treat the 
yet unidentified clonogenic tumor cells. 

It has been much more difficult to identify cell-surface markers useful for immuno
conjugates against solid tumors. The principle of tissue specificity is not as easily 
applied as in the hematopoietic area, except possibly for tumors of nonessential tissues, 
where the temporary removal of certain cell populations may be tolerated. In the 
absence of tumor specificity and tissue specificity, the selection of antigens was largely 
based on their overexpression on tumor cells relative to normal tissues. For lists of 
possible candidate surface antigens for immunoconjugate targeting, the reader is 
referred to two comprehensive reviews (7,8). 

For the development of highly cytotoxic immunoconjugates that bind to antigens 
also expressed on some normal tissues, although hopefully at lower levels, it was 
essential to find animal models for toxicity studies, where similar crossreactivity was 
observed. Fortunately, many of the antigenic determinants were found to be preserved 
in nonhuman primates where they were expressed with a similar tissue distribution as 
in humans. A good example is the data presented for the anti-LeY antibody in ref. (4). 

A problem commonly encountered in solid tumors is the heterogeneous expression 
of an antigen on cells of a given tumor. Although some cells may express large numbers 
of an antigen on their surface, other cells in the same biopsy sample, equally having a 
transformed phenotype, may be antigen-negative. If transformation is a clonogenic 
event, then these different cell populations may represent differentiation stages that are 
not necessarily all tumorigenic. Heterogeneous expression of an antigen may, there
fore, not necessarily disqualify it from being a target for therapeutic immunoconjugates. 

If one surveys the known antigenic cell-surface markers for human solid tumors, 
(see, e.g., 7,8), one is struck by the paucity of such known markers. Also, when anti
bodies were generated with different tumor tissues or tumor cell lines, often antibodies 
to the same antigens were generated. For example, when mice were immunized with 
the breast tumor line MCF-7, MAb Bl and B3 were obtained that reacted with the 
LeY carbohydrate chain (4), and immunization with cell line H3396 derived from a 
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metastatic breast adenocarcinoma yielded antibodies BR64 and BR96, both of which 
also react with the LeY carbohydrate chain (9). These results are a reflection of the 
limitations of the immunological methodology used to identify these antigens. They 
probably represent the most immunodominant markers recognized by the murine 
immune system, and only the screening of much larger panels of hybridomas, a work
intensive and time-consuming undertaking, might allow the discovery of further novel 
antigens with this technology. This realization, far from being discouraging, pre
dicts that we have barely scratched the surface for the discovery of tumor cell-surface 
markers for therapeutic targeting, and it has spawned the development of several new 
methodologies. The most promising techniques might be the phage display of the 
entire murine or human immunological repertoire and its use in the probing of cell 
surfaces (10), or the searching for interactions on cell surfaces with combinatorial 
libraries of peptides that carry their genetic information in the form of amplifiable 
DNA sequences (JI). 

In most patients treated with murine MAb, a prompt human antimurine antibody 
(HAMA) response was observed, which led to the development of several "humaniza
tion" technologies. Humanization is the attempt to give murine antibodies an appear
ance that is not recognized as foreign by the human immune system while preserving 
their specificity and binding avidity. 

It was well known that heterosera against xenogeneic immunoglobulins largely 
reacted with the constant region or Fe portion of the molecule, and the first approach 
at "humanization" was therefore the genetic construction of chimeric antibodies, 
comprising the murine variable region and the human constant region of lgG (12). 
Most chimeric antibodies displayed much reduced immunogenecity, but a response to 
the murine Fv portion could ultimately be observed. In reshaped or CDR-grafted 
antibodies, the murine content was further reduced by grafting the murine comple
mentary determining regions (CDRs) or hypervariable region onto a human variable 
region framework (13). These antibodies were generally found not to be immuno
geneic, but it was often difficult to maintain the binding affinity of the parent murine 
antibodies. Further amino acid changes in the framework region are generally necessary 
to maintain the original conformations of the CDRs. These changes need to be deduced 
for each antibody through computer model building, and the ultimate success-pres
ervation of full binding-is often difficult to achieve even with extensive changes that 
potentially negate the advantage of CDR grafting over chimerization. In the newest 
approach, called variable domain resurfacing (14), the affmity is maintained by retain
ing the CDRs and the core of the murine variable region framework. Only the surface 
residues of the murine variable region framework are replaced by those from a human 
variable region. A simple algorithm predicts the necessary changes in the framework 
region, and when this method was applied to two murine antibodies, their affinities 
were unaffected (14). This approach assumes that the immunogenecity of murine 
antibody variable regions is determined by the accessible surface residues only, an 
assumption not yet tested with globulins, but generally accepted for the antigenecity 
of proteins (15,16). 

3. RADIOIMMUNOCONJUGATES 

Ever since the appreciation of the cytocidal effects of high doses of radiation, oncol
ogists have attempted to harness the energy of radioactivity to eradicate tumors in 
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patients afflicted with cancer. The goal of radiotherapy is to deliver a sufficiently high 
dose of radiation locally to the tumor in order to sterilize the tumor without causing 
lethal damage to the surrounding tissues. Successful killing of all tumor cells requires 
radiation doses of at least 60 gy to be concentrated at the tumor site, which is at the 
limit of the dose that can be delivered by external beam radiation while sparing normal 
tissue. Unfortunately, the wide application of external beam radiotherapy, while 
improving survival, has rarely resulted in cure. The notion that the ability of oncolo
gists to eradicate tumors could be improved by in vivo administration of a radio
nuclide was first developed using iodine-131 to treat thyroid carcinomas, which con
centrate radioiodine from blood resulting in delivery of local tumoricidal doses of 
80-300 gy (17). 

Radioimmunoconjugate therapy, which exploits the availability of specific anti
bodies that can localize to tumor cells, has been under investigation for a number of 
years as one way of improving radiotherapy. The hope of radioimmunoconjugate 
therapy is that targeting of radioactivity by antibodies could overcome two drawbacks 
of external beam radiotherapy: (1) specific targeting by radio labeled antibodies should 
allow more precise delivery of the radiation dose to the tumor with concomitant sparing 
of a greater amount of the surrounding normal tissue; and (2) radiolabeled antibody 
will deliver a radiation dose to small undetected areas of tumor or micrometastases. 

Radionuclides that are useful for radioimmunoconjugate therapy must emit particles 
whose energy can be deposited locally, ideally within a radius that encompasses one 
or a few cells. Furthermore, such radionuclides should have relatively short half-lives, 
so that radioactivity incorporated into the patient decays within a reasonable period 
of time, and in addition, they should be isotopes of elements whose chemistry allows 
them to be readily conjugated to antibodies. Several radioisotopes that may meet 
these criteria and that have been used in trials of radioimmunoconjugate therapy are 
shown in Table 1. 

Chemically, the radioisotopes shown in Table 1 comprise two groups, the radio
metals and radioactive isotopes of iodine. Iodine (and astatine) is generally conju
gated directly to tyrosine residues in antibodies simply by mixing the protein with 
sodium iodide in the presence of an oxidizing agent, such as Chloramine T or related 
compounds (20). The reaction is extremely rapid, even at 0°C, although one must 
take care to avoid damage to the antibody by excessive oxidation. Alternatively, 
radioiodine can be conjugated to antibodies using iodinated compounds that allow 
labeling without exposing the protein to oxidative conditions, and furthermore, allow 
the possibility of utilizing iodinated compounds that are not subject to enzymatically 
catalyzed dehalogenation (21-23). 

The radioactive metals are conjugated to antibodies by the use of chelating agents 
that are in turn chemically linked to the protein. Although the early chelates have 
high stability constants, they are kinetically labile, and in vivo, the radiometal readily 
exchanges into metal-transport proteins, such as transferrin, thereby losing any target 
specificity. Once lost from a conjugated chelate, a radiometal, such a yttrium-90, can 
ultimately be deposited in bone, resulting in prolonged irradiation of bone marrow. 
Recently, chelating agents that "cage" the metal and are far more stable have been 
developed for diagnostic and therapeutic applications with antibodies (24,25). Figure 
2 illustrates the structure of two such antibody-conjugated macrocyclic chelators, 
which are ideal reagents for binding copper-67 and yttrium-90. In vivo studies show 
that radiometals targeted by antibodies linked to caged chelating agents have greatly 
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Table 1 
Radionuclides with Potential for Radioimmunotherapya 

Particle 
energy, 

maximum Path length, 
Radioisotope Half-life Decay particle energy, MeV mmb Comments 

Astatine-211 7.2 h Q 5.9 0.04-0.08 Iodine chemistry 
Bismuth-212 1 h Q 6.1 0.04-0.08 
Copper-67 2.4 d {3 0.57 0.6 -y-Emission for 

imaging 
Iodine-125 60.1 d Auger electron 7.5 0.001-0.02 Requires 

(electron capture) internalization 
for cytocidal 
effect 

Iodine-131 8.1 d 0.81 0.8 High-energy 
-y-emission for 
imaging 

Rhenium-186 3.5 d {3 1.1 and 0.93 1.8 -y-Emission for 
3.7 d imaging 

Rhenium-188 17 h {3 2.1 4.4 -y-Emission for 
imaging 

Yttrium-90 2.5 d {3 2.7 5.3 

°Compiled from published data (6,18,19). 
b The path length is defined as the radius of a sphere within which 90"7o of the energy emitted by a 

radionuclide is absorbed (19). 

improved tumor localization of the radioactivity, with less deposition into bone and 
less marrow toxicity (26). 

The 13-emitters, yttrium-90 and iodine-131, have been the radioisotopes used most 
extensively in therapeutic studies to date, more because of their ready availability 
than because they have the most ideal characteristics for therapy (27,28). Iodine-131 
is a medium-range {3-emitter whose energy is absorbed within one or two cell diameters, 
whereas the more energetic {3-particle of yttrium-90 can penetrate several cell diameters. 
This is the basis for the theoretical benefit of using radionuclides as the effector killing 
moiety for antibody-directed therapy, namely that the antigen targeted by the antibody 
need not be expressed on all of the tumor cells in a tumor mass. Thus, antigen-negative 
tumor cells may also be killed by the radiation concentrated at the tumor by antigen
positive tumor cells (a "bystander" killing effect). The a-emitters may not share this 
potential advantage because of the extremely short range of a-particles. However, this 
property could be an advantage when targeting an antigen expressed homogeneously 
on all tumor cells and that is internalized by the cells, in that a higher proportion of 
the energy of the radiation is deposited in the target cell. Unfortunately, the two a
emitters with appropriate chemical properties for conjugation, bismuth-212 (29) and 
astatine-211 (30), have very short half-lives, which may reduce their effectiveness in 
vivo (27), and which presents logistical difficulties in their use. 

The fate of the antigen/antibody complex on the surface of the tumor cell will 
influence the best choice of radioisotope or method of linking it to the antibody. 
Radioiodine is retained better in tumor tissues if it is targeted by an antibody that is 
not internalized. Otherwise, on internalization, radioimmunoconjugates are enzy
matically degraded and dehalogenated with the consequence that the radioactivity 
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rapidly diffuses away and is cleared (6,18). Internalizing antibodies are better suited 
for targeting radiometals, such as yttrium-90 and copper-67, which are retained by the 
target cells on internalization and eventual degradation of the radioimmunoconjugate 
(6), since cellular proteins are generally good chelators of transition metals. Antibodies 
that target antigens that readily internalize are necessary for targeting iodine-125 whose 
decay produces Auger electrons of extremely short path length requiring proximity to 
the nucleus to elicit cell killing. Iodine-125 is therefore best conjugated via nonmetab
olizable adducts (21-23). 

There has been some debate about what are the most desirable properties for the 
antibody component of a radioimmunoconjugate, given a high specificity for an anti
gen selectively expressed on tumor tissue. In contrast to diagnostic uses of radio
immunoconjugates, where the most important parameters are {1) a high ratio of radio
isotope delivered to the tumor compared with that delivered to normal tissue and (2) 
rapid clearance of radioisotope from the blood pool, which otherwise masks the radio
activity concentrated at the tumor (31), the most important factor for the radiothera
peutic is the total amount of radioisotope delivered to the tumor and its residence 
time in the tumor (i.e., dose deposited at the tumor), provided toxicity to normal 
tissues is tolerated. Although intact IgG penetrates from blood vessels more slowly than 
Fab or genetically engineered antibody fragments, most studies show that a greater 
dose of radioactivity is deposited at tumor sites when using radioimmunoconjugates 
containing intact IgG, suggesting that its slower clearance from blood, and the pos
sibility for bivalent binding to target cells, are the most important parameters for a 
therapeutic application. Most clinical experience to date has been with mouse IgG in 
radioimmunoconjugates, which means that the generation of HAMA has been a factor 
that may limit the ability of patients to receive multiple doses of conjugate. The advent 
of humanized antibodies may overcome this limitation. Genetic engineering can also 
be used to make small fragments of humanized antibodies where the single binding 
domain can have very high affinity, and may, therefore, both penetrate into tumor 
tissue quickly and be well retained by the tumor, thereby increasing the dose delivered 
to the tumor. 

What is the clinical experience in the evaluation of radioimmunoconjugate therapy 
in clinical trials? Can a sufficiently high dose of radiation be delivered to tumor in 
vivo to kill enough tumor cells to effect a therapeutic response? The clinical studies to 
date can be divided into two general groups, those treating tumors that are particu
larly radiosensitive, such as lymphomas and leukemias (6), and those treating solid 
tumors {18). 

Clinical evaluation of radioimmunoconjugate therapy for non-Hodgkin's lym
phoma (NHL) has been facilitated by the availability of a variety of B-cell-specific 
MAb, such as anti-idiotype antibodies, LYM-1 (anti-HLA-DR), anti-B1 (anti-CD20), 
MB-1 (anti-CD37), and OKB7 (anti-CD21) (6,32-34). These antibodies have been 
coupled to iodine-131 and have been used in cumulative doses of up to 750 mCi/pa
tient. These large doses are well tolerated with the important exception of severe myelo
suppression. Even though this severe side effect can be ameliorated by fractionating 
the dose of radiotherapeutic into multiple smaller doses given over several weeks, it 
would appear that the best clinical results are obtained in those trials that employ 
massive myeloablative doses of the radioimmunotherapeutic (6). In the studies from 
the Fred Hutchinson Cancer Center in Seattle, Washington, 16 of 19 patients who 
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were administered therapeutic doses achieved a complete remission (34). However, 
the cost of this therapeutic benefit is that 15 of the patients required an autologous 
bone marrow transplant (ABMT). These investigators suggest that the only possibility 
for complete eradication of the tumor is to use massive doses of radioimmunotherapy 
that are so high as to require bone marrow transplant support. It remains to be deter
mined whether the therapeutic benefit of systemic delivery of massive doses of radia
tion with ABMT support is superior to other protocols utilizing chemotherapy and 
total body irradiation (external beam) as ablative regimens for ABMT protocols in 
the treatment of patients with relapsed lymphoma. 

Other leukemias and lymphomas that have been targeted in trials of radioimmuno
therapy are acute myelogenous leukemia (AML), T-cell malignancies, and Hodgkin's 
disease (6, and references therein). Iodine-131-labeled anti-CD33 and anti-CD45 anti
bodies have been used to target AML (35), whereas patients with chronic lymphocytic 
leukemia (CLL) or cutaneous T -cell lymphoma have been treated with anti-CD5 
labeled with iodine-131 or yttrium-90, and those with adult T-cellleukemia have been 
treated with anti-CD25 (IL-2 receptor) conjugated with yttrium-90 (6). The most 
promising responses in these studies were also achieved at dose levels that caused severe 
myelosuppression as the major side effect (6). 

In studies where Hodgkin's disease was treated with antiferritin antibodies coupled 
to yttrium-90 (the tumor cells are rich in ferritin), impressive response rates have been 
reported (36), although again at doses that were also myeloablative so that 17 of 37 pa
tients required ABMT rescue (3 patients died of bone marrow aplasia). The yttrium-90 
was conjugated to antibody using diethylenetriamine penta-acetic acid as the chelator, 
from which yttrium-90 is known to escape in vivo to be taken up by bone, which thus 
contributes to hematopoietic toxicity (26). It may be that the ferritin-rich tumor can 
also take up the released radiometal by chelation, which may contribute to the thera
peutic efficacy of this conjugate. 

The clinical experience with the treatment of solid tumors by radioimmunoconjugate 
therapy has generally been disappointing (18). Indeed, if optimal therapeutic effects 
in relatively radiosensitive neoplasms, such as NHL, can only be achieved at doses of 
radioimmunoconjugate that are myeloablative, then it is unlikely that therapeutic 
efficacy in solid tumors can be achieved at doses that are not also myeloablative. Fur
thermore, the highest doses delivered via radioimmunoconjugates are usually esti
mated to be in the range of 10-20 gy, although it is generally accepted that doses of at 
least 60 gy are needed to eradicate solid tumors (27,37). A Phase II clinical trial of 
radioimmunotherapy with iodine-131-labeled CC49 antibody in colorectal cancer 
exemplifies the lack of therapeutic efficacy in the treatment of solid tumors. Despite 
an antibody of relatively high affinity for the target tumor-associated glycoprotein 72, 
no tumor responses were observed, and the doses delivered to the tumor were only in 
the range of 0.2-6. 7 gy (38). Recent Phase I studies with iodine-131-labeled A33 anti
body were similarly disappointing (39). A Phase II trial of the CC49 radioimmuno
conjugate in metastatic prostate cancer also failed to demonstrate any efficacy with 
maximal tumor doses estimated in the range of only 2-10 gy (40). 

One approach to increasing the dose delivered to the tumor, while maintaining the 
total body dose at tolerable levels, is to treat locally tumors that are confined to par
ticular body cavities. Intralesional radioimmunotherapy of malignant glioma may offer 
one compartmentalized setting where cytocidal doses of radiation may be delivered to 
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the tumor without significant toxicity to bone marrow, liver, or kidney. Treatment 
of 17 patients with iodine-131-labeled antitenascin antibodies resulted in 3 partial 
responses and 3 complete remissions (41). Intraperitoneal infusion of yttrium-90-
labeled HMFG1 antibody was given to 52 patients with ovarian cancer (42). The results 
were encouraging, with 19 of 21 patients that were regarded as receiving treatment in 
an adjuvant setting still alive (median followup, 35 mo). However, even in this intra
compartment setting, the authors doubt that the therapeutic effect was due to a cyto
cidal effect of the radiation dose, and suspect that the HMFG1 murine antibody in
duced immunological reactivity against the tumor, an observation also noted by 
others when treating breast cancer with iodine-131-labeled L6 antibody (43). 

What are the future prospects for radioimmunotherapy? Several investigators are 
beginning to think of this modality as a complement to conventional external beam 
radiotherapy. For example, several patients with AML achieved complete remission 
when given iodine-131-labeled antibody together with 12 gy of external beam irradia
tion and cytoxan (6,44). A similar approach may be appropriate in treatment of certain 
solid tumors in order to achieve a sterilizing total dose of radiation at the tumor (45). 
The early results in the use of radioimmunotherapy for treating relapsed leukemias 
and lymphomas have been encouraging, although the therapy is far from optimized 
and may generally require concomitant ABMT. In particular, the optimal radionu
clide and method of linkage to antibody still need to be defined (27,28), and human
ized antibodies need to be tested in the clinic to overcome the limitations on multiple
course therapy imposed by the generation of HAMA (35). Nevertheless, even with 
these improvements, it may be that the long-term prospects for radioimmunotherapy 
may be confmed to treating radiosensitive tumors utilizing myeloablative doses together 
with bone marrow rescue, or as an adjunct to external beam irradiation, owing to the 
intrinsic limitations of radiolabeled antibodies to deliver a sterilizing dose of radiation 
to tumor (46). Radioimmunotherapy will likely remain confmed to specialized clinical 
centers with facilities for performing ABMT and for coping with issues, such as radia
tion exposure of medical staff and handling radioactive waste, which are problematic 
with systemic administration of radioactivity. 

4. IMMUNOTOXINS 

The limited expression of antigens suitable as targets for immunoconjugates on the 
surface of tumor cells_ (in general 104-10' and very rarely more than 106 antigens/ cell) 
coupled with the pharmacodynamics of large molecules, such as ')'-immunoglobulins, 
compelled scientists to search for the most potent cytotoxic agents to be used as effec
tors in immunoconjugates. Known protein toxins from plants, such as ricin, abrin, 
volkensin, and viscumin, and from bacteria, such as diphtheria toxin and pseudomonas 
exotoxin A, fit into this category. This spurred research into a better understanding of 
the mechanism by which these toxins destroy cells, so as to be able to harness their 
deadly power for the selective killing of tumor cells. 

The above-listed toxins kill cells by catalytically inactivating cellular protein synthe
sis. The plant toxins, also called ribosome-inactivating proteins (RIPs) are N-glyco
sidases that remove the adenine base of residue 4324 of the 28S ribosomal RNA of the 
60S subunit of eukaryotic cells (47). The bacterial toxins use NAD+ to ADP-ribosylate 
elongation factor 2 (48). Because the final targets for the toxic action are cytoplasmic, 
the process of intoxication involves, therefore, at least three functions: 
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1. A binding function to localize the toxin to a cell surface; 
2. A translocation function to transfer the toxin or its catalytic subunit to the cytoplasm, 

which needs a mechanism to translocate the protein through the lipid bilayer of a mem
brane, and; 

3. An enzymatic function that inactivates the essential cellular process of protein synthesis. 

Plant toxins are composed of two protein subunits of approximately equal size, 
called A-chain and B-chain, that are linked via a disulfide bond. The A-chain contains 
the enzymatic activity, and the B-chain provides the binding and translocation func
tion. B-chains are lectins with specificity for galactosides and interact tightly with 
terminal galactose moieties of oligosaccharides found on the surface of eukaryotic 
cells (49). For ricin, it has been demonstrated that the translocation function is 
inseparably linked with the binding to galactose residues (50). 

Diphtheria toxin (DT) binds to a protein receptor present on human cells and is 
internalized by endocytosis into acidified vesicles, where it is proteolytically cleaved 
into disulfide-linked fragments A and B. Cleavage establishes the full enzymatic activ
ity in fragment A and fragment B retains the binding and membrane translocation 
function (48). (The similarity between the bacterial DT and the plant toxin ricin is 
remarkable, especially when one considers that ricin is transcribed initially as a single
chain preproricin, where the A and B chains are connected via a 12 amino acid frag
ment that is proteolytically removed, leaving the disulfide-linked A and B chains.) In 
pseudomonas exotoxin A (PE), the three functions are located in three molecularly 
and structurally separated domains of the single-chain protein. The N-terminal domain 
Ia binds to a protein receptor on human cells, the middle domain II encodes the mem
brane translocation function, and the C-terminal domain III contains the enzymatic 
activity. As with DT, only the catalytic domain III reaches the cytosol of the cell after 
PE is proteolytically cleaved in acidified vesicles following endocytosis (48,51). Inter
estingly, domain III contains at the C-terminus the amino acid sequence REDLK 
(ArgGluAspLeuLys) that is required for its cytotoxicity. It may act as an intracellular 
localization signal, since replacement with the known endoplasmic retention signal 
KDEL (LysAspGluLys) preserves its toxicity (52). 

In all toxins, the binding and enzymatic toxicity functions are physically separated, 
either into separate subunits or into separate domains. When the first immunotoxins 
were prepared, the membrane translocation function was little appreciated or under
stood, and the easily separated toxic subunits ricin A chain or DT fragment A were 
simply linked to more specific binding moieties, the newly developed MAbs. More 
elegantly even, it was found that most plants produce single-chain RIPs that have a 
similar molecular size and the same catalytic function as ricin A chain (53), and immu
notoxins could be rapidly produced without fear of contamination by nonspecifically 
binding B chain. Indeed, it was only the disappointing results with these early immu
notoxins-their in vitro cytotoxicities were generally much lower than that of their 
respective native toxins-that led to the general recognition of the third function of 
native toxins, the membrane translocation function. 

The different structural and functional arrangements found in the above toxins 
necessitated different approaches for each toxin to eliminate their native, nonselective 
binding function, while maintaining their membrane translocation and enzymatic 
activities. For ricin, the binding affinity to its natural cell-surface ligands was lowered 
by > 1000-fold by covalently linking affinity ligands into the two high-affinity galac-
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tose binding sites of its B chain (54). This so-called blocked ricin, when incorporated 
into immunotoxins, killed the antibody target cells with a potency and efficiency sim
ilar to native ricin (55). Thus, it was concluded that the membrane translocation func
tion in B chain had been preserved. Mechanistic studies demonstrated that the residual 
low-affinity binding of blocked ricin to galactoside residues, although not interfering 
with the antibody-directed selectivity and specificity on the cell surface, was necessary 
for the potency of the immunotoxin (56). 

The single-chain bacterial toxins PE and DT were cloned, and genetic mutational 
methods were applied to change their binding characteristics. In PE, where the three 
domains are each associated with a single function, binding domain Ia was simply 
deleted to create PE40. When PE40 was then linked chemically to an antibody, the 
cytotoxicity and specificity of the resulting immunotoxin demonstrated that PE40 
contributed the translocation and toxicity function of PE, but not the nonselective 
binding (57). The genetic manipulation not only allowed the removal of the coding 
region for domain Ia of the PE gene, but allowed its replacement by a gene of another 
binding protein, therefore creating fusion toxins. Fusion toxins with growth factors, 
hormones, lyrnphokines, and single-chain antibodies (Fv) were created (fusion toxins 
have been reviewed in [58,59]), and this chapter only discusses antibody-based toxins, 
i.e., immunotoxins). Similar genetic approaches have been tried with DT. Indeed, 
fusion toxins were first created between a-melanocyte-stimulating hormone or inter
leukin-2 and a truncated form of DT lacking its C-terminal binding domain (60). 
However, the relatively low cytotoxicity of these constructs indicated that efficient 
membrane penetration was linked to the specific binding of DT to its receptor. Indeed, 
the most potent specific immunotoxin with DT incorporated the whole toxin with 
point mutations in the B fragment that lowered the binding activity without affecting 
the translocation. The promising mutant CRM107 has two point mutations and a 
8000-fold lower binding affinity (61). 

The first immunotoxins evaluated clinically in cancer patients were conjugates of 
antilymphocyte antibodies linked to ricin A chain. As discussed above, it is the authors' 
opinion that most of these conjugates lacked adequate cytotoxicity, and not surpris
ingly, most of these conjugates were not pursued beyond Phase I clinical trials in cancer 
patients. One lesson learned, however, was that relatively large amounts of foreign 
proteins-murine IgG and ricin A chain from a plant-could be administered without 
significant allergic reactions. 

The first published report on the clinical use of an immunotoxin that incorporated 
the translocation domain of a bacterial toxin was the ip administration of OVB3-PE 
to patients with refractory ovarian cancer (62). Dose-limiting toxic encephalopathy, 
likely owing to crossreactivity of OVB3 with normal human brain tissue, was observed 
early at the low dose of 5 ~tglkgl d x 3 d that was not able to induce any clinical anti
tumor responses. Intact PE with its binding domain Ia was used, and noPE-directed 
binding is reported. Conjugation of the antibody via the noncleavable linker might 
have occurred in the binding domain, and, therefore, diminished its activity. The 
same authors proceeded then to prepare chemical conjugates or fusion toxins between 
truncated forms of PE that lacked the binding domain and antibodies or fragments 
of antibodies. Some of the promising conjugates that might enter clinical evaluation 
are anti-Tac(Fv)-PE40 for leukemias and transplant rejection, one of the different 
anti-HER2/erbB2-PE40 or anti-HER2/erbB2-PE38KDEL conjugates against breast 
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cancer, and B3(Fv)-PE38KDEL against LeY antigen-positive carcinomas (reviewed in 
ref. 59). 

The clinical evaluation of conjugates containing mutant whole DT is made more 
difficult by the immunity of most patients against DT. It was, therefore, proposed to 
use immunoconjugates with the DT mutant CRM107 for regional therapy at immu
nologically privileged sites, such as tumors in the central nervous system (63,64). 

The altered whole ricin toxin, called blocked ricin (bR), was incorporated into three 
immunoconjugates that were clinically tested. Anti-My9-bR, which binds to CD33 
found on cells of myeloid lineage, was used to deplete ex vivo AML cells from auto
logous bone marrow from AML patients (65,66). Treatment with Anti-My9-bR elim
inated more than 4logs of leukemic cells, and fewer normal hematopoetic progenitor 
cells were affected than with a treatment using anti-My9 antibody and complement, 
leading to a more rapid engraftment (67). N901-bR reactive with a neural cell adhesion 
molecule (NCAM, CD56) uniformly expressed on small-cell lung carcinomas (SCLq 
was tested in a Phase I clinical trial on 19 patients with relapsed and/ or refractory 
SCLC at doses ranging from 5 to 40 J.Lg/kg/ d given as a continuous infusion over 7 d 
(68). Specific in vivo binding of N901-bR to tumor in the lung, bone marrow, and 
liver was demonstrated on biopsies. All patients developed human anti-mouse Ig anti
bodies (HAMA) and antiricin antibodies (HARA). One patient at the maximal 
tolerated dose (MTD) of 30 J.Lg/kg/d x 7 d achieved a partial remission. The investi
gator proposed to use this conjugate when patients are in a state of minimal residual 
disease (MRD) and plans to initiate a Phase II trial studying patients with SCLC 
following aggressive induction chemotherapy (68). 

Anti-B4-bR binds to the B-celllineage-restricted antigen CD19, which is expressed 
uniformally on normal and malignant B-cells. The immunoconjugate was first evalu
ated clinically in a Phase I trial, where 25 patients with refractory B-cell malignancies 
were treated with daily 1-h infusions on five successive days (69). Despite the clinical 
responses observed-one complete, two partial, and eight mixed or transient responses
it was believed that the chosen schedule of administration was not ideal. The pharma
cokinetic results indicated that significant serum levels were only maintained for about 
4 h. The same authors undertook, therefore, a second Phase I study, where a 7-d con
tinuous infusion schedule was used to treat 34 patients with NHL, CLL, or acute lym
phocytic leukemia (ALL) (70). Significant serum levels were now maintained for the 
duration of drug administration. Two complete responses lasting more than 32 and 
15 mo and five partial responses of short duration were reported. Both complete 
responses were observed in patients with lower tumor burden, which suggested that 
Anti-B4-bR might be most successfully applied after reduction of the tumor burden 
by chemotherapy and radiation. Because of the different mechanism of action, 
Anti-B4-bR would still be capable of eradicating the remaining chemo- and radio
resistant tumor cells. This adjuvant immunotoxin therapy was tested in the setting of 
autologous bone marrow transplantation for NHL patients. After patients had success
fully engrafted and were in complete remission, they were treated with the conjugate 
in the hope of eliminating MRD and to prolong their disease-free survival (71). Again, 
the unique mechanism of killing makes immunotoxins ideal drug candidates for this 
setting, where the residual tumor cells are often resistant to further chemotherapy. 

The above clinical trials evaluate immunotoxins as single agents in different clinical 
settings. However, as with other anticancer agents, their full potential may ultimately 
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Fig. 3. Synergism between Anti-B4-bR and cytotoxic drugs for the treatment of disseminated mdr-1-
expressing Burkitt's lymphoma tumors in SCID mice. Animals bearing 7-d-old tumors administered 
iv (73) were treated either with Anti-B4-bR alone (IT, 50 llg/kg/d X 5 d) or a chemotherapeutic drug 
alone at its MTD (VCR, vincristine, 3 x 1 mg/kg qod; ADR, adriamycin, 3 x 3 mg/kg q4d; VP16, 
etoposide, 3 x 15 mg/kg qod), or with a combination of Anti-B4-bR first (50 jlg/kg/d x 5 don days 
7-11) followed by a chemotherapeutic drug (IT + VCR at 3 x 400 llg/kg q5d, on days 12, 17, and 
22; IT + ADR at 3 x 3 mg/kg q5d, on d 12, 17, and 22; IT+ VP16 at 3 x 15 mg/kg q5d, on days 
12, 17, and 22). Untreated control animals died with a mean survival time of 24 d. Chemotherapeutic 
drugs alone ~howed no antitumor efficacy against the mdr-1 tumors, since they could not increase 
the life-span of animals. Immunoconjugate alone increased the life-span by 50o/o. All three combina
tion treatments increased the life-span by more than 100%, demonstrating a synergistic effect 
between the immunoconjugate and the chemotherapeutic drugs. 

come to fruition in combination treatments with other chemotherapeutic agents. It 
has already been demonstrated that Anti-B4-bR synergizes with chemotherapeutic 
agents in the treatment of human disseminated lymphomas in SCID mice (72, 73), 
and more dramatically in the same model for the treatment of disseminated lym
phomas expressing the multidrug resistance P-glycoprotein (74) (Fig. 3). These exciting 
findings have led to the design of several human clinical trials exploring this potential. 

Immunotoxins are novel chemotherapeutic agents for the treatment of cancer. 
However, no drug of this category has yet been approved by health authorities. The 
most advanced in testing, Anti-B4-bR, is currently undergoing evaluation in a random
ized multicenter Phase III trial. The potential of immunotoxins is lodged in their 
potency, tumor selectivity and, foremost, in their unique killing mechanism. This 
renders them drug candidates for treatment in disease settings refractory to further 
standard treatment and for incorporation into multidrug regimens. 
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5. ANTIBODY-DRUG CONJUGATES 

Anticancer drugs in clinical use, such as doxorubicin, methotrexate, and the Vinca 
alkaloids, have limited selectivity for tumors, and hence, their cytotoxic potency can
not be fully exploited for the destruction of cancer cells. Their high toxicity toward 
actively proliferating nonmalignant cells, such as cells of the gastrointestinal tract and 
bone marrow, becomes dose-limiting. The linkage of cytotoxic drugs to MAb binding 
to specific cell-surface tumor-associated antigens should enhance the selectivity of 
these drugs by targeted delivery. It was expected that this approach would improve 
the therapeutic index of these drugs by lowering their systemic toxicity to sensitive 
normal tissues, while enhancing the local concentration of the cytotoxic agent at the 
tumor site. Several reports summarize the early development of MAb-drug conjugates 
(75-79), where, in general, clinically used cytotoxic anticancer drugs, such as dauno
rubicin, doxorubicin, methotrexate, Vinca alkaloids, mitomycin C, idarubicin, and 
melphalan, were conjugated to a multitude of murine MAbs. Initially, these drugs were 
linked directly to antibodies via noncleavable bonds and, in most cases, an average of 
4-8 drug molecules were linked/molecule of antibody. Most conjugates lacked cyto
toxic potency-they often were less cytotoxic than the free drugs-and attempts were 
made to improve them by linking to the antibody a larger number of drug molecules 
via macromolecular carriers, such as dextran, polyglutarnic acid, polylysine or human 
serum albumin. However, the unfavorable pharmacokinetics and pharmacodynamics 
observed in animals with such conjugates discouraged further development (80). 

In the next development phase, the emphasis shifted toward the development of 
conjugates, where the antibody molecules were linked to drugs via linkers that would 
be cleaved inside the cell to release active drug. One of the cleavable linkers that has 
been widely employed is an acid-labile linker that takes advantage of the acidic environ
ment of the endosomes that might be encountered after receptor-mediated endocyto
sis. Acid-labile linkers based on cis-aconitic acid have been used for the preparation 
of conjugates of daunorubicin with macromolecular carriers (81), with an antimelan
oma antibody (82) and an anti-T-cell antibody (83). Vinblastine and its analogs were 
linked to antibodies using an acid-labile hydrazide linker (84,85), which was also used 
for doxorubicin conjugates (86). In an alternative approach, daunorubicin was linked 
to an antibody via a peptide spacer arm under the premise that free drug would be 
released from the conjugate by the action of lysosomal peptidases (87). 

Evaluation of their in vitro cytotoxicity revealed that these early conjugates were 
usually less potent than the parent unconjugated drugs, indicating the therapeutic 
levels of the drugs were not achieved inside target cells. Also, only marginal antigen
specific killing of the target cancer cells in vitro was observed. Typically, a target
specific and an analogous nontargeted conjugate differed in their effective concentra
tions against a given cell line only by factors of 2-10. Nevertheless, when evaluated in 
vivo, several of these conjugates showed greater therapeutic efficacy in human tumor 
xenograft models in immunodeficient mice than the corresponding unconjugated 
drugs or isotype-matched nonbinding antibody-drug conjugates. For example, it has 
been recently reported that immunoconjugates prepared with the MAb BR96 and 
doxorubicin completely cured athymic mice that had been implanted sc with human 
tumor xenografts (88). This result maybe explained by the high antigen expression 
( > 106 antigens/ cell for BR96) and the large doses of immunoconjugate administered. 
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The latter is a common theme in successful treatment of tumor xenografts in animal 
models. 

The preclinical results obtained with antibody-drug conjugates were sufficiently 
encouraging to warrant evaluation of these agents in humans. An immunoconjugate 
of methotrexate and the MAb KSl/4, which binds to a 40-kDa glycoprotein antigen 
that is expressed in human lung, colorectal, pancreatic, and ovarian adenocarcinomas, 
was evaluated in two different Phase I human clinical trials in nonsmall-cell lung 
cancer patients (89,90). A majority of patients elicited a HAMA response. Immuno
peroxidase staining of carcinoma samples provided evidence of posttreatment locali
zation of the conjugate. However, there were no clinical responses in either study. 
The same KSl/4 antibody was also linked to vinblastine via either an acid-labile hydra
zide linker or an ester link and then evaluated in clinical trials in patients with adeno
carcinomas (91,92). Again, a majority of the patients elicited a HAMA response, and 
again, no clinical responses were observed in these studies (89). Although conjugates 
of KSl/4 with methotrexate and vinblastine showed antitumor efficacy in human 
xenograft tumor models in mice, these results did not translate into clinically useful 
products and, to the best of our knowledge, human studies with these immunocon
jugates have been discontinued. Recently, a human clinical trial has been initiated in 
colon cancer patients with the MAb BR96 linked to the anti-cancer drug doxorubicin 
via acid-labile hydrazide bonds (93). 

Lack of clinical success with these early antibody-drug conjugates suggests that it 
was not possible to achieve intracellular concentrations of the drug required to kill 
sufficient numbers of cancer cells. Possible reasons for these outcomes may be: 

1. Lack of cytotoxic potency: a majority of commonly used anticancer drugs are only 
moderately cytotoxic and a large number of drug molecules, too large to be achievable 
by antibody delivery, have to be internalized to cause cell death; 

2. Dearth of antigens on cell surfaces; 
3. Inefficient internalization of antigen-antibody complexes; and 
4. Inefficient release of the drug from the antibody and often release of a modified, less 

active form of the drug. 

New and very promising antibody-drug conjugates seek to overcome these short
comings through the use of 100- to 1000-fold more potent cytotoxic drugs and the use 
of disulfide-containing linkers to ensure rapid release inside target cells. Maytansin
oids, CC-1065 analogs, calicheamicin derivatives, and morpholinodoxorubicin were 
incorporated into new conjugates. Linkage of a highly cytotoxic maytansinoid drug 
to MAb produced immunoconjugates that exhibited high, antigen-specific cytotoxicity 
in vitro (94). Thus, a disulfide-linked maytansinoid immunoconjugate (C242-May) 
prepared with the MAb C242, which recognizes the CanAg antigen (95) expressed on 
the surface of human colon cancer cells, kills antigen-positive COLO 205 cells with an 
ICso value of 1.2 x t0- 11M, with> 99.9990Jo of the cells killed at a conjugate concen
tration of 5 x 10- 9M. In contrast, the conjugate is at least 600-fold less cytotoxic 
toward antigen-negative A-375 cells (IC50 = 7.6 x 10- 9M), demonstrating the antigen 
specificity of the cytotoxic effect (Fig. 4A). The high antigen-specific cytotoxicity 
of these conjugates observed in vitro encouraged further evaluation of this conjugate 
for therapeutic efficacy in vivo in a human tumor xenograft model in SCID mice. 
Animals were implanted sc with COLO 205 cells, which were allowed to grow for 
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Fig. 4. (A) In vitro cytotoxicity and specificity of C242-maytansinoid conjugate. The in vitro cyto
toxicity of C242-maytansinoid conjugate was measured on antigen-positive human colon carcinoma 
COLO 205 (ATCC CCL 222) cells (closed triangles) and antigen-negative human melanoma A-375 
(ATCC CRL 1619) cells (open triangles), using a clonogenic assay. Cells were plated in varying 
numbers in 96-well plates in 0.2 mL growth media containing varying concentrations of immuno
conjugate. The cells were maintained in a humidified atmosphere at 37°C and 60Jo CO, for 18-21 d. 
Colonies were then counted, and the plating efficiency and surviving fractions determined. Surviving 
fractions of cells are plotted as a function of immunoconjugate concentration. (B) Antitumor efficacy 
of C242-May conjugate. The therapeutic efficacy of C242-May was determined in a established 
human tumor xenograft model in SCID mice that had been implanted sc with COLO 205 colon car
cinoma cells. Mice (8-10 animals/group, 4 groups) were inoculated sc with l x 10' COLO 205 cells. 
The tumor was allowed to establish for 7-10 d, and treatment was begun when the average tumor 
size was between 65 and 100 mm3 • One group of mice was left untreated, and a second group was 
treated iv with C242-May at a maytansinoid dose of 380 IJ.g/kg/d administered every other day for 5 
d. The remaining two groups of animals served as negative controls and were treated, using the same 
schedule, with an equivalent amount of unconjugated C242 antibody (15 mg/kg/d) plus free may
tansinoid (380 IJ.g/kg/d), or with the isotype matched yet nonbinding maytansinoid conjugate N901-
May (maytansinoid dose 380 IJ.g/kg/d). Tumor size is plotted as a function of time. Control mice: 
open circles; treated mice: C242-May, closed triangles; C242 + May, open triangles; N901-May, 
open squares. 

7-10 d before treatment started when the tumor size was between 65 and 100 mm3• 

C242-May, at a maytansinoid dose of 380 p.g/kg/d x 5 (conjugate dose 15 mg/kg/d), 
completely cured all mice of the tumor and animals were disease-free for > 140 d. In 
contrast, treatment with a mixture of unconjugated maytansinoid and antibody or 
with the isotype-matched yet nonbinding conjugate N901-May had little effect on the 
rate of tumor growth when compared with the untreated control mice (Fig. 4B). The 
results are very encouraging especially in view of the fact that cures with C242-May 
were also seen at doses (225 pg/kg/d x 5 maytansinoid dose), well below the maximum 
tolerated dose of the immunoconjugate. 

This approach was extended to another potent cytotoxic drug, DCl (96), which is 
a synthetic analog of the potent natural product CC-1065. An immunoconjugate called 
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Fig. S. (A) In vitro cytotoxicity and specificity of Anti-B4-DC1. In vitro cytotoxicity was measured 
using a growth-back extrapolation assay. Namalwa cells (ATCC CRL 1432) and MOLT-4 cells 
(ATCC CRL 1582) (4 x 10' cells, 2 mL) were exposed for 24 h to different concentrations of con
jugate at 37 °C. Cells were washed, centrifuged, resuspended in fresh growth media, and counted. 
Cells were then incubated at 37 oc and counted daily using a Coulter counter. Surviving fractions of 
cells were determined and plotted as a function of conjugate concentration. Namalwa cells: closed 
circles; Namalwa cells in the presence of 5 x w- 7Munconjugated anti-B4 antibody: open circles; 
MOLT -4 cells: open triangles. (B) Therapeutic efficacy of Anti-B4-DC1. The therapeutic efficacy of 
Anti-B4-DC1 was determined using an established iv human tumor xenograft survival model in SCID 
mice. Mice (10 animals/group) were inoculated iv with 4 x 10' Namalwa (Burkitt's lymphoma) 
cells. Treatment was begun iv after tumor was established (day 7) with either Anti-B4-DC1 (5 mg/kg/d 
x 5, corresponding to 82 !Lg/kg/d DC1 content) or with an equivalent mixture of unconjugated 
anti-B4 antibody plus free DC1 drug. A control group of animals was left untreated. Control animals: 
open squares; treated animals: Anti-B4-DC1, closed circles; anti-B4 plus free DC1, open circles. 

Anti-B4-DC1 prepared with DC1 and the MAb anti-B4, which recognizes the CD19 
antigen found on cells in B-cell malignancies, kills antigen-positive Namalwa cells 
efficiently with an IC5o value of 1.3 x 10- 11M after 24 h of exposure to the con
jugate. The killing curve is very steep with > 99.9990Jo of cells eliminated (surviving 
fraction of cells < 1 x 10-S) at an immunoconjugate concentration of 5 x 10-1oM. 
Again the cytotoxic effect was antigen-specific, since the conjugate was about 400-fold 
less cytotoxic toward antigen-negative MOLT-4 cells. The addition of a 100-fold 
excess of unconjugated anti-B4 antibody abolished the cytotoxic effect of anti-B4-DC1 
toward antigen-positive Namalwa cells, further demonstrating the antigen specificity 
of the cytotoxic effect (Fig. 5A). Anti-B4-DC1 also showed significant therapeutic 
efficacy against an established human tumor survival model in SCID mice (73). Mice 
(10 animals/group) were inoculated intravenously with Namalwa cells (4 x 106 cells/ 
animal) and iv treatment was begun on day 7, when the tumor had grown to 7 x 10' 
cells. The group of untreated control mice had a median survival time (MST) of 24 d, 
whereas the group treated with a mixture of antibody and unconjugated drug showed 
a slight therapeutic effect with an MST of 30 d. Anti-B4-DC1 (80 p.g/kg/d DC1 dose) 
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administered once every day for 5 d showed a pronounced antitumor effect with a 
2.6-fold increase in life-span (MST = 62 d) (Fig. 5B). 

Similar antitumor efficacy in an animal model was described for an immunocon
jugate comprising a hydrazide-linked calicheamicin derivative (97). The preparation 
and in vitro evaluation of an immunoconjugate with the fourth drug mentioned above, 
morpholinodoxorubicin, which is about 40-fold more potent than doxorubicin itself, 
have also been described recently (98). 

The new antibody-drug conjugates were built with the experience and insight gained 
during the last 15 years of immunoconjugate research, and they incorporate features 
that make them promising improved chemotherapeutic agents whose clinical evalua
tion is eagerly awaited. All the clinical drugs will include humanized antibodies allow
ing their use during several cycles of remission induction and consolidation treatment. 
Whether the size will hamper their efficacy against solid tumors is not at all clear 
from the preclinical models. However, molecular biological methods allow for the 
easy production of antibody fragments, such as Fab, F(ab '), and Fv fragments, and 
it is possible to incorporate them into drug conjugates. Coupled with their smaller 
size, however, is a much faster clearance rate and often an inability to retain their 
binding affinity on drug conjugation. Only careful preclinical and clinical evaluation 
will ultimately allow the determination of the most efficacious type and forms of anti
body-drug conjugates. 

6. CONCLUSIONS 

The use of immunoconjugates for the treatment of cancer, i.e., the selective delivery 
of cytotoxic agents to tumor cells, seemed to be a simple, straightforward idea whose 
time had come with the arrival of the MAb technology in 1975. Today, 20years later, 
no such agent is yet an approved drug. Every element contributing to the success 
(antitumor efficacy in patients) of an immunoconjugate had to be newly developed. 
Specific target antigens had to be discovered, and appropriate effector molecules 
had to be found and had to be linked via suitable linkers. Killing mechanisms needed 
to be explored to preserve the potency of toxins. Novel, more potent chemotherapeutic 
drugs had to be evaluated and had to be modified for covalent linkage to antibodies, 
and new chelators for radioisotopes had to be synthesized. Pharmacokinetic and 
pharmacodynamic problems with the large immunoconjugates as well as the patients' 
immune responses to foreign proteins had to be considered. Today, immunoconjugates 
are at the stage of evaluation in Phase II and Phase III clinical trials, giving testimony 
to success in finding solutions to these challenging questions. Important new tech
nologies were also developed, such as the humanization of murine antibodies, the 
phage display of the antibody repertoire, and combinatorial chemistry, that allowed 
the identification of novel tumor-selective antibodies at a more rapid pace and their 
efficient incorporation into effective, nonimmunogenic immunoconjugates. The need 
for selective anticancer agents has not changed, and immunoconjugate development 
is positioned well to contribute its part in filling this need. 
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1. INTRODUCTION 

Conventional cancer treatment generally employs cytotoxic agents that, by inhibiting 
DNA replication or mitosis, are most effective against rapidly growing tumors. Clearly 
we have witnessed successes against various leukemias, lymphomas, and some solid 
tumors, such as testicular cancer. With some exceptions, there generally exists a close 
correlation between tumor proliferation rate and sensitivity to cytotoxic drugs (J). 
Therefore, a critical need still exists for the development of agents that will target the 
more refractory tumors that are distinguished by a low growth fraction, such as 
colon adenocarcinoma, nonsmall-celllung cancers, and pancreatic carcinomas. Despite 
a roughly 40-year search for more efficaceous antitumor drugs, very few new agents 
have shown sufficient broad-spectrum activity for entering mainstream chemotherapy. 

During the last decade, our understanding of the molecular basis of neoplasia has 
been significantly expanded, consequently opening up a number of previously unex
plored targets for anticancer drug design. One such target is the ras oncogene and its 
21-kDa protein product (p21 Ras), which plays a pivotal role in signal transduction 
pathways involved in growth control and, when mutated, has been linked to transfor
mation. In light of the fact that cancer is a disease of uncontrolled proliferation, ras 
has emerged as an attractive candidate for the design of therapies suppressing its 
expression or function. 

This chapter will describe the normal cellular function of Ras and discuss how ras 
mutations can have dire consequences both with regard to development and subse
quent treatment of human malignancies. The rationale behind several diverse strategies 
for ras-directed therapeutic intervention will then be explored along with a review of 
the progress reported to date. 
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2. CELLULAR DEPENDENCE ON ras FUNCTION 

The regulation of normal cell growth involves the interplay of a number of proto
oncogene products that ensure the efficient transmission of extracellular signals to the 
nucleus. Central to the complex circuitry within the cell are a family of 21-kDa pro
teins encoded by the ras proto-oncogenes, which act as molecular switches by virtue 
of their guanine nucleotide binding capacity. More than 50 proteins have been identi
fied to date as belonging to the ras superfamily and collectively act as signaling mole
cules for a broad range of cellular functions ranging from cellular proliferation and 
differentiation to cytoskeleton assembly and vesicular trafficking. The universal 
importance of Ras proteins is evidenced by their ubiquitous and highly conserved 
nature among eukaryotic organisms. 

Microinjection studies provided perhaps the earliest compelling evidence for the 
critical role played by Ras in signal transduction. The stimulation of DNA synthesis 
that normally occurs on the addition of serum to quiescent fibroblasts did not occur 
when fibroblasts were microinjected with a neutralizing anti-ras antibody (2). Con
versely, microinjection of oncogenic Ras protein stimulated DNA synthesis in the 
absence of exogenous growth factors (3). The universal role of Ras in cell growth and 
differentiation is also supported by microinjection studies showing that anti-Ras anti
bodies inhibit the neuronal differentiation of PC12 pheochromocytoma cells and 
block insulin-induced maturation of Xenopus oocytes (4,5). 

A single base mutation in one of the three mammalian ras genes, H(arvey)-, 
K(irsten)-, and N(euroblastoma)-ras, is sufficient to transform cells to malignancy. 
Although the relevance of ras mutations in neoplastic disease has been known for 
over 20 years, the design of Ras inhibitors has historically been hampered by a lack of 
clear understanding of the precise role of Ras and its regulatory interactions in signal 
transduction. This is no longer the case. 

Signal transduction begins with an external signal, e.g., a growth factor, hormone, 
or antigen, binding to its cell-surface receptor. As illustrated in Fig. 1, once the extra
cellular ligand, e.g., epidermal growth factor (EGF), binds to its receptor, dimeriza
tion of the receptor occurs. Intermolecular mechanisms are then responsible for the 
activation of intrinsic tyrosine kinase activity followed by autophosphorylation of 
specific tyrosine residues (6). 

Subsequent to receptor activation, a number of protein-protein interactions come 
into play by switching Ras "on" as opposed to its normal state when it is tightly bound 
to GDP and inactive. One feature shared by these regulatory proteins is that they con
tain Src-homology domains, responsible for the recognition of specific amino acid 
sequences containing either phosphotyrosine (SH2) or proline and hydrophobic 
residues (SH3) (7). The adapter protein Grb-2 contains both SH2 and SH3 domains; 
Grb-2 first binds to the activated receptor by virtue of its SH2 region and then associ
ates with the Ras activator protein Sos 1, the latter event being facilitated by the presence 
of two SH3 regions within Grb-2 (8). Complex formation between Grb-2 and Sosl 
serves to recruit Sosl into close proximity to Ras, thereby promoting activation of this 
G protein. Sosl functions as a guanine nucleotide exchange factor and, on binding to 
Ras, disrupts its conformation, thereby causing the dissociation of GOP, which leaves 
the Ras protein free to bind GTP (9,10). In this scenario, Ras must be present at the 
plasma membrane. Since Ras does not contain a transmembrane domain, membrane 
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/;'"" pp90rsk p62TCF cPLA2 PHAS-1 

Fig. 1. Key players in the ras signaling pathway (see text for details). 

localization is accomplished by the posttranslational addition of a lipid moiety (farn
esyl group) to the carboxyl-terminus of p21, thereby facilitating insertion of the Ras 
protein into the plasma membrane. This modification will be covered more exten
sively in Section 4. 

Under normal conditions, the cell tightly regulates the proportion of active Ras such 
that quiescent cells in Go generally have < 50fo of their total Ras pool in the active state 
compared to nearly 50% on mitogenic stimulation (JJ). Although Ras, as a G protein, 
has intrinsic GTPase activity and will eventually hydrolyze bound GTP to GDP and 
inorganic phosphate, the negative regulatory protein GAP (GTPase-activating pro
tein) acts to accelerate the deactivation of Ras, so that the rate of proliferation is kept 
under control. GAP was first identified by Trahey and McCormick as an activity that 
stimulated GTP hydrolysis of microinjected oncogenic Ras in Xenopus oocytes (12). 
A dual functionality has been ascribed to GAP, which serves as a downstream target 
of Ras function in addition to playing the role of negative regulator. Its effector pro
perties were suggested when it was discovered that oncogenic ras mutants, despite 
their unresponsiveness to GAP stimulation, still required interaction with GAP for 
transforming activity (13). GAP, which has a mol wt of 120 kDa, contains two SH2 
domains and one SH3 domain at its N-terminus, allowing it to interact with the cel
lular proteins p62 and p190, a feature that is apparently critical for its signal transduc
ing activity (14, 15). The cellular functions of p62 and p 190 remain unclear, although 
it is believed that a complex between GAP 120 and p 190 could serve to couple activated 
growth factor receptor signals to Ras and Rho/Rae proteins, which are involved in 
regulation of cytoskeletal actin assembly (16). In this manner, cell-cycle progression 
could be coordinated with cytoskeletal reorganization (17). 
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Once Ras is switched "on," activation of the mitogen-activated protein kinases, 
i.e., the MAP kinase cascade, is the final series of events leading to transmission of 
growth signals to the nucleus. The MAP kinases, also referred to as extracellular sig
nal-regulated kinases (ERKs), are serine/threonine kinases. The activity of the first 
enzyme in this cascade, MAP kinase, depends on a dual specificity kinase capable of 
phosphorylating both a threonine and a tyrosine residue. Such dual functionality has 
been ascribed to the c-raj-1 proto-oncogene product. Raf, which acts as an MAP 
kinase kinase, has been found to complex with Ras, only when the latter protein is 
activated, i.e., in its GTP-bound state (18). Recent studies have elegantly shown that 
if raj is genetically manipulated to contain the membrane localization signal of k-Ras 
conferred by its carboxy-terminus, then it becomes constitutively localized at the 
plasma membrane and completely bypasses a need for Ras (19,20). They conclude 
that Ras is able to transmit signals downstream by virtue of its ability to recruit Raf to 
the plasma membrane where a distinct, Ras-independent, Raf activation event occurs. 
Once Raf is activated, the enzymatic activity of Raf, namely MAP kinase kinase kinase, 
phosphorylates MEK (MAP kinase kinase), which in turn phosphorylates MAP kinase 
(ERK). Like Ras, MAP kinase appears to be tightly regulated, becoming activated on 
phosphorylation and deactivated by various tyrosine phosphatases. The substrates 
for MAP kinase are diverse; on its own phosphorylation, MAP kinase directs the 
phosphorylation of transcription factors, including c-jun and p62TCF (21), and also 
phosphorylates other kinases, e.g., pp90rsk, promoting their entry into the nucleus to 
carry out activation of transcription factors (22). 

The preceding overview highlights only the key interactions of Ras and its many 
upstream and downstream partners in mitogenic signaling, and points to obvious 
potential targets for the design of Ras inhibitors. However, it should be kept in mind 
that the whole picture is considerably more complex, in part because of the existence 
of multiple Ras partner proteins that sometimes appear to have identical functionality 
(see comprehensive review by Khosravi-Far and Der, ref. 23). For example, there 
exist multiple adapter proteins for Ras (Grb-2 and she) as well as two GAP regulators 
(p120GAP and neurofibromin-1). Divergent roles for seemingly similar signaling 
molecules are most likely a reflection of the evolution of the ras superfamily, with its 
large number of structurally homologous, yet functionally unique members. Because 
of their involvement in distinctly different physiological processes, ensuing crossreg
ulation is likely to occur. For example, the Ras-related protein rap-1 was recently 
found to compete with Ras for binding to Raf (24). Furthermore, p120-GAP is thought 
to act on all Ras family members. The reader is referred to an excellent review by 
Boguski and McCormick devoted to the array of proteins identified to date that are 
known to regulate members of the Ras superfamily (25). As we will see in Section 5, 
the existence of highly homologous proteins within the Ras superfamily is likely to 
pose special challenges in the design and development of a tumor-specific Ras 
inhibitor. 

3. IMPACT OF RAS MUTATIONS IN HUMAN CANCER 

ras genes have been intensely studied sinc~1982, when their ability to induce malig
nant transformation was first demonstrated (26). The critical role played by ras muta
tions in the development of human tumors can be inferred from three separate lines 



Chapter 18 I Antineoplastics 399 

Table 1 
Incidence of ras Mutations in Human Malignancies 

Tumor Activated ras gene Frequency, %0 

Pancreatic adenocarcinoma 
Colon adenocarcinoma 
Lung adenocarcinoma 
Thyroid carcinoma 
Melanoma 
Bladder carcinoma 
Hepatocarcinoma 
Renal carcinoma 
Glioblastoma 
Neuroblastoma 
Prostate 
Ovary 
Cervix 
Sarcoma 
Breast 
Lymphoid 

ALL 
NHL 
Hodgkins's 

Myeloid 
AML 
CML 

K 
K 
K 

H,K,N 
N 
H 
N 
H 

N 

N 

N 
N 

75-93 
40-47 
22-33 
53-60 
8-19 
7-17 
0-30 
7-13 
0 
0 
5b 
0 
0 
0 

0-8 

0-18 
0 

0-67 

11-70 
0-50 

0 Data represent the range of values reported in individual studies as reported by Bos (31). 
bData of Gumerlock et al. (32). 
Abbreviations: ALL (acute lymphocytic leukemia), NHL (non-Hodgkin's lymphoma), AML 

(acute myelogenous leukemia), CML (chronic myelogenous leukemia). 

of evidence. Foremost are the observations made by many groups that oncogenic Ras, 
but not normal Ras, induces increased cellular proliferation of rodent fibroblasts and 
also renders them tumorigenic (27-29). Second, transgenic mice harboring oncogenic 
ras mutations show an increased incidence of tumor formation (30). Finally comes 
the strong circumstantial evidence from epidemiological studies showing a high fre
quency of ras mutations in a wide variety of tumor types. 

In this section, we will see that ras mutations occur at a high rate in colon and 
pancreatic cancers, two tumor types notoriously refractory to standard chemotherapy. 
Treatment outcome may be further compromised by the ability of oncogenic Ras to 
enhance a tumor's metastatic potential. Finally, the potential negative impact of ras 
mutations on the outcome of alternative treatment modalities, specifically radio
therapy, will be explored. 

3.1. Incidence and Tumor Type 
The use of specific recombinant DNA-based assays and the polymerase chain 

reaction have afforded a ready and accurate means for quantitating the prevalence of 
ras mutations in human tumors. ras mutations have been detected in a wide array of 
human tumors, and are especially prevalent in tumors of the pancreas (900Jo ), colon 
(50%), and thyroid (50%) (Table 1). These mutations are relatively infrequent in 
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tumors of the breast and prostate. Overall, roughly 30% of all tumors contain an 
activated ras allele. Mutations generally occur in either codon 12, 13, or 61 of one of 
the three ras genes (H-, K, or N-), most frequently occurring in K-ras and least often 
in H-ras. 

Evidence in support of a multistep nature of carcinogenesis is compelling and has 
been most clearly demonstrated for colorectal cancer, where stepwise and cumulative 
genetic changes are thought to occur (33). Among the early events is hypomethylation 
of DNA, followed by a mutation in the APC gene and subsequent allelic loss on three 
different chromosomes. It is thought that these genetic events set the stage for sub
sequent activating mutations in the ras genes. 

There is increasing evidence that K-ras gene mutations may actually serve as reliable 
pathogenetic and diagnostic markers of neoplastic disease (34). Mutations in codon 
12 of K-ras are prevalent in aberrant crypt foci in the colon, which represent lesions 
that may be preneoplastic (35). Furthermore, mucous cell hyperplasias of the pan
creas, which arise in association with chronic pancreatitis, have also been found to 
harbor K-ras mutations with high frequency (36). At the present time, the clinical 
significance of these fmdings is unknown. However, should the evidence become 
compelling for ras mutations being confmed to neoplastic and preneoplastic tissue, 
then they may serve as useful markers for earlier diagnosis. 

3.2. Role of Oncogenic Ras in Metastasis 
The fmal stage in tumor progression is acquisition by transformed cells of the abil

ity to metastasize, i.e., they invade the bloodstream and lymphatic system, stimulate 
angiogenesis, and subsequently proliferate in tissues distant to the primary site. When 
metastatic and nonmetastatic disease has been compared for the incidence of ras 
mutations, a higher frequency has been reported for the invasive tumors (37,38). In 
view of the selective growth advantage conferred on a cell when Ras activation occurs, 
one might argue that metastatic potential is an indirect consequence. However, there is 
compelling evidence suggesting that this is not the case. Expression of oncogenic Ras 
appears to in effect reprogram the expression of critical genes associated with the 
metastatic phenotype. Specifically, Ras transformation results in increased expression 
of key metalloproteinases, i.e., stromelysin and gelatinase, whereas transcription and 
mRNA levels of TIMP-1 are decreased (39). Along these same lines, expression of the 
extracellular matrix molecule thrombospondin, which is decreased in metastatic 
tumors, is also reduced on transfection with viral K-ras (40). 

The mechanisms whereby oncogenes, such as ras, act to control stromelysin expres
sion are just now beginning to be characterized. Recent work has shown that protein 
kinase C may play a critical role in PDGF-induced activation of the stromelysin pro
moter by virtue of a novel palindromic element (41). These data suggest the existence 
of a bifurcation downstream of ras, which leads to stromelysin expression. 

3. 3. ras Expression and Radiation Resistance 
Roughly half of all cancer patients receive radiotherapy at some point during treat

ment of their disease. Since 300Jo of all tumors contain oncogenic ras mutations, then 
it stands to reason that a negative impact of activated ras on radiosensitivity of tumor 
cells would be a concern. Sklar first reported in 1988 that increased radiation resis
tance accompanied Ras transformation (42). Since that time, however, there have 
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been conflicting reports regarding the generality of this phenomenon. Although some 
researchers have confirmed a correlation between ras expression and radioresistance 
(43,44), many groups have reported that ras does not confer a change in radiosensi
tivity (45-49). The genetic heterogeneity of the various cell lines studied by these 
groups may be contributing to the conflicting data, especially in view of the fact that 
other oncogenes, e.g., raj and myc, have also been reported to affect radiosensitivity 
adversely (50). Furthermore, simultaneous transformation by two oncogenes, ras and 
myc, confers radioresistance to a much greater extent than either oncogene alone 
(51). It has also been suggested that full-length proto-oncogene may influence cellular 
radiosensitivity in a different manner from that of the activated oncogene (52). Data 
indicating that ras-conferred radioresistance is cell-cycle-phase-dependent suggests yet 
another variable among the various studies (53). 

4. EMERGENCE OF NEW THERAPEUTIC APPROACHES: 
RATIONALE AND PROGRESS 

4.1. Therapies Targeting ras Expression 
Although the concept of repairing a single base mutation by genetic therapy is 

theoretically appealing, clinically this approach remains in the distance. However, re
searchers have made excellent progress toward reducing expression of the Ras protein 
at the translational level as discussed below. 

4.1.1. ANTISENSE DNA 

One approach that has demonstrated utility in decreasing Ras protein expression 
involves the use of antisense oligonucleotides complementary to RNA transcripts of 
the activated ras oncogene. Binding of the antisense DNA presumably inhibits expres
sion of mutant ras by several mechanisms, including blocking ribosomal translation 
of the RNA transcript as well as triggering RNase H degradation of the target RNA 
(54,55). Chemical improvements have focused in part on decreasing the general sus
ceptibility of antisense reagents to nuclease degradation. Therefore oligomer analogs 
containing phosphorothioate linkages in place of the naturally occurring phospho
diester linkage have been employed to increase resistance to nucleases and therefore 
prolong biological half-life. Oligonucleoside methylphosphonates and phosphor
amidates, which are quite hydrophobic and taken up readily by cells, have subse
quently been tested with favorable in vitro results reported (56,57). Intercalating 
agents and/or hydrophobic tails have also been employed as linkers to increase affin
ity for the mRNA target and to promote tumor uptake of the antisense oligomers (58). 

The short-term nature of the above studies calls into question the degree to which 
sustained antisense treatment can suppress ras expression. Gray and colleagues 
addressed this issue by treating NIH-3T3 cells transformed with H-ras (from the T24 
human bladder carcinoma) for 72 h with an appropriate antisense DNA pentade
camer for targeting H-ras and then measuring tumorigenicity in athymic nude mice 
posttreatment (59). These investigators were thereby able to demonstrate that tumor 
growth was significantly reduced for up to 14 d following treatment. 

Although these studies demonstrated proof of concept, their clinical significance 
remained unclear, since treatment of tumor cells with antisense DNA had occurred 
ex vivo prior to inplantation. The critical and logical next step was to address whether 
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antisense DNA reagents could be successfully delivered intact to the tumor site and 
show efficacy against established tumors without unacceptable toxicity. One approach 
to delivery, favored over transfection, was to develop a retroviral antisense K-ras 
expression vector; subsequently, this antisense vector was shown to eliminate expres
sion of the mutant Ras protein in human lung cancer cells (60). Using an orthotopic 
human lung cancer model in nude mice, these researchers showed that their antisense 
K-ras retroviral construct, administered by intratracheal instillation on the third day 
after implantation of the tumor, showed significant activity; 87% of the mice receiv
ing the antisense construct were tumor-free vs only 10% of the control group (61). 

In general, the concept of antisense DNA therapy to treat mutant ras-expressing 
tumors has shown much promise. The progress of Roth and his colleagues has led to 
what may be one of the first gene therapy trials for lung cancer (62). It remains too 
early to report clinical results. However, a Phase I trial employing a phosphorothioate 
oligonucleotide with a sequence complementary to the p53 suppressor gene has been 
initiated in patients with acute lymphocytic leukemia (AML) or myelodysplastic 
syndrome; early reports indicate no major toxicity after 10 d of continuous infusion 
with approx 10-20% of the administered dose recovered in the urine as intact oligo
nucleotide (63). 

4.1.2. RIBOZYMES 

The production of catalytic RNA that will specifically cleave within the mutated 
sequence of mRNA unique to oncogenic ras represents another approach for altering 
Ras protein expression. This approach involves the design of synthetic DNA that 
encodes hammerhead ribozymes containing thermodynamically stable loop structures 
to prevent aggregation of ribozymes while also containing the requisite recognition 
sequence for mutated ras mRNA. NIH 3T3 cells have successfully been cotransfected 
with a plasmid expressing such a ribozyme along with an activated ras gene, resulting 
in abrogation of the transformed phenotype (64,65). Furthermore, it has also been 
reported that transfection of EJ human bladder carcinoma cells with hammerhead 
ribozyme-encoded DNA results in reduced tumorigenicity in nude mice (66,67). 
These data provide proof of concept that ribozymes can in fact affect Ras protein 
expression and also support the role of Ras in both tumorigenicity and invasion (67). 
However, it should be kept in mind that the in vivo experiments reported to date with 
anti-ras-directed ribozymes have involved ribozyme-treatment of cells prior to their 
introduction into animals. Again, as with antisense DNA, successful delivery to the 
tumor site becomes critical. The exogenous delivery of synthetic ribozymes as well as 
vector-based approaches to ribozyme therapy are currently being pursued; although 
great strides have been made chemically to improve catalytic activity and decrease 
nuclease susceptibility, the major challenge of increasing uptake in order to facilitate 
localization of RNA remains. It is encouraging in this regard that successful in vivo 
delivery of ribozymes have been accomplished for noncancer indications (68). 

4.2. Inhibitors of Ras Function 
As we have seen, a single base change mutation is responsible for the conversion of 

a ras proto-oncogene to its activated oncogenic counterpart. Once this molecular 
switch consequently becomes stuck in the "on" position, uncontrolled proliferation 
ensues. Because of its complex and critical role in mitogenic signaling, a number of 
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events that involve direct participation of the Ras protein can be envisioned as possi
bilities for therapeutic intervention. 

4.2.1. ANTAGONISTS OF PROTEIN-PROTEIN INTERACTIONS 

A review on the subject of the amenability of protein-protein interactions as anti
cancer targets appears elsewhere (69). With regard to the Ras signaling pathway, one 
could envision that disruption of the interaction of Ras with either Sos, Raf, or GAP 
could result in favorable antiproliferative effects. Because technical advances have 
greatly expedited the synthesis of multiple peptides and also because of the generation 
of combinatorial peptide libraries, peptidic antagonists of these protein complexes are 
actively being sought. 

Peptide inhibitors that inhibit the interaction of Ras with GAP corresponding to 
amino acids 19-32 of the Ras protein have been reported (70). These peptide inhibitors 
should serve as a useful starting point for the design of smaller peptide fragments that 
will retain activity and not be subject to impermeability and the lability limitations of 
their predecessors. Inhibitors of Ras/Sos have not yet been reported, but it is note
worthy that peptide inhibitors of Src SH3/SH2 phosphoprotein interactions have 
recently been reported (71); however, they were found to lack antiproliferative effects, 
presumably because of poor cell penetration and/ or lability of the phosphate group 
on the tyrosine residue. 

Although small molecule inhibitors would be desirable, the likelihood of identify
ing a specific inhibitor with sufficient affinity may be compromised by virtue of the 
large surface over which the targeted protein-protein interaction occurs. For instance, 
the minimal region of Raf required for interaction with Ras appears to be approx 70 
amino acids (72). Thus, antagonists of any of the various Ras-protein interactions 
must be sufficiently large to disrupt Ras binding in a biologically meaningful way, but 
at the same time be small enough to enter cells readily while not being degraded. 

In addition, the existence of multiple SH2 and SH3 domains will most likely make 
the issue of selectivity a formidable challenge to rational drug design. Encouraging in 
this regard were the results of a study where Xenopus oocytes were microinjected with 
either a monoclonal antibody (MAb) recognizing the SH3 domain of p120GAP or 
SH3 domain peptides as short as nine residues; Ras-dependent, but not Ras-indepen
dent, maturation of the oocytes was blocked with no adverse effect on GAP activity 
(73). In general, effective antagonists, whether peptidic or nonpeptidic, should be 
smaller and demonstrate an improved profile with regard to potency, efficacy, bio
availability, stability, and selectivity compared to the natural ligand (69). 

4.2.2. INHIBITORS OF MEMBRANE loCALIZATION OF RAS 

Not only must Ras bind GTP to be active, but it must also be associated with the 
inner face of the plasma membrane. Initially synthesized as a soluble, cytosolic pro
tein, Ras undergoes a series of posttranslational modifications that provide it with the 
lipophilicity that is required for membrane association (74, 75). To compensate for 
lack of a transmembrane domain, the Ras protein is prenylated, specifically undergo
ing addition of a farnesyl group at its carboxy-terminus. All Ras proteins are prenylated 
by virtue of a common consensus sequence, termed the CAAX motif, at their carboxyl
termini; this CAAX box consists of a cysteine residue (C), followed by two aliphatic 
amino acids (A), and ending in any one of several amino acids (X). The nature of X 
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determines substrate specificity among the multiple prenylation enzymes. In a series 
of reactions to be described in more detail below, farnesyl pyrophosphate is enzy
matically attached to Ras at the cysteine residue within the CAAX motif, preceding 
cleavage of the three terminal amino acids followed by methyl esterification of the 
newly created carboxy-terminal cysteine. Elucidation of the enzymatic events respon
sible for these chemical modifications of Ras have opened up a number of possibilities 
for therapeutic intervention. 

4.2.2.1. Farnesylation. The cytoplasmic enzyme famesyl protein transferase (FPT) 
catalyzes the reaction of farnesyl pyrophosphate, an isoprenoid derived from the 
mevalonate pathway (Fig. 2), with the CAAX cysteine residue on Ras to form a thio
ether linkage. FPT, which is ubiquitous among eukaryotic cells, is a heterodimer 
composed of 48- and 46-kDa subunits. The significant structural homology between 
mammalian and yeast FPT reveals a high degree of conservation. Three prenylation 
enzymes have been described. Whereas FPT catalyzes the addition of a 15-carbon 
famesyl group, two other prenylation enzymes recognize a 20-carbon isoprenoid sub
strate and are responsible for protein geranylgeranylation. FPT shares a common 
subunit, its pyrophosphate binding (a) subunit, with geranylgeranyl protein trans
ferase I (GGPT type 1). The {3 subunit provides CAAX box specificity; the occur
rence of farnesylation as opposed to geranylgeranylation is dictated by the identity of 
the terminal amino acid in the CAAX motif. Whereas CAAX appears to be invariant 
for FPT, the geranylgeranylation enzymes recognize CAAL, XXCC, XCXC, and 
CCXX (76). 
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Table 2 
Inhibitors of ras Farnesyl Protein Transferase 

Inhibitor IC5o, pM Reference 

CAAX analogs 
CVFM and related tetrapeptides ~0.012 79 
L-731,735 0.018 80 
B581 0.021 81 
BZA-2B 0.00085 82 
Cys-AMBA-Met 0.15 83 
L-739,750 0.018 84 
Phenol tripeptides 63-157 85 
Biphenyl nonpeptides 0.15 86 

FPP analogs 
(a-Hydroxyfarnesyl) phosphonic acid 0.030 87 
PD 083176 0.017 88 
Farnesylamine 89 

Natural products 
10 '-Desmethoxy-stretonigrin 21 90 
Manumycin 5 91 
Gliotoxin 1.1 92 
Chaetomellic acid A 0.055 87 
Zaragozic acid 0.216 87 
Pepticinnamin E 0.30 93 
Fusidienol 0.30 94 
Preussomerin 1.2 95 

Interest in FPT as a pharmacological target was initially triggered by the finding 
that mutants lacking a CAAX motif do not associate with the plasma membrane and 
furthermore do not transform cells to malignancy (77, 78). This has led to an intensive 
search in numerous laboratories for potent inhibitors of FPT. A comprehensive list 
of inhibitors reported to date have been compiled in Table 2 along with their rela
tive potencies against Ras FPT. Reviews appear elsewhere regarding the chemistrY of 
these compounds, as well as further discussion on their potential usefulness as anti
cancer agents (96-101). I will now focus on six key compounds (structures shown in 
Fig. 3) to illustrate the progress that has been made in the last five years in achieving 
cellular activity. 

In their initial report describing the identification and purification of FPT, pep
tides as short as four residues were found by Reiss et al. to act as alternative substrates 
competing with full-length Ras for farnesylation (79). The tetrapeptide CVFM was 
found to be a potent inhibitor of FPT (ICso = approx 40 nM) and acted as a true in
hibitor since it was not a substrate for famesylation (102). CVFM and other struc
turally related tetrapeptides were not serious drug candidates because of inefficient 
cellular uptake and rapid proteolytic degradation. However, they have served well as 
first-generation peptide inhibitors of FPT for the design of improved peptidomimetic 
derivatives of the CAAX motif. 
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The pseudo-tetrapeptide L 731, 735 (see Fig. 3) was designed as a CUM analog in 
which the two N-terminal amide bonds were reduced and methionine replaced with 
homoserine in a successful effort to improve potency (80). When the corresponding 
lactone derivative was synthesized and evaluated, cellular activity could be detected, 
both with respect to modulation of Ras processing as well as selective inhibition of 
anchorage-independent growth of ras-transformed cells (80). Although these synthetic 
organic inhibitors still lacked sufficient potency to be viable drug candidates, they 
nevertheless provided evidence that inhibition of FPT can in fact modulate Ras func
tion in whole cells. 

B581 represents another CAAX analog that resulted from systematic modification 
of CVFM by replacement of the amino-terminal amide bonds (81). This compound 
proved to be significantly more stable than CVFM and resulted in cellular modulation 
of posttranslational processing of prenylated proteins, although at high concentra
tions (50~. Again, limited permeability may have had a detrimental effect on 
cellular potency. Particularly encouraging was the finding that B581 appeared to be 
selective for FPT in treated cells; this was reflected in part by a lack of inhibition in 
the processing of the geranylgeranylated Rap 1A protein (81,103). 

Replacement of the two aliphatic residues in the CAAX motif with a benzodia
zepine-derived mimic of a dipeptide turn led to a subnanomolar inhibitor of FPT 
(82). This compound was designed to allow both theN-terminal cysteine and the 
C-terminal methionine to coordinate the zinc ion present at the peptide binding site. 
Cellular activity was observed when the corresponding methyl ester was synthe
sized, although a 50-fold reduction in enzyme potency accompanied this chemical 
modification. 

A novel compound to emerge from high-volume screening was PD 083176, a pro
tected pentapeptide characterized by the sequence CBZ-his-(0-benzyl)tyrosine-(0-
benzyl)serine-tryptophan-n-alanine-NHz (88). This nonthiol-containing peptide, 
although highly potent against FPT (IC,o = 20 nM), proved to be too impermeable 
for cellular studies. However, if PD 083176 was microinjected into Xenopus oocytes, 
a block in maturation induced by insulin, but not progesterone, was observed, indi
cating specific inhibition of Ras function. Truncation of PD 083176 has led to a series 
of modified peptide analogs, e.g. PD 152440, which exhibit a modest reduction in 
potency against purified FPT relative to PD 083176, but are cell-permeable (104). In
hibition of Ras farnasylation was observed when ras-transformed cells were treated 
with concentrations of PD 152440 as low as 1-5 p.M. 

The first Ras FPT inhibitor reported to have in vivo activity was L-739,750 (84). 
This compound was synthesized in an attempt to decrease the chemical instability of 
the prodrug of L-731, 735 by replacing the nucleophilic nitrogen with an ether oxygen. 
The absence of systemic toxicity in this study is particularly important as discussed 
below. 

Collectively, evaluation of these six prototype compounds have provided the found
ation for an initial determination of the feasibility of developing a Ras FPT inhibitor 
as a pharmacological agent. First, the studies cited above clearly establish that FPT 
inhibitors can be designed to enter cells readily and modulate the putative target. Next 
comes the issue of enzyme specificity, where it is important to show that FPT can be 
specifically inhibited over other prenylation enzymes. Current dogma dictates that a 
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desirable FPT inhibitory candidate drug should be as selective as possible against FPT 
relative to GGPT. Since the vast majority of proteins of the Ras superfamily, critical 
to a wide variety of cellular functions, are prenylated by GGPT, this appears to be a 
reasonable premise. However, until a successful drug emerges against this target, it 
remains unclear exactly to what degree FPT prenylation needs to be selectively in
hibited. Clearly most of the inhibitors discussed here proved to be highly specific for 
FPT when tested in vitro against purified enzymes. In some cases, data have begun to 
emerge at the cellular level supporting the concept that FPT inhibitors can be specific 
and not result in the concurrent inhibition of processing of geranylgeranylated 
proteins (81). 

It is imperative that the toxicity profile of FPT inhibitors also includes an 
evaluation of their activity against non-Ras-related substrates for farnesylation. Most 
notably, the structural protein lamin Band proteins involved in visual transduction, 
i.e., transducin and rhodopsin kinase, are also farnesylated. Therefore, pharmaco
kinetic parameters, such as whether the inhibitor crosses the blood-brain barrier, may 
prove important. We still have very little information regarding the relative physio
logical levels of all of the pertinent substrates for prenylation, nor do we know how 
their relative substrate affinities compare, what their turnover rates are, and so forth. 
In the case of irreversible inhibitors, this issue may prove critical. Again, without a 
clinical precedent directed against this target, we must remain open-minded regarding 
criteria establishment for advancement of active compounds. Initial indications that 
administration of an FPT inhibitor to tumor-bearing mice results in efficacy without 
appreciable systemic toxicity are encouraging (84). 

Finally, there is the issue of whether FPT inhibitors will selectively target mutant 
Ras as opposed to endogenous Ras function. It is therefore encouraging that normal 
fibroblast cells, for instance, continue to grow in monolayer culture at concentrations 
of BZA-5B that are significantly inhibitory to the growth of ras-transformed cells 
(82). The basis for this selectivity, which has been observed for several of the inhibitors 
reported here, largely remains an enigma. 

In addition to specific inhibitors of FPT, some general inhibitors of isoprenylation 
are actively being investigated for potential clinical utility. Lovastatin, an HMG CoA 
reductase inhibitor used clinically to lower blood cholesterol levels, has also been 
reported to inhibit the growth of ras-transformed cells in animals (105). However, 
this agent is quite cytotoxic and is 100-fold more potent against cholesterol biosyn
thesis compared to isoprenylation (106). In other studies, phenylacetate, which is the 
deaminated metabolite of phenylalanine, also appears to be a general inhibitor of 
protein prenylation (107); Phase I testing of phenylactate against glioblastomas has 
shown early promising signs of activity (108). Finally, limonine is a monocyclic 
monoterpene that along with its metabolites selectivity inhibits the isoprenylation of 
p21Ras and other 21- to 26-kDa cell-growth-associated proteins (109). Preclinical 
studies have led to current exploration into the feasibility of pursuing limonene as a 
chemopreventative agent against breast cancer (1 10). 

4.2.2.2. Proteolytic Cleavage. On farnesylation, the three terminal amino acids of 
the CAAX motif are cleaved by proteolytic processing (1 11). Two microsomal enzy
mes that perform this function have been described; the first is an endoprotease from 
bovine liver that cleaves a carboxy-terminal tripeptide (1 12), whereas the second 
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enzyme described is a rat brain carboxypeptidase that sequentially removes the ter
minal amino acids (1 13). Very few inhibitors of these enzymes have been reported. 
The notable exceptions are farnesyl-CAAX analogs, distinguished by isosteric replace
ments for the scissile peptide bond, which have significant activity against the endo
protease with Kis as low as 64 nM (1 14). From an anticancer drug standpoint, interest 
in this target is diminished by the fact that a CAAX mutant of ras that did not undergo 
proteolysis, while compromised in its ability to associate with the plasma membrane, 
showed a minimal loss in transforming activity (78). 

4.2.2.3. Methylesterification. Subsequent to proteolytic removal of the three termi
nal amino acids of the CAAX motif, a protein methyltransferase catalyzes the methyl 
esterification at the newly terminal cysteine residue (115,116). S-farnesyl mercapto
propionic acids have been reported to inhibit weakly methyltransferase with Ki > 25 
,u.M. As with the protease, this enzyme modification does not appear to be essential 
for transforming activity (78). 

4.2.2.4. Palmitoylation. Farnesylation alone provides Ras proteins with a fairly 
weak affinity for membrane binding. However, the association of farnesylated Ras 
with the plasma membrane is enhanced by other structural features of the Ras protein. 
These may include, in the case of certain K-Ras proteins, a stretch of six lysine residues 
upstream from the carboxy-terminal CAAX motif; protonation of this polybasic 
region likely confers a positive charge that provides affinity to the negatively charged 
phosphate surface of the membrane bilayer (117). Cysteine palmitoylation sites may 
also exist upstream of the CAAX motif, at residues 181 and 184 in the case of H-Ras 
(1 18). Little is known about the palmitoyl-CoA transferase activity that is responsible 
for this modification, except that it is associated with an internal membrane compart
ment (1 19). A potential role for palmitoyl-CoA inhibitors as anticancer drugs does 
not seem likely based on the studies of Hancock and his colleagues showing that 
mutant proteins that lack cysteine palmitoylation sites nevertheless retain transform
ing activity (117). Furthermore, most K-Ras proteins, which are most prevalent 
among human tumors, do not contain sites for palmitoylation. 

5. SUMMARY AND FUTURE DIRECTIONS 

During the last decade, cytotoxic agents have been de-emphasized in our search for 
a new generation of anticancer drugs. Certainly it has not been for lack of effort that 
very few new agents have joined the ranks of the dozen or so drugs from which onco
logists have to choose. Conventional chemotherapy has generally exploited the more 
aggressive growth kinetics exhibited by cancer cells relative to their normal counter
parts; we have seen many examples of initially promising drug candidates, often within 
the DNA intercalator and antimetabolite class, that subsequently fail because tumors 
become resistant. The tide has therefore shifted toward focusing on the discovery of 
less toxic compounds designed to exploit fundamental differences between malignant 
and nonmalignant cells. It is in this context that the ras oncogene, expressed in approx
imately one-third of all human tumors, has become an attractive target for anticancer 
drug design. Until recently, attempts to discover Ras inhibitors were impeded by a lack 
of clear understanding of the precise role of Ras in fulfilling its critical obligation to a 
number of cellular processes, proliferation nonwithstanding. During the last decade, 
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basic research in the signal transduction field has progressed at an astounding rate with 
Ras emerging from its black box. As a result, the critical Ras interactions that are 
amenable to therapeutic intervention have been defined, and Ras inhibitors are now 
being discovered at a rapid rate. In some cases, in vitro studies demonstrating cellular 
modulation of the putative Ras-directed target have been followed by encouraging 
reports of in vivo activity, e.g., farnesyl protein transferase inhibitors. We are now 
faced with many pharmacological questions, previously not germane to the develop
ment of cytotoxic agents; the necessary requirements for a signaling antagonist to be 
worthy of advancement to the clinical testing stage remain to be defined. The next 
few years are likely to focus on showing that a sufficiently nontoxic Ras inhibitor can 
target oncogenic ras selectively and give a therapeutically meaningful response. If this 
proves to be the case, Ras inhibitors will likely represent a significant advance in the 
treatment of many solid tumors for which there is currently no effective treatment. 
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1. INTRODUCTION 

Cancer is one of the acquired diseases finding its origin in multiple genetic altera
tions. From studies on several forms of hereditary cancer, we know that part of the 
alterations are present constitutively in the germ line, leading to a predisposition for 
getting cancer (1). These alterations are heterozygous and affect an allele of one or 
more tumor suppressor genes, which play a role in controlling cell proliferation and 
differentiation. Another part of the alterations occurs during life-time as a result of 
spontaneous mutations in the remaining intact allele, ultimately leading to the forma
tion of the transformed cell. In this development also alterations in proto-oncogenes 
contribute to the formation of the tumor cell (2,3). Sporadic forms of cancer involve 
similar genetic alterations in tumor suppressor genes and proto-oncogenes, but they 
usually take much longer to develop. The notion of cancer being a disease anchored 
in the genes of the cancer cell makes it an attractive target for strategies involving gene 
therapy. 

Gene therapy is commonly defined as "the transfer of new genetic material to cells 
of an individual with resulting therapeutic benefit to the individual" (4). In our view, 
this definition should be more broadly interpreted, i.e., do not restrict gene therapy 
only to transfer of new genetic material, but also include manipulation of existing 
genetic material. This holds true especially for cancer cells in the situation that domi
nantly activated oncogenes have to be eliminated. In principle, germ line cells as well 
as somatic cells are targets for genetic alterations. Germ line therapy in humans, how
ever, is for the moment being considered as unethical and not safe, at least as long the 
experience with the various forms of somatic therapy is limited. 

In cancer patients, gene therapy has to be directed to the tumor or, in the case of 
known hereditary defects, to the (organ) sites were tumor formation is likely to occur. 
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Strikingly, in the case of cancer, the gene therapy is not confined to the proto-onco
genes or tumor suppressor genes affected. Various other approaches for genetic 
manipulation allow new forms of cancer therapy, e.g., the transfer of new antigenic 
determinants into cancer cells, aimed at an enhanced immunogenicity and subsequent 
destruction by the patient's immune system. These approaches will be first discussed 
in Section 2. The focus of this chapter, however, will be the implications of somatic 
gene therapy with regard to interactions of the immune system with neoplastic cells. 

2. APPROACHES FOR GENE THERAPY OF CANCER 

2.1. Overview 

2.1.1. WHY GENE THERAPY? 

Since sophisticated tools developed by molecular biologists to modify single genes 
in individual cells became easily accessible to the field of medical practice, a new area 
of research opened, aimed at curing diseases by altering human genetic material. This 
approach has several advantages when compared to conventional drug therapy. First, 
DNA of the vector carrying the gene can be stably integrated in the host genome, and 
the subsequent constitutive expression makes the therapy more effective and longer 
lasting. This will be particularly true for hereditary diseases, where a gene correction 
is made. Second, vectors can be targeted to certain cells or tissues by making use of 
tissue-specific promoters regulating the transcription of the transferred genes. Here, 
one can, for instance, think of altering normal bone marrow stem cells by introducing 
a multidrug resistance gene to limit myelosuppression of cytostatic drugs in cancer 
therapy. However, also tumor cells themselves can be modified to produce, for exam
ple, enzymes converting prodrugs, or proteins that make the cells more immunogenic. 
Third, whole cells, modified in vitro to serve as factories of proteins involved in a thera
peutic action, can be delivered to patients by adoptive transfer or by surgery. These cells 
can even be targeted to certain organs or tumors, as in the case of tumor-infiltrating 
lymphocytes (TIL) homing specifically to the tumor. A number of examples relevant to 
the treatment of various forms of cancer will be discussed later (cf Section 2.1.3.). 

2.1.2. METHODS OF GENE TRANSFER 

Various delivery systems suitable for gene therapy have been developed over recent 
years (Table 1). The most simple one is physical transfer of DNA (or RNA) to cells. 
This can be achieved in vivo by injection of naked DNA in tumors (5) or by making 
use of liposome-encapsulated DNA in order to make access of the DNA into tumor 
cells easier (6). Recently, new techniques using a bombardment of DNA-coated par
ticles into tissues were developed, sometimes referred to as "gene gun" experiments 
(7). Ex vivo, other techniques are available, including the classical calcium phosphate 
precipitation method (8), electroporation (9), and lipofection (10). The latter method 
makes use of liposomes, as in the case of the in vivo situation. The efficiencies of these 
methods are highly variable and depend on the cells to be transferred. For instance, 
the calcium phosphate precipitation method works well, with reasonable transfection 
efficiencies, provided the cells are well dividing in an adherent monolayer. Lipofec
tion can be more efficient, but is more laborious and expensive (10,11). However, in 
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Table 1 
Delivery Systems Used in Gene Therapy 

Method 

Physical 
Direct injection of DNA 
CaP04 precipitation 
Lipofection 
Transferrinfection 

Vector-based 
Retroviruses 
Adenovirus 
Adeno-associated virus 
Herpes virus 
Vaccinia virus 

Application in gene therapy 

ex vivo 

+ 
± 
± 

+ 
± 

± 
± 

in vivo 

+ 

+ 
+ 

+ 
+ 
+ 
± 
± 
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Transient, T, or 
stable, S, 
expression 

T 
s 
T 
T 

T 
T 
s 
? 
T 

+ : major application; ±; some application; - : minor or no application; S: Stable expression; T: 
Transient expression; ?: not (yet) known. Data are adapted from ref. (14). 

the case that tumors are treated, in fact a lOOOJo efficiency is required, unless a by
stander effect is taking place (see Section 2.3 .1. ). The relatively low transfection effi
ciency makes the physical methods less attractive, because, for instance, selected 
clones may not express all tumor antigens owing to heterogeneity of the tumor. 

Other methods to deliver DNA specifically in dividing cells can be more efficient. 
One example is the transferrinfection method, which is based on receptor-mediated 
transfer (12). In this method, DNA is coupled to a transferrin-polylysin conjugate 
and, thus, results in targeting dividing cells expressing the transferrin receptor. The 
uptake of the complex can be largely enhanced by including an adenovirus-polylysin 
conjugate in the complex (13). 

Techniques using viral vectors have been widely explored. In the first instance, 
murine retroviral vectors became the most popular, because of their high efficiency of 
transduction as a result of high-titered virus stocks (14). These viruses are defec
tive in packaging and can only replicate in a helper cell line harboring the packaging 
sequences. After infection and reverse transcription to eDNA, the viral genome is in
tegrated in the host genome, and constitutive expression can be obtained for more 
than a year (14). The gene to be transduced is cloned behind a stong (eukaryotic) pro
moter, and usually also a selectable marker gene is present allowing selection of trans
duced cells. The ability of the vector DNA to integrate randomly in the genome, how
ever, can be considered as a potential danger: oncogenes may be activated or tumor 
suppressor genes inactivated and a new cancer cell may develop. The chance this will 
happen, however, seems small, since the development of cancer is a multistep process 
involving multiple alterations in proto-oncogenes as well as in tumor suppressor genes. 

One of the major disadvantages of retroviruses is that their integration in the host 
genome and the subsequent expression of the recombinant gene are limited to 
dividing cells. This has prompted many investigators to develop viral vectors expressed 
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in nondividing cells. Replicating vectors are preferable, because they usually promote 
high expression of the recombinant gene (15). Examples being explored now are 
human adenoviruses. They are hardly toxic, and on infection, they accomplish a high 
gene expression (16,17). However, this expression is transient, and more seriously, an 
immune response against the virus may develop. Adenovirus-associated viruses may 
be a better choice, because they stably integrate in the genome of the host. The devel
opment of these vectors, however, has only recently started (18). 

2.1.3. SPECIFIC APPROACHES FOR CANCER 

Although gene therapy initially had not been designed specifically for cancer, 
many of its applications have first been tried in cancer patients. Several factors may 
have contributed to this. First, in the cancer field, there is a large experience with 
clinical trials, because in many cases, no regular therapy that has been proven suc
cessful exists. Second, because of the lack of an alternative, many cancer patients are 
willing to cooperate in these clinical trials and give their informed consent. Finally, in 
cancer, the gene therapy is directed to destroying malignant cells, rather than making 
corrections to improve survival, as is the case for nonneoplastic diseases. This makes 
the therapy less intrusive for the patient, since, with the exception of corrections made 
for defects in tumor suppressor genes, no long-term genetic alterations are imple
mented in the individual. 

Several very different concepts, making use of gene therapy in cancer, have been 
worked out during recent years (Table 2). A distinction can be made between "gene 
marking" and "gene modification." The former was the first being applied to humans 
to test the feasibility of gene modification of human cells. TIL from melanomas 
were transduced with a retroviral vector comprising the neomycin phosphotransferase 
gene and reinfused into the autologous patients. 0418-resistant cells could be recovered 
from tumor biopsies up to 2 mo after the adoptive transfer (19). Later, this technique 
has been used to assay whether malignant cells were relapsing from purged bone mar
row after autologous bone marrow transplantation (BMT). Studies with acute myeloid 
leukemia (AML) and neuroblastoma patients showed that, in all cases where relapses 
occurred, the recurrent tumors came from the transplanted bone marrow (20-22). This 
gene marking has also been applied for the labeling of adoptively transferred HIV
specific cytotoxic T-cells (CTL) to patients with non-Hodgkin's lymphoma to prevent 
HIV infection of healthy donor bone marrow. The transferred CTL were labeled with a 
resistance gene as well as with the HSV tk gene to allow killing off the CTL with ganci
clovir in case of unexpected growth (4). A similar experiment has been performed with 
Epstein-Barr virus (EBV)-specific CTL in a patient with post-BMT EBV-related lym
phoproliferative disease to allow killing of the EBV -specific CTL (23). More ex
amples of the introduction of such a "suicide gene" in tumor cells will be given below 
(Section 2.3.). 

The second group of gene transfer techniques used in cancer consists of those 
involving gene modification (Table 2). They all aim at the in vivo or in vitro genetic 
alteration of either normal cells or tumor cells in such a way that the modification will 
be beneficial for the patient. There are many, conceptually very different, variations 
possible on this theme. First, one can try to direct the therapy directly to the genes 
responsible for the oncogenic transformation, and either add deleted genes or replace 
defect genes. Second, one can try to deliver genes encoding potential therapeutical 
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Table 2 
Approaches of Gene Therapy of Cancer 

Form Example Goal 

Gene marking 
Cell labeling 

Cell tracking 

Gene modification 
Addition/replacement 
Delivery 

Direct 
Suicide 

Intensivation 

Indirect 
Protection 

Immunomodulation 

Labeling TIL cells 
with a selectable 
marker 

Labeling bone 
marrow after purging 

Transfer of HSV tk 
gene in CTL 

Correct oncogene defect 

Transfer of HSV tk 
gene in tumor cell 

Transfer of enzymes 
that activate drugs 

Transfer of a drug 
resistance gene 

Transfer cytokine 
gene in tumor cell 

C: Clinically applied in humans. 
E: Experimental. 

Determine homing 

Determine origin 
relapse after 
autologous BMT 

Killing after 
adoptive transfer 

Kill tumor cell 

Kill tumor cell 

Enhance 
chemotherapy 

Allow high dose of 
chemotherapy 

Enhance 
immunogenicity 
of tumor cell 
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Status 

c 

c 

c 

E 

c 

E 

E 

c 

proteins either to tumor cells or normal cells. In the first case, these can be proteins 
altering the sensitivity of tumor cells to cytostatic drugs (cf Table 2, direct gene 
therapy). In the second case, these can be proteins protecting normal cells against 
harmful effects of therapeutical drugs (indirect gene therapy). These forms of gene 
therapy will be discussed briefly below (Sections 2.2. and 2.3.). Finally, a large num
ber of therapeutical trials making use of gene transfer techniques are focused on the 
alteration of the immune reactivity of either the tumor cells or the effector cells of the 
patient. This field of research will be the subject of a separate section (Section 3.). 

2.2. Gene Correction 

2.2.1. GENES INVOLVED IN CANCER 

Genetic defects in proto-oncogenes as well as tumor suppressor genes, in principle, 
form a good target for gene correction therapy. In recent years, two classes of these 
tumor-promoting genes have been discerned, the so-called oncogenes and tumor sup
pressor genes {1). Genetic alterations in the former lead per definition to a "gain of 
function," and these are genotypically and phenotypically dominant. Such altera
tions are supposed to be lethal when present in the germ line and are therefore never 
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found as a hereditary property. Alterations in the second type of genes, the tumor 
suppressor genes, lead to a "loss of function" and may segregate in families as a 
recessive trait, the lost function being exerted by the nonaffected allele. However, 
once the intact allele is also affected by sporadic mutation, which probability is con
siderable during a life-time, cancer will develop. Therefore, in this case, the recessive 
defect behaves as a dominantly inherited trait. 

In the early 1970s, molecular mechanisms of cell transformation were beginning to 
be unraveled by studies using viruses as transforming agents (24,25). Transforming 
genes of murine retroviruses, capable of transforming murine cells, were isolated and 
characterized. Instead of using the viable virus for the induction of transformation, it 
became feasible to transform cultured cells with purified genes (8). Prominent trans
forming genes are the oncogenes of acute transforming oncogenic retroviruses, named 
v-onc genes. Well-known examples of retroviral oncogenes are v-ras and v-myc, encod
ing proteins involved in signal transduction and transcription, respectively. More than 
a hundred of these types of genes have been characterized, and all these genes were 
found to possess cellular counterparts, termed proto-oncogenes or c-one genes. They 
invariably turned out to play a role in the regulation of cell proliferation and differen
tiation of normal, noncancerous cells. They mostly mediate the transfer of growth
stimulating signals to the cell nucleus, or are directly involved in the transcription of 
genes involved in cell proliferation or differentiation. 

Several mutated proto-oncogenes were picked up as the transforming genes present 
in DNA isolates from human tumors, when assayed in an in vitro transformation 
assay (26). Since only dominantly acting transforming genes could be detected by this 
assay, our knowledge of tumor suppressor genes emerged largely from cytogenetic 
and restriction fragment length polymorphism (RFLP) analysis of hereditary forms 
of cancer. Well-known examples of such tumor suppressor genes are Rb and p53, the 
former deleted retinoblastoma, and the latter inactivated by deletion or mutation in 
numerous forms of human cancer. 

2.2.2. CORRECTION OF ONCOGENES 

Correcting activated oncogenes by gene therapy is difficult, one of the major prob
lems being that all cells in the tumor have to be hit. Replacing genes by homologous 
recombination, as performed for germ line cells, seems not to be very effective for this 
purpose. Also, forcing high expression of the normal products (27) does not seem to 
be very attractive, since the capacity of the vectors is often limited and, moreover, the 
alteration in the oncogene is often highly dominant and cannot be simply overruled. 
Therefore, alternative strategies have been initiated. One of these is making use of 
antisense constructs, encoding transcripts that counteract expression of the mutated 
products. Also antisense oligonucleotides have been tried. The feasibility of these 
methods has been demonstrated for the H-ras, c-myc, N-myc, bcr-abl, c-fos, and 
c-sis oncogenes (28-33), but for most cases, successful applications in vivo have not 
been reported. Only for ras have the in vitro studies been extended to an in vivo 
model using human lung cancer cells in nude mice (34). Interestingly, it was recently 
shown that rat glioma cells could be rendered nontumorigenic in rats by expression of 
antisense constructs inhibiting insulin-like growth factor (IGF)-1 (35). Strikingly, 
parental tumor cells at distant sites were also affected, suggesting that inhibition of 
the growth factor leads to increased expression of immunogenic proteins, raising an 
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immune response also effective against the parental cells (reviewed in 27). This situa
tion is reminiscent of the effect of transfected cytokine genes in tumor cells on their 
immune reactivity as will be discussed below. 

To counteract oncogene-encoded mRNA effectively in another way, so-called 
ribozymes have been explored. These RNA molecules offer antisense as well as cat
alytic properties and allow cleavage of specific RNA sequences. Constructs compris
ing sequences encoding these ribozymes can be transferred to tumor cells. Effective 
inhibition of H-ras with an activating point mutation at amino acid codon 12 has 
been shown in melanoma cells, resulting in morphological changes suggestive of a 
lower degree of malignancy (27,36). Similar findings have been reported for the 
mRNA encoding the tumor-specific bcr-abl epitope (37). 

2.2.3. CORRECTION OF TuMOR SUPPRESSOR GENES 

As compared to strategies to counteract activated oncogenes, the introduction of 
lost or affected tumor suppressor genes into tumor cells seems more attractive and 
easier to accomplish. An attractive candidate is p53 because: 

1. It is affected in numerous forms of human cancer (38,39); 
2. It is involved in cell-cycle arrest as well as in the induction of apoptosis (40); and 
3. A number of in vitro studies have shown that (re)introduction of the p53 gene in cancer 

cells leads to immediate growth arrest (see 41,42 for review). 

Moreover, expression of p53 in tumor cells has been shown to act synergistically with 
ionizing radiation or cytostatics in the induction of apoptosis, which makes the com
bination of gene therapy for p53 and conventional therapy attractive (39, 43-46). 
Recently, adenoviral vectors comprising the p53 gene were constructed and shown to 
be capable of abolishing tumor formation of human tumor cells in nude mice (45,47). 
Another tumor suppressor gene candidate target for therapy is the Rb gene, originally 
discovered in retinoblastoma, but affected in many other forms of human cancer 
(48,49). Furthermore, the product of this gene is involved in cell-cycle regulation, and 
in fact, its state of phosphorylation controls Gl to S phase transition through its inter
action with the nuclear transcription factor E2F (50,51). Also, here it has been shown 
that introduction of an active Rb gene may inhibit proliferation of tumor cells (52) 
and vascular proliferative disorders (53). Altogether, these experiments show that 
attractive gene therapy approaches to correct altered oncogene and tumor suppressor 
gene expression are available and have been proven successful already in experimental 
tumor models. Their way to the clinic, however, is proceeding slowly, and eventual 
success in curing cancer patients has to be awaited. 

2. 3 Drug Delivery 

2.3.1. SUICIDE GENES 

A large application field in gene therapy does not intend to alter directly genes 
involved in the origin of cancer as described above, but conducts alterations of either 
cancer cells or normal cells in such a way that therapy can be improved. The various 
approaches are summarized in Table 2. A rather spectacular form that is being tested 
in patients with brain tumors is transfer of the herpes simplex virus thymidine kinase 
(tk) gene into tumor allowing suicide of the cells. The tk gene confers sensitivity of 
human cells to ganciclovir by phosphorylating the drug to a form that is ultimately 



424 Part II I Newer Strategies and Targets 

incorporated in the DNA, leading to inhibition of DNA synthesis and cell death 
(reviewed in 23). The ganciclovir can be given to the patient systemically. The tk gene 
can be transferred to the tumor cells in the brain by stereotactic injection either of 
retrovirus-containing supernatants with a high virus titer or of a murine fibroblast cell 
line producing a defective retrovirus comprising the tk gene (54,55). In rat studies, 
this approach was shown to be extremely effective in destroying the tumor cells mac
roscopically, as well as microscopically (56,57). An important phenomenon observed 
was that infection of all tumor cells with the virus was not necessary to eradicate the 
tumor. Apparently, neighboring nontransduced cells were also destroyed, referred to 
as a "bystander" or "field" effect. This could well be owing to diffusion of toxic 
products or to disrupture of the tumor vasculature, but another interesting observa
tion was a high invasion of T -lymphocytes and macrophages in tk gene-transduced 
tumors, suggesting that the cells become targets for an enhanced immune reactivity 
(58). The precise mechanism of this is not known, but the effect clearly depended on 
an intact immune system, because the effect was not seen in nude or irradiated mice 
(23,58-60). 

2.3.2. IMPROVEMENT OF DRUG ACTION 

Other forms of gene therapy directly targeted to the tumor cells make use of inten
sification of the action of conventional cytostatic drugs. For example, SF-uracil (SFU), 
which has a high systemic toxicity, can be administered in the form of the nontoxic 
SF-cytosine when the tumor cells are capable of converting this compound to SFU. 
This is possible through transfer of the bacterial enzyme cytosine deaminase (61). 
This transfer can be done by making use of retroviral systems and this type of therapy 
is therefore named virus-directed enzyme/prodrug therapy (VDEPT) (62). Strikingly, 
also in this case of suicide therapy, an immune component has been shown to be 
involved in the response, and protective immunity against subsequent challenges with 
the parental cell line could be gained (63). The VDEPT therapy can be made more 
specific by targeting expression of the enzyme to certain types of tumors by making 
use of tissue-specific promoters, such as the CEA promoter, highly expressed in colon 
carcinoma, or the erbB2 or a.-fetoprotein promoter driving high expression of a trans
duced gene in hepatocellular and in breast carcinoma, respectively (62,64). This 
approach of enhancing differential transcription is very attractive, since it allows 
many variations on the theme: various tissues do often express specific genes, and this 
is reflected in tumors derived from these genes. A prominent example here is the tyro
sinase gene only expressed in cells of the melanocytic linage. Making use of the tyro
sinase promotor, genes of choice can be expressed in melanoma (5, 65). 

2.3.3. DIRECTING T-CELLS 

Another way to deliver anticancer agents to the tumor site is by making use of 
specifically homing cells, such as TIL. These can be isolated from surgically removed 
tumors and transduced with genes encoding, for instance, TNF-a. or IFN-"Y (66,67). 
After reinfusion in the patient, they home to the tumor and produce locally large 
amounts of TNF, leading to tumor destruction, in combination with the cytolytic 
activity of the TIL. One of the problems encountered is the limited production of 
TNF by the TIL, which can possibly be enhanced by making use of better vectors. 
Another possibility is to engineer the TNF gene in such a way that a more stable or 
better secreted protein is produced (67). Another problem is that the homing of TIL 
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is not exclusively tumor-specific, causing considerable toxicity of the TIL therapy. To 
circumvent this problem, one can think of engineering the T -cells in such a way that 
they express receptors recognizing the tumor cells. Such receptors may be a hybrid 
of the T -cell receptor with its variable (peptide-recognizing) part replaced by the 
variable region of a tumor-specific monoclonal antibody (Mab). This approach using 
the chimeric receptors has been shown to be effective in redirecting cytolytic T -cells to 
cancer cells (68-70). 

2.3.4. PROTECTION OF BONE MARROW 

In addition to these direct ways to influence gene expression in tumor cells or cells 
targeted to the tumor, gene modification can be used in a more indirect way, such as 
to protect bone marrow from being destroyed by conventional chemotherapy. So far, 
bone marrow stem cell growth factors have been successfully used in combination 
with high-dose conventional chemotherapy. An alternative strategy maybe to protect 
the bone marrow of the patient by transducing it with genes encoding proteins involved 
in drug resistance, such as the mdr-1 gene encoding the P-glycoprotein. This protein 
functions as a membrane pump to remove toxic compounds out of the cell and is 
easily induced by a number of different cytostatics rendering tumor cells resistant to 
further therapy. Animal and human models to explore the feasibility of this system 
have been reported (71, 72). Mice reconstituted with mdr-1-engineered bone marrow 
showed less reduction in white blood cell counts than control mice after treatment 
with taxol. Using this approach, one should keep in mind that mdr-1 is often also 
expressed in cancer cells and, therefore, protecting the bone with mdr-1 makes sense 
only when the cancer does not express mdr-1 on treatment. For these reasons, one has 
sought to modify the P-glycoprotein in such a way that transduced protein can be dis
cerned from endogenous mdr-1 with respect to sensitivity to agents that may reverse 
its action (71). For example, when a Gly185Val mutant is used for transduction bone 
marrow, verapamil might be used to reverse the resistance of the tumor cells (con
taining normal mdr-1), because the mutated protein is insensitive to the action ofvera
pamil. In this way, the design of specific mutations altering the properties of mdr-1 may 
allow very selective action. Another application of mdr-1 gene transduction is to use it 
as a selectable marker. For instance, in strategies explained below, where engineered 
tumor cell vaccines are used, it might be desirable to increase the resistance of the 
engineered cells as opposed to the parental tumor cells, as to increase exposition of 
the immune system to these cells, while simultaneously the parental cells are killed off 
by the used drug. Outgrowth of the engineered tumor cells might be prevented by 
cotransduction of a suicide gene. In this way, an effective concert action of drug 
therapy and immune therapy might be obtained. In the next section, we will further 
elaborate on the use of engineered tumor cell vaccines. 

3. THE IMMUNE SYSTEM AS VEHICLE 

3.1. Immune Defense Against Cancer Cells 

3.1.1. T-CELLS 

Over the past few years, exciting new developments in the involvement of the 
immune system in the defense against neoplastic cells have drawn much attention. 
Although the results of classical vaccinations with irradiated autologous tumor cells 
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were only of limited success (73-76), a new era started when recombinant cytokines, 
in particular interleukin-2 (IL-2), were introduced in the clinic (77, 78). These were 
applied in particular in patients with melanoma and renal cell cancer, which types of 
cancer had previously been shown to be rather immunogenic, judged on the basis of 
spontaneous regressions observed (79-81). Although the response rates were relatively 
high, these still did not exceed 40117o (see 82,83 for review). In the earliest studies, 
lymphokine-activated killer cells (LAK cells) emerging after treatment of peripheral 
blood lymphocytes (PBL) with IL-2 in vitro were used (77). LAK activity is mediated 
primarily by natural killer (NK) cells and to a lesser extent by MHC-unrestricted 
T-cells (84). LAK cell therapy has been improved by using TIL isolated from fresh 
tumor specimens rather than the patient's PBL for activation with IL-2 (78). In TIL 
cells, the active effector cells are predominantly T -cells with specific antitumor activity 
(85). In humans, these cells consist of HLA Class 11-restricted CD4+ helper T-cells as 
well as CDS+ MHC Oass !-restricted cytotoxic T-cells. 

3.1.2. TuMOR ANTIGENS 

Since MHC antigens are involved in the presentation of altered peptides to reactive 
T -cells, tumor-reactive T -cells in the TIL cell population interact with tumor-specific 
peptides bound to the groove of HLA Oass I proteins (86-89). HLA Oass !-restricted 
T -cell cultures or T -cell clones reacting with the tumor could be established from 
patients with various forms of human cancer, including melanoma (90-94), renal cell 
carcinoma (95-98), ovarian carcinoma (95-98), gastric carcinoma (99), and pan
creatic carcinoma (100). Most importantly, specificity of some of the T -cell cultures 
for allogeneic tumors was found, suggesting that common tumor antigens are involved 
(101,102). 

Recently, several tumor antigens recognized by melanoma-specific T -cell clones or 
T-celllines have been characterized. These include MAGE-l and MAGE-3 (103,104), 
Mart-1, also called Melan-A (105,106), tyrosinase (107), and gplOO (108,109). In all 
these cases, the genes encoding the antigens were not mutated as compared to the 
genes in normal tissues, indicating that nonmutated self-peptides may serve as CTL 
target. Tyrosinase is a key enzyme in the melanin synthesis pathway in pigmented 
cells. The function of the other antigens is not known. With the exception of the testis, 
MAGE antigens are expressed exclusively in the tumor. This may explain why CTL 
can be raised against it: inappropriate expression at high density in the tumor cells 
may elicit an autoimmune reaction. On the contrary, tyrosinase and gplOO are also 
expressed in normal melanocytes, and here, tumor-specific CTL induction is apparently 
triggered by bulk expression on tumor cells. The MAGE and Mart antigens are not 
specific for melanoma, but are also expressed in other tumor types, such as breast 
carcinoma, neuroblastoma, and lung carcinoma (110-112). 

3.1.3. INDUCTION OF TuMOR-SPECIFIC CTL 
The restriction elements for T -cell recognition of these antigens identified so far 

were HLA-A*OlOl, HLA-A*0201, HLA-A*2401, and HLA-Cw*1601 (105,113-
116). The identification of these targets and the discovery of unique allele-specific 
peptide binding motifs in the groove of the HLA Class I molecules (117, 118) made it 
feasible to determine which peptides in a tumor antigen potentially bind to an HLA 
Class I allele, and these peptides subsequently could be tested for induction of a T -cell 
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response (119). This was done for a number of tumor antigens, such as MAGE-3 and 
tyrosinase (120,121), but also for mutated oncogene products, such as p53 and p21ras 
(122,123). CTL can also be raised against native p53 (122), which largely extends the 
grip of the immune system on tumor cells, because apparently nonmutated proteins 
present in elevated expression in tumor cells can also serve as a target. Finally, viral 
proteins in virus-associated human tumors, such as cervical carcinoma, are good tar
gets for T -cells because the viral epitopes are unique and do not resemble cellular pro
teins (124,125). In this latter case, peptide vaccination in an animal model has been 
shown to be effective in inducing long-term protection of animals against a subse
quent challenge with tumor cells (126). The power of peptide vaccination for elimina
tion of established tumor, however, has still has to be shown. 

An effective method of peptide vaccination may be loading the peptides on profes
sional antigen-presenting cells. In this case, gene technology can play a role because 
high expression of immunogenic peptides may be reached by transfer of peptide
encoding sequences linked to a signal peptide-encoding sequence, making transport 
to the endoplasmatic reticulum and assembly into HLA aass I molecules very effective 
(127). Even the HLA Class I expression can be engineered by transfer of individual 
HLA Class I alleles in cells with an endogenously low HLA Class I expression. 
Ultimately, this approach may lead to allogeneic vaccination of patients with engi
neered cells expressing a high density of tumor peptide on the cell surface. Allogenic 
determinants on these cells are not necessarily a disadvantage, because it has been 
shown that transfection of syngeneic tumor cells with foreign MHC Class I molecules 
raises their immunogenicity and may lead to an immune reaction against parental 
tumor cells owing to the bystander effect (128-130). Methods to improve the immu
nogenicity of tumor cells by genetic engineering as a tool to fight the parental cancer 
cells will be discussed below. 

3.2. Natural Immune Response 
Against Human Tumor Is Often Ineffective 

Despite the apparent potential of the human immune system to develop a cytotoxic 
reaction against tumors, an obvious immune reaction seems usually to be absent in 
patients with cancer. Several reasons may account for this (see also 131,132 for com
prehensive reviews). First, expansion of tumors may be so fast that effector cells are 
not capable of killing the tumor properly. Second, tumor cells might have escaped an 
immune response by downmodulation of tumor-specific antigens or MHC Class I 
antigens in experimental tumors, as well as in humans (89,133). For instance, in mel
anoma, one of the most immune reactive human tumors, downmodulation of part
icular HLA Class I alleles is a common phenomenon (134). Third, suppressor cells 
consisting mostly of CD4+ T -cells may be activated by tumor cells. This has been 
clearly shown in animal tumor models (135) as well as for human melanomas 
(93,136). Fourth, alterations in the T-cell repertoire leading to aberrant T-cell recep
tor expression has been found in renal cell carcinomas (137). The mechanism leading 
to this phenomenon is far from clear, but the result is an anergic T -cell population in 
the tumor. Fifth, the presentation of tumor antigens at the cell surface may be dis
turbed. This may happen through a defect in genes involved in peptide processing in 
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the cell, required for the generation of peptides and the subsequent assembly of pep
tide-HLA Class I complexes (138). Sixth, local immunosuppressive factors secreted 
by the tumor, such as transforming growth factor-{j (TGF-{j) might be involved in the 
suppression of cytotoxic T-cells (139,140). This view is supported by the observation 
that highly immunogenic tumor cells expressing a transfected TGF-{j gene did indeed 
escape immune surveillance (141). Finally, the immunogenicity of spontaneously aris
ing tumors, as human tumors usually are, may be in general too low to elicit a proper 
immune response (142). Altogether, these factors, alone or in combination, may im
pede recruitment of a proper T -cell helper circuit necessary for proliferation of 
tumor-specific cytotoxic T -cells. Below, we will discuss several strategies of gene 
therapy of cancer patients to improve their immune response to the tumor. 

3.3. Improving Immunogenicity of Tumor Cells 
As mentioned before, naturally occurring tumors, except virally induced ones, 

have a low immunogenicity. If these tumor cells could be manipulated in such a way 
that a better response could be evoked by the immune system of the host, vaccination 
with the manipulated cells could be tested as treatment modality. Recently, attempts 
to enhance the immunogenicity of murine tumor cells by gene transfer have been 
remarkably successful. Transfection of allogeneic MHC Class I genes in tumor cells 
did elicit immune responses directed against the nontransfected tumor cells and could 
prevent tumor take after immunization (128,129,143,144). This situation is reminis
cent of immunization of mice with mutated highly immunogenic variants of an orig
inally nonimmunogenic tumor (145). The immunized mice became resistant to the 
mutated tumor cells, as well as to the nonimmunogenic parental tumor. This is pro
bably owing to an adjuvant effect of the mutated antigens on the generation of an 
immune response against poorly immunogenic (cryptic) antigens present in the mutated 
tumor cells as well as in the parental tumor. A similar approach was explored by 
infection of tumor cells with an immunogenic virus, e.g., the Newcastle Disease Virus, 
or by transfection of a gene encoding an immunogenic viral protein, e.g., hemag
glutinin (146,147). In all cases, protection was acquired against challenge with the 
original nonmanipulated tumor cells. 

A promising new approach came about with the discovery of so-called accessory 
molecules, such as B7 .1, which plays a role in the physical interaction between anti
gen-presenting cells and immune effector cells (148). This protein represents an essen
tial part of the helper arm of the immune response. Tumor cells are usually devoid of 
this helper machinery and, therefore, are crippled in their capacity to elicit an onset of 
an effective immune response. Transfection of the B7.1 gene in B7 .1-negative cells 
largely stimulates the interaction of effector and target (149). This prompted several 
investigators to see whether transfer of the B7 gene would make tumor cells more 
immunogenic. It turned out that, indeed, the introduction of the B7 gene in non
immunogenic tumor cells made them less tumorigenic (150-152). Moreover, the 
immune response mounted did protect the animals from a subsequent challenge with 
the parental cells. Also, long-term memory against the B7-engineered as well as the 
parental cells could be obtained. This approach works particularly well with MHC 
Class II-negative tumor cells, suggesting that indeed the helper arm of the immune 
response is restored (153). Also in the induction of human tumor-specific CTL in 
vitro, transfer of the B7 molecule into several human tumor cell lines largely enhances 
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Fig. 1. Schematic representation of the effect of vaccination with cytokine-modified tumor cells. 
Two alternative routes are depicted: 1. The cytokine in combination with HLA Class 1-bound tumor 
peptide enhances stimulation of CDS+ T -cells. 2. The cytokine enhances the stimulation of antigen
presenting cells (APC) that present tumor peptide derived from degraded tumor protein to CD4 + 
T -cells. 

proliferation of tumor-specific CTL in MLTC (154). The resulting CTL were not 
only reactive with the B7-transfected cells, but also with the parental cell line, indicat
ing that B7 is involved in the inductive phase of the immune response. 

These experiments clearly show that structural alterations of tumor cells that in 
some way change their interaction with the immune system may largely improve their 
immune recognition and enhance the induction of tumor-specific CTL. The most 
exciting observation is that, in many cases, these CTL recognize not only the modified 
cells, but also the parental, unaltered, tumor cell. This is also the case when the tumor 
cells are transduced in order to let them produce cytokines. Since this has been 
pioneered by many groups over the past few years and has already made its entrance in 
the cancer clinic, we will discuss this approach in more detail in the next section. 

3.4. Enhancing Immunogenicity 
of Tumor Cells by Cytokine Gene Transfer 

3.4.1. CYTOKINES 

Very effective protection may be obtained when tumor cells are transfected or 
transduced with genes encoding growth factors or cytokines. The principle of this 
approach is schematically represented in Fig. 1. The manifest advantage of this system 
is the local production and high concentration of immune-modulating factors at the 
site of the administered tumor cells. Moreover, the side effects of the produced cyto
kines can be expected to be much lower than on systemic administration. To date, no 
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data have been reported for humans. In animal models, however, promising results 
have been obtained with the cytokines IL-l (155), IL-2 (156-161), IL-4 (160, 
162-164), IL-6 (165,166), IL-7 (160,167,168), IL-10 (155), IL-12 (169), IFN--y (160, 
170-174), TNF-a (66,160, 175-178), G-CSF (179), and GM-CSF (180,181). In these 
cases, at least a significant reduction of tumorigenicity of the cells in syngeneic animals 
was observed, but in most cases tumor formation was completely abolished. Usually, 
the reduced tumorigenicity was highly dependent on the amount of cytokine pro
duced: high amounts of cytokine are required for abolishment of tumorigenicity, 
although bell-shaped dose responses have been reported (157,182). 

3.4.2. MECHANISM 

The mechanism of blocking of tumor growth has not been made unequivocally 
clear, but definitely depends on the modification made to the tumor cell. The general 
idea is that the production of the cytokine at the vaccination site attracts immune 
effector cells, mainly macrophages, neutrophils, NK cells, and CD4+ and CDS+ 
T -cells. The CDS+ T -cells are ultimately the most important contributors in eliminat
ing the tumor cells, suggesting that one of the main reasons for the effectiveness of 
the secreted cytokines is the bypassing of the helper arm of the immune system, com
prising the antigen presentation through HLA Oass II to CD4+ T-cells (Fig. 1). Other 
effector cells, such as NK cells, may be important too, in particular, in the initial 
phase of the rejection (160, 183). It should be stressed, however, that the actual mech
anism cannot be generalized, but is largely dependent on the cytokine and on the 
tumor model used (reviewed in 184,185). Whatever the actual effectors are, in the 
above presented view, the cytokine-producing tumor cell interacts directly with the 
immune system of the host. In an alternative view, however, tumor cells are broken 
down at the vaccination site, and owing to the local cytokine production of yet intact 
cells, an effective presentation of tumor antigens is initiated by antigen-presenting 
cells of the host. This view is substantiated by recent experiments showing that 
allogeneic cytokine-producing tumor cells are also effective in mounting protective 
immunity against a subsequent challenge with a syngeneic tumor (186). This would 
actually decimate the necessity of matching for tumor antigen-presenting MHC Class 
I alleles in vaccination protocols, since the tumor antigens from allogeneic tumor cells 
would be presented by the autologous antigen-presenting cells and subsequently in
duce an immune response against the autologous tumor (also see Section 4.1.). 

Most importantly, in all models studied, animals treated with cytokine gene-engi
neered tumor cells developed long-term memory against the engineered cells as well as 
against the parental tumor cells. This effect could not be reached by administration of 
tumor cells mixed with cytokine or by tumor cells only. In some systems, however, 
the effect of the cytokine-producing tumor cells could be mimicked by mixing the 
tumor cells with autologous fibroblasts engineered to produce the cytokine (186). In 
most systems, treatment with live tumor cell vaccines was superior to irradiated cells 
(166,187), stressing that the success of vaccination with engineered tumor cells in 
human cancer patients may turn out to be limited when the cells are irradiated, as 
presently required by medical ethical committees. 

3.4.3. COMPARISON OF EFFICACY 

There is still much discussion about what cytokine is the most effective on transfer 
in tumor cells in raising an immune response against parental cells. In a series of 
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experiments by various groups, a number of cytokines were compared, and variable 
results were obtained (160,166,180,188). Good choices seem to be IL-2 and GM-CSF, 
though results are undoubtedly dependent on the tumor model used. Surprisingly, in 
one study (187), the cytokine transfection seemed not to be superior above a mixture 
of nonmodified tumor cells and Corynebacterium Parvum (C. Parvum), an adjuvant 
frequently used in the past as immunostimulator (189). The general validity of this 
observation, however, is hard to evaluate. In particular, for the human situation, vac
cination with BCG/tumor cell mixtures was only shown to be effective in rare in
stances, making a comparison with the animal studies difficult. 

Finally, a distantly related, but interesting approach making use of the immuno
stimulating properties of cytokinesis the engineering of immunogenic epitopes that 
are target for a B-cell response. Constructs harboring sequences encoding tumor
specific idiotypes have been fused to sequences encoding GM-CSF, IL-4, or IL-2, and 
fusion proteins were synthesized. Such fusion proteins are capable of eliciting signifi
cant levels of specific antibodies against the idiotype and can elicit significant anti
tumor immunity (190,191). This strategy is used for the preparation of protein vac
cines, but one can speculate that cellular vaccines producing these types of recombinant 
proteins may be useful too. 

In conclusion, vaccination using cytokine transfer techniques seems very promis
ing, although a lot of more research has to be done to fine-tune the experimental 
conditions. The results so far have encouraged clinicians to initiate clinical studies in 
patients with melanoma and renal cell carcinoma. In the next section, we will discuss 
the rationale and outline of these studies. 

4. CLINICAL STUDIES 

4.1. Rationale 
The molecular biology techniques for the modification of tumor cells, discussed in 

detail before, enable us to explore the new strategies to enhance the immunogenicity 
of human tumor cells and use these cells for vaccination. Most of the tumor-specific 
antigens, candidates for such an enhancement in the individual patients, have not yet 
been identified. The most optimal situation, therefore, is to transfer autologous tumor 
cells of the patient, either in vivo or ex vivo, and let them work as a vaccine. This cir
cumvents the determination of matching for tumor-specific antigens and for the HLA 
Class I alleles required to present the tumor-specific peptides. 

The feasibility and safety of gene therapy with genetically modified cells have been 
demonstrated by the pioneering work of Rosenberg and coworkers (19,67,192). In 
applying the strategies of cytokine transfection as discussed above, two approaches 
can be envisioned: (1) transfer of the cytokine genes in vivo locally at the site of the 
tumor(s), and (2) perform the transfer ex vivo on cultured cells and re-administer 
them to the patient. Both methods have, however, certain disadvantages. Transfer to 
the tumor in situ may be technically difficult, if there is any tumor there. Also, how
ever, the ex vivo approach may cause complications. Culturing autologous tumor 
cells is time-consuming and not always successful. The identification of common 
tumor antigens presented by either HLA-A *0101 or HLA-A *0201 allows the use of 
HLA-A*0101 or HLA-A*0201-positive allogeneic cells as a vaccine in melanoma 
patients harboring these alleles. Approximately 60-700Jo of white patients will be 
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HLA-A*0101 and/or HLA-A*0201. Therefore, such a vaccine is expected to be 
applicable in a considerable number of melanoma patients. Furthermore, the presence 
of allogeneic HLA Oass I or II molecules may be even more advantageous, because it 
has been shown in animal experiments that foreign MHC genes may induce a similar 
raise in immunogenicity as obtained with cytokine gene therapy (see Section 3.3.). 
Moreover, as a practical advantage, the allogeneic cells will most likely be rejected by 
the immune system of the patient, avoiding any risk of tumor recurrences by cells 
surviving the irradiation. It even may allow vaccination with live tumor cells in patients 
with a well-functioning immune system, which may be more effective on the basis of 
the experience with animal vaccination studies (see Section 3.4.2.). 

Following immunization of patients with genetically modified allogeneic tumor 
cells that share an HLA Class I allele, the cells may in vivo directly present the shared 
tumor peptides to HLA Oass !-restricted CfL of the patient, provided that the shared 
HLA Oass I allele presents a shared immunodominant peptide. Alternatively, the 
cells will be degraded and serve as a source of tumor antigens presented by autologous 
antigen-presenting cells (Fig. 2). These cells will then process and select the appro
priate epitopes, which will enter the HLA Oass II processing route to stimulate CD4+ 
T -cells, or even enter the HLA Class I route to induce directly proliferation of CDS+ 
cytotoxic T -cells (186). In this line, one can even think of using a fully allogeneic cell 
line for vaccination. In this case, a shared tumor antigen is required, and the corre
sponding tumor peptides can only be presented by the autologous antigen-presenting 
cells (Fig. 2). 

4.2. Trials 
A number of clinical trials using gene modification for immune modulatory pur

poses have been initiated (193-198). The studies focused on HLA Class I genes and 
cytokine genes. The various modes of administration of the "vaccines" are: 

1. Genes packed in liposomes directly transferred into the tumor in situ (196); 
2. Cytokine-producing fibroblasts admixed with tumor cells (198); 
3. Autologous tumor cells cultured and transduced with cytokine; and 
4. Allogeneic cytokine-transduced or transfected tumor cells (194,195,197). 

In February 1992, we initiated the first clinical study in which HLA-A *0101 or 
HLA-A*0201-positive melanoma patients were immunized with an HLA-A*0101, 
A *0201 ,B*0801-positive melanoma cell line, transfected with the IL-2 gene. The cell 
line expresses high levels of HLA Oass I. Moreover, the cell line expresses MAGE-l, 
2, and 3, tyrosinase, Mart-1, and gplOO. The choice of IL-2 was based on the fact that 
clinical remissions were obtained in patients with metastatic melanoma following 
IL-2 based treatment regimens. Furthermore, ample evidence exists for the presence 
of CTL precursors in melanoma patients, and the animal studies testing different 
cytokines for gene transfer indicated that IL-2 worked well. The IL-2 gene under con
trol of an immediate early cytomegalovirus (CMV) promoter was transfected using the 
calcium phosphate precipitation technique. This promoter is well expressed in mel
anoma cells, and the cells produce high amounts of IL-2 up to at least 100 ng IL-2/1()6 
cells/24 h. After 100 gy of irradiation, a dose that completely inhibited the prolifera
tion of the cells in vitro, the secretion of biologically active IL-2 on a per -cell basis 
increased in the first days, decreased thereafter, but after 10 d IL-2 production was 
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Fig. 2. Induction of a CDS+ T -cell-mediated antitumor response by vaccination with gene-modified 
tumor cells. Three situations are shown as indicated: 1. autologous tumor cells, 2. allogeneic tumor 
cells, sharing one or more HLA Class I alleles, or 3. fully allogeneic tumor cells. All vaccination 
strategies lead to a CDS+ -mediated immune response against the patient's own tumor (shown on 
the right side). Autologous tumor cells or autologous HLA molecules are depicted in gray, and 
allogeneic tumor cells or allogeneic HLA molecules are depicted in black. 

still measurable. The purpose of our study was to evaluate toxicity and antitumor 
efficacy of weekly subcutaneous injections of the IL-2-secreting irradiated cells. So 
far, no toxicities have been observed, though we did observe inflammatory reactions 
at the site of vaccination as well as at the site of distant metastases. Regressions of 
metastases were observed, but these always represented mixed responses. 

Nabel and coworkers (6) reported the enhancement of antitumor immune response 
by in vivo injection directly in tumors of allogeneic HLA-B7 using DNA-liposome 
complexes. HLA-B7 protein expression was demonstrated in the tumor cells near the 
site of injection. No systemic toxicity was observed, whereas a fivefold increase in the 
frequency of HLA-B7-reactive CTL precursors was demonstrated in one patient 
following immunization. Furthermore, a distant lung metastasis regressed in one of 
the five reported patients, suggesting that the allogeneic effects may indeed have 
enhanced the antitumor immune response. 
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Altogether these experiments look promising and merit further investigation of 
gene therapy in cancer patients. 

5. EPILOGUE 

The present insight into the genetics of cancer development allows an active inter
vention by means of genetic manipulation. This may be either replacement of affected 
genes or addition of inactivated or lacking genes. It has been shown that random inte
gration of, for instance, tumor suppressor genes in cancer cells is effectively inhibiting 
cell-cycle progression. This shows that, in principle, this type of addition therapy can 
work. Many barriers have to be removed before the delivery of such genes has the 
power to reach every malignant cell in the body, an absolute requirement for the cure 
of metastatic cancer. For the moment, however, these techniques can be explored as 
debulking tools, allowing more effective methods of cancer therapy to be successful. 
This may, for instance, be triggering the immune system to attack the cancer cell. 

The new developments in genetic engineering, in particular the design of new 
eukaryotic expression vectors, have disclosed an array of possibilities to deliver genes 
specifically to cancer cells, leaving the surrounding normal cells intact. This has, for 
instance, led to the clinical use of suicide genes. Another step forward toward precise 
delivery of genes has been made by invoking the help of the highly selective immune 
system: on one hand, cytotoxic T -cells have been genetically altered in such a way that 
they can more effectively interact with the tumor cell; on the other hand, tumor cells 
have been made immunogenic to enhance the immune system of the host. An intrigu
ing observation has recently been made, i.e., cells harboring suicide genes evoke an 
immune reaction, leading to a situation that killing by the drug in combination with 
an immune response may be particularly effective in eradicating the tumor. The gene 
transfer techniques can be applied to normal cells, too: purged bone marrow of the 
cancer patient can be engineered is such a way that it becomes resistant to cytostatic 
drugs, allowing high-dose chemotherapy. 

In the clinical setting, the conditions for vaccination will have to be very carefully 
investigated and evaluated. Based on the animal experiments, the optimal situations 
for cellular vaccines to be effective were at very low tumor load. Since the clinical 
trials now performed are all on patients with advanced metastatic disease and probably 
considerable tumor burden, the outcome may give an underestimated view on the 
power of the therapy. Therefore, arguments have to be gathered for treating patients 
with a more favorable prognosis, for instance, in an adjuvant setting. Also, a com
bination with an adoptive transfer of in vitro expanded tumor-specific CTLs induced 
by the vaccine might be fruitful. For the moment, however, important data can be 
gained from the treatment of metastatic patients. First, a careful histological evalua
tion of biopsies of macroscopic metastases before and after vaccination may give 
insight into the immune reaction elicited. Second, a minute analysis of tumor-specific 
CTL in the peripheral blood mononuclease cells (PBMC) of the patients before and 
after vaccination may reveal whether an increased T -cell reactivity can be induced and 
toward what antigens these T -cells are directed. On the basis of the outcoming data, 
further studies can be undertaken to optimize the conditions for this form of gene 
therapy. 
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By and large, the search for gene therapy approaches for the treatment of cancer 
has yielded a number of exciting new developments, with highlights in the "suicide" 
therapy and immunotherapy. Very powerful new techniques are finding their way to 
the clinic now. The preliminary clinical data, however, should be evaluated with care 
and used to allude to new directions for improvement of the present protocols. It is 
our sincere expectation that the almost indefinite possibilities of the new genetic tech
niques ultimately will survive in the struggle against cancer. 
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