


International Union Against Cancer 

Treatment and Rehabilitation Programme 

Chairman: Ismail Elsebai 

Project on Prospects of Treatment 

Ian Magrath (Chairman) 
K. Cowan, M. Israel, T. Kinsella, L. Liotta, M. Lippmann, 
D. Longo, C. Meyers, V. Narayanan 



New Directions 
in Cancer Treatment 

Edited by Ian Magrath 

With 71 Figures, 12 in Color 

Springer-Verlag 
Berlin Heidelberg New York 
London Paris Tokyo 



VICC, Rue du Conseil-Genera13, CH-1205 Geneva 

Editor: 

IAN MAGRATH 

National Institutes of Health 
National Cancer Institute 
Lymphoma Biology Section 
Pediatric Branch 
Bethesda, MD 20892, USA 

ISBN-13 :978-3-540-19063-9 e-ISBN -13 :978-3-642-83405-9 
DOl: 10.1007/978-3-642-83405-9 

Library of Congress Cataloging·in·Publication Data 
New directions in cancer treatment/edited by Ian Magrath. 

p. cm. 
"UICC (International Union against Cancer) treatment and 

Rehabilitation Programme"-P. facing t.p. 
Includes bibliographies and index. 
ISBN-13:978-3-540-19063-9 (U.S.) 
1. Cancer-Treatment. I. Magrath, Ian. II. UICC Treatment and 

Rehabilitation Programme. 
[DNLM: 1. Neoplasms-therapy. QZ266N5317] 

RC270.8.N48 1988 
616.99'406-dc19 
DNLMIDLC 

88-24915 

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is 
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcast­
ing, reproduction on microfilms or in other ways, and storage in data banks. Duplication of this pub­
lication or parts thereof is only permitted under the provisions of the German Copyright Law of 
September 9, 1965, in its version of June 24, 1985, and a copyright fee must always be paid. Violations 
fall under the prosecution act of the German Copyright Law. 

© Springer-Verlag Berlin Heidelberg 1989 

The use of general descriptive names, trade marks, etc. in this publication, even if the former are not 
especially identified, is not to be taken as a sign that such names, as understood by the Trade Marks and 
Merchandise Marks Act, may accordingly be used freely by anyone. 

Product Liability: The publisher can give no guarantee for information about drug dosage and applica­
tion thereof contained in this book. In every individual case, the respective user must check its accuracy 
by consulting other pharmaceutical literature. 

Typesetting: Asco Trade Typesetting Ltd., Hong Kong 

21211NY30-543210 



Foreword 

During the last few decades, there has been a tremendous 
improvement in the treatment of cancer. There is evidence 
that this trend is continuing, based on the achievements re­
sulting from the combined efforts of clinicians and basic re­
search workers. This book is an example of such interaction 
and collaboration. It was prepared by authors representing 
both areas of work. 

Most of the work reported in this book is not merely 
theoretical, but has been experimentally successfully tested 
and sometimes applied clinically. This work has, however, 
not yet been generalized and practiced on a wide scale. 

Some of the results reported here relate to new aspects 
and open new horizons for future progress. 

This book will be of great value for both clinicians and 
basic research workers. 

VICC 
Treatment and Rehabilitation Programme 

ISMAIL ELSEBAI 

Chairman 



Preface 

The three main approaches to the treatment of cancer are surgery, 
radiotherapy, and chemotherapy. Today, all malignant neoplasms are 
managed by one or more of these modalities, with varying success rates 
depending on the type of tumor, its degree of spread, and the knowl­
edge and skill with which the treatment plan has been designed and 
executed. In the United States of America and in Europe, approximate­
ly half of all cancer is presently curable, but this has been the case for 
approximately 20 years. Although major progress has been made in 
the treatment of specific cancers, the 5-year survival rate for all cancers 
in US Whites, for example, has increased by only approximately 10% 
since 1960. One interpretation of the apparent lack of progress overall 
in recent years is that available approaches to cancer treatment are 
being employed at a close to optimal level. It is true, of course, that 
results of treatment in the larger cancer centers may be better for some 
diseases than those achieved in smaller units or nonspecialist hospitals 
with more limited resources and expertise. It is also true that major 
progress in the management of some diseases, such as the hemopoietic 
neoplasms and testicular cancer, has occurred in recent years. It would 
seem, however, that even if every cancer patient were to profit to the 
full from modern approaches to treatment, the overall results, measured 
in terms of the percentage of patients cured of their disease, would not 
differ significantly from those currently being obtained, since so little 
progress in the management of the common cancers, such as lung, 
breast, and colon, has occurred. 

When viewed from the standpoint of the world as a whole, it is clear 
that only a fraction of patients world-wide are receiving the benefits of 
modern cancer therapy, and a major goal, which would result in the 
saving of millions of lives every year, must be to provide improved can­
cer treatment to the developing countries. This would not necessarily 
mean the simple transplantation of Western expertise to those areas of 
the world that lack it, but rather a planned campaign whereby the prob­
lems relevant to the developing world are addressed. Yet at the same 
time, notwithstanding the major advances that have been made, the 
deficiencies of the current approaches to cancer treatment must be rec­
ognized and rectified if overall results are to be improved. 

One of the major handicaps to rapid improvements in cancer therapy 
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is that all modern approaches have been initially empirical. Whereas, 
with luck, empirical approaches may prove to be highly successful, when 
they fail, the course of action is not at all clear, and improvements are 
dependent upon the whims of chance. But some treatment approaches 
have proved to be highly effective in specific, often uncommon diseases, 
and attempts have been made to expand these glimmers of light into 
therapeutic principles. Further, enormous progress has been made in 
the understanding of the biology of cancer, and the possibility exists of 
developing rational approaches to treatment based on the new knowl­
edge of the nature of the cellular and biochemical changes that result in 
neoplastic growth. These same advances in understanding may be even 
better utilized by applying them to the prevention of cancer, but that is 
not the subject of this book. 

The objective of this volume is to examine current trends in research 
relevant to or applied directly to cancer treatment. As such, it covers a 
broad area, and in philosophy includes attempts to improve current 
modalities as well as totally novel approaches which would have been 
inconceivable even 10 years ago. It also contains rather more specu­
lative material than is usual for a book on cancer treatment, but this is 
entirely justifiable since new ideas are sorely needed. It is hoped that 
this volume will be read both by physicians engaged in the treatment of 
patients with cancer, particularly those responsible for clinical research 
in this area, and by scientists working in fields impinging upon the 
understanding of cancer and its treatment. One increasing disadvantage 
faced by cancer research is that there is a widening gap between clini­
cians and basic scientists. The language of the latter increasingly deals in 
terms of molecular structure and molecular interactions, whereas the 
physician still deals mainly in terms of histology, clinical staging, and 
pharmacology. There is a need to bring these two worlds into closer 
apposition, and it is to be hoped that this volume, if only in a small way, 
will help to bring this about. 

IAN MAGRATH 
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1. New Directions in Cancer Treatment: An Overview 
I. T. Magrath 

Introduction 

In the first half of this century, effective cancer therapy was only available for 
patients with localized tumors amenable to surgery or to the evolving modality 
of irradiation. There were no available methods to eradicate disseminated 
disease, which is present at the time of diagnosis in some 30% of patients 
with invasive cancer. Many of the remaining percentage of patients will subse­
quently relapse with metastatic disease after loco-regional therapy. Since the 
1950s there has been a dramatic broadening of the range of proven or potential 
methods of cancer therapy, which currently includes such disparate approaches 
as tumor bombardment with subatomic particles on the one hand, and attempts 
to manipulate biochemical pathways related to cell proliferation or differentia­
tion on the other. Particulary gratifying is the demonstration that at least 
some patients with widely disseminated tumors are curable with modern ap­
proaches to therapy. In fact a high proportion of patients with certain cancers 
such as choriocarcinoma, testicular cancer, many lymphomas and leukemias, 
and a number of childhood neoplasms-at one time uniformly fatal-can now 
expect to be cured, although many other cancers remain refractory to treatment 
except when disease is localized. These promising results have their foundations 
in the numerous conceptual and technological advances of recent years. Some of 
these have had a direct impact on therapeutic strategies, such as the develop­
ment of the linear accelerator and new cytotoxic drugs, but others have had a 
more indirect influence, including improvements in methods of conducting 
and evaluating clinical trials, vastly improved imaging techniques and advances 
in supportive care, particularly that of the febrile neutropenic patient. The 
development of the microchip has had a major impact upon all aspects of 
cancer treatment and research, because of the resulting enormous increase in 
our capacity to store and analyze large quantities of information by computer, 
a trend equally important to data management in clinical trials, therapeutic 
planning in radiotherapy, tomographic and magnetic resonance imaging, and 
molecular biology. Progress in immunology and cell biology, closely linked with 
the development of the new field of molecular genetics, has led not only to 
increased accuracy and objectivity with regard to the diagnosis of at least some 
neoplastic diseases, a critically important prerequisite for the refinement of 
treatment strategies, but also to new approaches to cancer imaging and therapy. 
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Moreover, the discovery that drugs can cure some types of disseminated cancer 
(a major step forward that has been taken in the last 25 years or so) has provided 
a foundation upon which much more systematic approaches to the identification 
or synthesis of either totally new drugs or analogues with a higher therapeutic 
index are being constructed. 

In spite of the major advances which have been made in the understanding 
and treatment of cancer, carrying with them the implicit promise that almost all 
cancers will ultimately be curable or preventable, there remains at present a 
considerable way to go before this goal is accomplished. This has led to an un­
reasonable degree of pessimism in those with a perspective limited to the clinical 
arena or with unrealistic expectations of the speed at which new knowledge and 
technology can be translated into improvements in the results of treatment 
of all cancer [1]. At present approximately 49% of all cancer is curable in the 
United States and Europe. This has been achieved by progress in the application 
of each of the three major treatment modalities-surgery, radiation, and 
chemotherapy-and also by judicious combinations of two or more of these 
modalities. It would appear that the major principles of cancer treatment using 
the three primary modalities have already been established and further progress 
in the results achieved with these treatment methods will, to a large extent, be 
made by refinement of treatment strategies, such as the development of more 
effective, less toxic chemotherapeutic agents and the improvement of radiation 
therapy techniques (both are subjects discussed in later chapters of this book). 
However, a number of totally novel forms of therapy are under investigation or 
at early stages of preclinical development. Many of these have only been made 
possible by progress in understanding the biology of neoplastic and nonneo­
plastic growth. At the present time, we are only at the very beginning of this 
era of understanding the cause and nature of cancer. Thus, it is not possible to 
predict with any degree of accuracy which areas of research are likely to be most 
fruitful, and it seems likely that at present we cannot even perceive the nature 
of some of the approaches to cancer treatment that will be used in the future. 
Insights into the pathogenesis of neoplasia have, however, provided substantial 
grounds for optimism even though a great deal of work both in the laboratory 
and in the clinic remains to be done. 

This chapter will outline briefly some of the more promising recent trends 
in the treatment of cancer by radiation or chemotherapy, i. e., by traditional 
methods, as well as some potentially revolutionary approaches, based on our 
increased understanding of the nature of neoplastic cells and host-tumor in­
teractions. This will provide a framework for the more detailed discussions which 
follow. A basic theme which runs throughout all approaches to cancer treatment 
will recur again and again: namely, the goal of achieving the highest therapeutic 
index possible, i.e., maximal tumor-cell elimination with minimal toxicity to 
normal tissues. Although a number of advances have been made in surgical 
oncology, such as, for example, the advent of limb-sparing procedures for ex­
tremity sarcomas and the use of the CO2 laser, surgery will not be discussed as a 
separate modality. Another area which is not within the scope of this book, that 
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of supportive care, has nonetheless been crucial to the development of modern 
intensive chemotherapy regimens. In recent years, a large number of powerful 
new antibiotics, including antiviral compounds, have become available, and the 
principles of broad-spectrum antibiotic coverage of the febrile neutropenic 
patient along with empiric antifungal treatment in persistently febrile patients 
have been firmly established. This, coupled with improved blood product trans­
fusion capabilities, particularly the administration of platelets to profound­
ly thrombocytopenic patients, has led to the ability to administer intensive 
chemotherapy with a much wider safety margin. There is no question that the 
ancillary components of the management of cancer-diagnosis, the determina­
tion of the extent of disease, and supportive care-have a crucially important 
role to play in the achievement of improved therapeutic results. This should 
not be forgotten when the primary treatment modalities themselves are 
considered. 

Radiation Therapy 

Conceptually, the irradiation of tumors resembles surgery with regard to its 
objectives, i.e., the eradication of local disease. The potential advantages of 
extenal beam irradiation over surgery include: the treatment of bodily regions 
which cannot be surgically removed or the removal of which would result in 
major disability; the possibility of encompassing a wider area around the tumor 
than with surgery; and the capacity to treat multiple areas, including metastatic 
disease, simultaneously. An extension of the concept of irradiation as local 
therapy has been the development of treatment plans which include anatomical 
regions likely to be involved by tumor spread, such as regional lymph nodes, or 
areas highly likely to be the site of cryptic metastatic tumor, including the ner­
vous system or lungs. This form of treatment is usually known as "prophylactic," 
since, although it is based on the assumption that micrometastases exist, disease 
is not detectable at these sites at the time of therapy. The concept of irradiat­
ing areas at high risk for disease extension has been maximally developed in 
Hodgkin's disease, where there has been sufficient success with extended field or 
total nodal irradiation for there to be controversy over whether radiation or 
chemotherapy provides optimal treatment for some subgroups of patients with 
widespread tumor. 

Radiation, like chemotherapy, cannot be delivered without exacting a price in 
terms of normal-tissue toxicity. Thus, for the optimal delivery of radiation, close 
attention must be paid to the dose delivered to irradiated normal structures. 
Normal-tissue toxicity is the limiting factor in all treatment protocols involving 
radiation, and this problem is often exacerbated where radiation is combined 
with chemotherapy. A number of drugs may give rise to worsening of radiation­
induced toxicity of normal tissues when administered with radiation, or even 
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the recall of local toxicity when a drug is administered after the completion of 
radiation therapy (for example actinomycin D, adriamycin (doxorubicin), 
methotrexate) . 

Further developments in radiation therapy can be achieved only by altering 
the delivery schedule (dose rate and size of dose fractions), by improving treat­
ment planning so that more normal tissue is spared, by altering the nature of the 
radiation used (an area currently under exploration in a number of centers using 
particle beam radiation such as protons, neutrons, and pi-mesons), or by com­
bining radiation with other modalities in an attempt to increase specificity for 
neoplastic tissue. 

Attempts to Improve the Therapeutic Index of Conventional 
Radiation Therapy 

Relatively little investigation has been carried out on dose rate and fractioning. 
This is partly due to the practical difficulties of increasing the dose rate beyond 
one fraction per day, although there may be some advantage, in selected tumors, 
of hyperfractionation (several smaller fractions per day) or accelerated frac­
tionation [1]. Much more effort has been put into the problem of limiting the 
irradiation of normal tissue surrounding the tumor. Clearly, if only tumor and no 
normal tissue were included in the radiation field-an unattainable theoretical 
ideal-radiation therapy would be extremely simple, since whatever dose of 
radiation necessary to cause 100% tumor-cell kill could be delivered with impun­
ity. While it is possible that further technological advances resulting in improved 
beam characteristics will lessen scatter outside the intended radiation volume, it 
is unlikely that major improvements in the therapeutic index will come simply 
from the development of better radiation sources and beam collimation. 

Intraoperative Irradiation. A more imaginative attempt to approach the theo­
retical ideal situation as closely as possible is the technique of intraoperative 
irradiation. Unfortunately, while high doses of radiation can be delivered to 
well-defined tumorous areas at the time of surgery, and particularly vulnerable 
normal structures such as bowel, ovaries, etc., can be removed from the radia­
tion field, only tumors in certain anatomical situations are amenable to intra­
operative therapy. This method also has the disadvantages that usually, because 
of the need for a major surgical procedure, only single high doses of radiation 
can be delivered, and that normal tissues can only be partially removed from the 
path of the radiation beam. 

Field Planning from Three-Dimensional Imaging. A different approach to the 
problem of maximizing the dose to the tumor and minimizing the dose to normal 
tissue, and one which holds considerable promise, is the utilization of three­
dimensional planning to better define the precise volume to be irradiated. This is 
accomplished by making extensive use of both new imaging techniques, such as 
computerized tomographic scanning, magnetic resonance imaging, and imaging 
with monoclonal antibodies, coupled to the enormous ability of the computer to 
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transform multiple two-dimensional slices (even when obtained from different 
imaging devices) into three-dimensional images. This, combined with computer­
ized calculation of optimal beam angles and intensities, and the ability to con­
trol precisely, again by computer, the rotation of the beam and/or the patient in 
several planes during therapy, (generating, thereby, truly curved fields), con­
siderably lessens the irradiation of uninvolved tissue. This new technology, when 
fully developed, will presumably give the highest possible therapeutic indexes 
using conventional external beam irradiation. Although complex, the extensive 
computerization may eventually permit more accurate treatment to be delivered 
at all radiation oncology centers, even in smaller units where the radiotherapists 
may be less experienced. Carefully designed computer programs could even 
indicate where brachytherapy (implantation of radioactive wires, needles, etc.) 
would be preferable to external beam therapy and what kind of external beam 
(electrons, gamma rays, etc.) would be optimal, at least in terms of the physical 
constraints imposed by the tumor shape and volume. 

Radiation Sensitizers and Protectors. A variety of drugs able to sensitize tumor 
tissue to radiation (such as halogenated pyrimidines, nitroimidazoles, sulfhydryl 
compounds and inhibitors of DNA repair) or protect normal tissues from radia­
tion (WR-2721 and cysteamline-related thiophosphates) have been examined, 
with some promising results. Perhaps new agents of this kind will be developed 
which will prove more effective than those currently undergoing clincial testing. 

Multimodality Therapy. The possibility that combinations of physical modalities, 
e.g., hyperthermia, radiation (possibly using novel approaches such as intra­
operative irradiation or particle beam irradiation), with drugs (other than 
cytotoxic drugs) may provide an increased therapeutic index has been explored 
to a limited extent. The true promise of these techniques cannot, as yet, be 
estimated. Moreover, since optimal timing and fractionation of radiation may 
differ when administered in combination with other modalities, numerous 
empiric trials will be necessary to fully evaluate such combinations. 

Targeted Radiation Therapy 

With the same goal of sparing normal tissue in mind, but utilizing a completely 
different approach, attempts have been made to "target" radiation by coupling 
radio nuclides to monoclonal antibodies directed against tumor-associated anti­
gens. Under ideal circumstances, this could result in the delivery of radiation 
only to tumor tissue, with almost total sparing of normal tissue. In practice, of 
course, this ideal is unlikely to be attained since no absolutely tumor-specific 
antigen exists, and, even if it did, it is unlikely that non-specific tissue uptake 
could ever be reduced to zero. At the present time, the ratio of specific to non­
specific binding with most monoclonal antibodies used in vivo is between 2 and 
10. A number of problems relating to both the antibody and radionuclide com­
ponents of the therapeutic medium need to be overcome; these include technical 
difficulties in the construction of suitable antibody/radioisotope conjugates, 
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tissue distribution of the conjugate, nonspecific binding via the Fe region of the 
antibody molecules to the reticuloendothelial system, the development of a host 
immune response against the antibody (since it is normally a foreign protein), 
and limitations in the radiation dose which can be administered by this route 
(related to the half-life of the radioisotope used and the type of emitted radia­
tion). However, this is a new field and one in which we may see considerable 
developments in the future. 

A similar approach to targeting therapy with monoclonal antibodies is to use 
radioactive compounds which are selectively taken up by tumor tissue. The most 
obvious example is the use of radioactive isotopes of iodine for the treatment of 
thyroid carcinoma. Recently, responses have been seen in pheochromocytoma, 
medullary thyroid carcinoma, and neuroblastoma to therapeutic doses of 
iodo-131-meta-iodobenzylguanidine (MIBG), a drug taken up by tissues which 
synthesize catecholamines [2]. Such radionuclides can be of value in diagnosis, 
treatment, and follow-up, and although their effect is at present mainly pal­
liative, further exploration of this approach would appear worthwhile. 

Alternatives to Photon Therapy 

Particle beam irradiation, with the exception of electron therapy, is an area of 
radiation therapy still being researched. Progress is hindered by the fact that there 
are relatively few centers able to generate fast neutrons, negative pi-mesons 
(pions), or ion beams with appropriate energies, that also have the facilities for 
treating patients. The potential advantage of these particle beam irradiation 
therapies is largely derived from their minimal dependence (unlike photons) on 
the presence of oxygen, and-since they all are densely ionizing in tissue­
improved depth dose distribution, so that higher doses can be delivered to the 
target tissue with less irradiation to surrounding tissue. In anatomical locations 
where the radiation field must conform precisely to the tumor volume, such as in 
the eye, where preservation of vision is an objective (e.g., uveal melanomas), or 
with para-eNS sarcomas abutting critical normal structures, helium ion or 
proton irradiation may be the treatment of choice [3,4]. In less critical regions 
a combination of particle therapy with improved definition of the tumor volume 
provided by three-dimensional treatment planning might be of particular 
benefit, although only very few specialized centers have this dual capability at 
present [5]. Fast neutrons appear to provide an advantage over photon and 
electron techniques in some well-defined series of patients with locally ex­
tensive salivary gland tumors or slow growing, well-differentiated soft tissue 
sarcomas and in some melanoma patients [6]. 

Much work remains to be done to determine the role of these newer types 
of irradiation. Optimal fractionation schedules may differ for different types of 
radiation, and combinations of different types of beam, e.g., photons and neu­
trons, could have advantages. Two questions that must be asked are whether the 
potential benefits justify the cost and practical difficulties involved, and how such 
benefits will compare with those of other approaches to cancer treatment. These 
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questions can only be answered if at least some centers continue to explore 
alternatives to photons in the practice of radiotherapy. 

Systemic Irradiation 

The use of systemic irradiation, i.e., irradiation delivered to the entire body and 
therefore encompassing all tumor cells, however widely metastatic, has had a 
new lease of life in recent years with the advent of autologous or allogeneic 
marrow infusion able to "rescue" the patient from therapy which is presumptive­
ly totally marrow ablative. Since total body irradiation maximizes the amount of 
normal tissue included in the radiation field, it has a particularly low therapeutic 
index. However, its use in combination with chemotherapy has been explored in 
a number of different tumors. Although encouraging results have been obtained, 
improvements in the results of treatment protocols utilizing marrow transplan­
tation seem more likely to come from improvements in the preparative 
chemotherapy regimens used than from advances in the delivery of total body 
irradiation. Low-dose total body irradiation has been of some value in a small 
number of tumors, e.g., low grade lymphomas, but has not become standard 
therapy in any tumor and seems unlikely to do so. 

Other Physical Methods 

Hyperthermia 

It now seems unlikely that hyperthermia will be used as a single treatment mod­
ality. Current trends in this field are focusing on combinations of hyperthermia 
with either radiation or drugs. Although serious acute toxicities have been 
observed with hyperthermia alone or hyperthermia in combination with, for 
example, adriamycin, new methods of elevating body temperature appear to be 
less toxic. It is of interest that a number of drugs have proved to be cytotoxic 
at an elevated temperature, but not under normothermic conditions. The use of 
hyperthermia is still experimental, but this modality does represent a unique 
approach to cancer treatment and may find a role in concert with other 
therapies. 

Photoactivation 

The use of light-sensitive compounds such as psoralens [7] or hemato­
porphyrins-some of which may be preferentially taken up by tumor tissue­
to induce tumor toxicity when exposed to light (in the form of laser beams in 
the case of hematoporphyrin sensitization) is an interesting area for research 
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which may provide a valuable form of therapy for specific kinds of cancer. 
Examples include some cutaneous neoplasms, cancers of internal body surfaces 
which can be illuminated with appropriate instruments, and possibly, in the case 
of laser activation, cancers in anatomical locations where the preservation of 
function requires that local therapy be applied to the tumor only, with tumor mar­
gins measured in millimeters at most (e.g., the eye). The role of photoactiva­
tion in the overall schema of cancer treatment, however, has yet to be defined. 

Chemotherapy 

The treatment of cancer by drugs represents a quite different philosophical 
approach to that espoused by surgical oncology and, at least for the most part, 
radiation therapy. Cancer chemotherapy has been primarily directed against 
tumors which are widespread from the outset, or have a known high propensity 
to metastasize. However, the regional use of chemotherapy, e.g., in the treat­
ment of tumor in body compartments such as the CNS or peritoneal cavity, or in 
organs amenable to regional perfusions such as the liver or an extremity, has 
been under investigation for a long time. The therapeutic index of cancer 
chemotherapy varies markedly from tumor to tumor and from drug to drug. 
While a small number of tumors may be curable by chemotherapy alone, even 
when massive or widely disseminated, in other cancers chemotherapy is largely 
considered as an adjuvant to surgery or radiation which are used to eradicate 
known sites of disease. Chemotherapy is also sometimes used as the sole treat­
ment modality in localized tumors when the tumor is highly sensitive to chemo­
therapy and has a high propensity to spread (e.g., some lymphomas). 

Because chemotherapy is a systemic modality the effect of the drugs on nor­
mal tissue is of critical importance. Based, to some extent, on principles learned 
from antimicrobial therapy, there has been a major trend in the past decade 
towards the use of drug combinations as opposed to single agents. With the 
exception of some incurable neoplasms which can be controlled for a period of 
time with single agents and the initial clinical trials of new drugs, single agents 
are rarely used today except in an experimental setting. The use of drug com­
binations is based on the principles that (a) multiple drugs are likely to be more 
effective against cancer cells because of simultaneous damage to several bio­
chemical pathways. (b) resistance is less likely to arise to a drug combination 
than to an individual drug, and (c) the overall toxicity of the combination 
regimen will, at worst, be increased within a tolerable range above the level an­
ticipated for a single agent when drugs with different side effects are combined. 
In a number of malignancies, particularly hemopoietic malignancies, there is 
no doubt that drug combinations are superior to single-agent therapy and a 
large amount of clinical chemotherapeutic research is devoted to the develop­
ment of better drug combinations (i.e., combinations with a higher therapeutic 
index). Whereas new drug combinations can often be rationalized on the basis 
of current knowledge, well-designed clinical trials are still necessary to dem-
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onstrate the superiority of one combination over another, and a large helping 
of empiricism in such studies is unavoidable. Multiagent regimens fail, all too 
often, because of the major obstacle to cure by chemotherapy-the development 
of drug resistance, or, perhaps more accurately, the gradual predominance in 
a tumor of drug-resistant clones which may have been minimally represented 
at the start of therapy. 

Because of the all too frequent development of drug resistance and the poor 
responsiveness of some tumors from the outset, for a long time there has been a 
move toward the development of new agents which might prove to be more 
effective than existing agents, or at least to be non-cross-resistant alternatives. 
Three major approaches to dealing with the problem of primary or secondary 
chemotherapy resistance are being pursued, although the last two are still in 
their infancy: (a) the development of new drugs, (b) attempts to reverse resis­
tance, and (c) attempts to use the altered biochemistry of drug-resistant cells as a 
therapeutic target. In addition, maximal exploitation of available drugs is being 
attempted through the more rational design of drug combinations, the use of 
pharmacokinetic information, and the exploration of very high-dose therapy. 

Drug Screening 

The National Cancer Institute of the United States of America has for many 
years undertaken empirical drug screening programs whereby very large 
numbers of compounds are examined for cytotoxic activity in selected panels 
of animal tumors. Recently there has been a trend towards the introduction of 
drug screening against human tumors in vitro, using the clonogenic assay system 
or cell lines derived from human tumors (predominantly lung, breast, colon, and 
CNS tumors, leukemia, and melanoma). Once promising agents are identified, 
detailed toxicity studies are carried out in animals, and the drugs are finally 
examined in clinical trials for toxicity (phase I) and activity (phase II). The place 
of active drugs in cancer treatment is finally examined in phase III trials (usually 
randomized) in which drug combinations containing the new agent are com­
pared with the best available drug therapy. Whatever the screening method 
used, this approach to the discovery of potential new agents requires extensive 
resources and is relatively inefficient. Increased efficiency of preclinical screen­
ing has been made possible by improved knowledge of pharmacology and of the 
biochemical pathways with which drugs interact, as well as the development of 
computer data bases incorporating structure/activity information so that new 
compounds can be selected for screening on the basis of the similarity of their 
structure to drugs of known activity or the uniqueness of their structure. 

Drug Design 

Now that a sizable chemotherapeutic armamentarium has been built up, increas­
ing efforts are being expended in the design and development of new agents by 
structural modification of existing drugs (i.e., the development of less toxic or 
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more effective analogues). A number of potentially useful agents which appear 
to have less of the dose-limiting toxicities of their parent compounds have been 
developed, good examples being cisplatinum and anthracycline analogues with 
less renal and cardiac toxicity respectively. As more is learnt of structure-activity 
relationships, there is likely to be major progress in the ability to synthesize drug 
analogues with a number of desirable features, such as rapid penetration into the 
cerebrospinal fluid, or even into specific tumors, based on the biochemistry of 
the particular tissue, and resistance to enzymatic degradation. It may even be 
feasible to design drugs which have activity against specific tumors, which have 
less toxicity, or which interfere with more than one biochemical pathway. A 
prototype of the latter kind is the drug ara-azacytidine, which combines the 
biochemical characteristics of two drugs, cytosine arabinoside (ara-C) and 5-
azacytidine. This agent has proved to be more active than either ara-C or 5-
azacytidine alone in initial animal studies, but whether increased activity will be 
observed in clinical studies, and whether it will have advantages over the simul­
taneous or sequenced administration of the individual parent compounds 
remains to be seen [8]. 

A more recent approach to the development of chemotherapeutic agents, 
which is also dependent upon computer-based information, is the attempt to 
design drugs with particular activities, e.g., the ability to bind to an enzyme (and 
therefore inhibit the binding of the normal substrate) known to be important in a 
biochemical pathway involved in cellular proliferation. This has been made 
possible by the ability to generate, by means of sophisticated computer graphics, 
representations of the three-dimensional structure of enzymes, and to predict 
the structure of compounds which will bind to the catalytic regions. This permits 
the search for, or even the active synthesis of, agents which possess regions with 
the appropriate structure for the requisite function. Such an approach has 
already been used in the development of new folate inhibitors, and is likely to be 
used increasingly as more information becomes available regarding the deranged 
biochemical pathways of cancer cells. For example, the design of drugs which 
inhibit oncogene products, possibly even oncogene products which are specific 
for certain types of tumor, is a potentially very exciting area for future research. 

Drug Resistance 

In essence, chemotherapy failure is due either to failure of the drug to reach all 
tumor tissue (or to do so in sufficient concentration) or to the development of 
drug resistance. In the latter case, tumor will continue to progress in the face of 
drug concentrations which are normally cytotoxic. This is due either to intrinsic 
resistance of a proportion of the tumor cells, which may eventually come to 
predominate in the population, or to the development of resistance after expo­
sure to chemotherapeutic agents. Thus, a worthy parallel endeavor to the de­
velopment of improved or alternative drugs is the exploration of the mechanisms 
of drug resistance, in the hope that this knowledge will lead to effective methods 
of preventing or reversing resistance. Mechanisms of resistance can be simply 
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divided into those which reduce the effective level of a drug in tumor cells (i.e., 
impair entry, increase elimination, lessen activation, increase inactivation) or 
those which interfere with the biochemical effect of the drug (e.g., reduce bind­
ing of the drug to an enzyme, compensate biochemically for the function that has 
been impaired by the drug, or directly inhibit the drug effect). Resistance can be 
associated with increased transcription of a gene involved in one of these pro­
cesses (in more extreme cases involving amplification of the gene itself), such as 
the dihydrofolate reductase (DHFR) gene whose product is inhibited by 
methotrexate, or the multidrug resistance gene which codes for a protein (P170) 
believed to be involved in the elimination of certain chemicals, including several 
chemotherapeutic agents, from the cell via a membrane pump. Increased levels 
of DHFR or P170 means that increased concentrations of cytotoxic drugs will 
be required to overcome their effect. Increased levels of glutathione, which de­
stroys free radicals (which mediate the cytotoxicity of some drugs), have been 
associated with resistance to anthracyclines. Sometimes resistance is caused by 
the structural modification of an important cellular enzyme which is inhibited by 
a chemotherapeutic agent e.g., (once again) DHFR. 

Knowledge of the mechanisms of resistance will hopefully permit the de­
velopment of methods of avoiding, or lessening the probability of, the develop­
ment of resistance, or even of increasing the sensitivity of tumor cells to chemo­
therapeutic drugs, either before or after the acquisition of clinical resistance. 
When 5-ftuorouraciI (5-FU) is given before methotrexate, for example, it can 
induce amplification of the DHFR gene, such that cells become more resistant 
to subsequently administered methotrexate [9]. Cells which are resistant to 
methotrexate because of defective polyglutamate formation (methotrexate 
polyglutamates remain in the cell for longer and increase inhibition of thymidy­
late synthetase, another important enzyme in the pyrimidline synthesis pathway, 
as well as prolonging inhibition of DHFR) retain sensitivity to trimetrexate, a 
lipid-soluble antifolate which does not form polyglutamates. There is some evi­
dence that sequential administration of methotrexate and trimetrexate may 
decrease the rate of emergence of methotrexate resistance [10]. 

Resistance may be reversed by agents which inhibit the action of the primary 
macromolecules involved in the expression of drug resistence (e.g., blocking the 
function of P170 with verapamil or quinidine, or reducing levels of glutathione 
with buthionine sulfoximine).1t may even prove possible to develop drugs which 
bind specifically to structurally modified enzymes associated with drug resistance 
(such as modified D HFR [11]). Finally, the recent cloning of the gene coding for 
P170 (mdr-l) should permit rapid progress in the understanding of its normal 
functions and its role in pleiotropic drug resistance. 

Rational Drug Combination 

Until recently, combination chemotherapy regimens have been designed empir­
ically, paying attention only to the known spectrum of activity and the toxicities 
of the drugs under consideration. As information regarding biochemical path-
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ways improves, the possibility exists of rationally designing drug combinations to 
have the maximal effect on a specific intracellular pathway. This approach has, 
to date, mainly been explored in the case of drugs affecting purine and pyrimi­
dine metabolism, the pathways of which are known in quite substantial detail. 
One example is the use of 5-FUlleukovorin combinations. It has been shown that 
complete thymidylate synthetase inhibition by the active metabolite of 5-FU 
(ftuorodeoxyuridine monophosphate) can only be achieved in the presence of a 
folate cofactor, N5-10 methylene tetrahydrofolate [12]. Sensitivity to 5-FU cor­
relates directly with the intracellular folate level of cultured cells, and reduced 
folates enhance the cytotoxicity of 5-FU in both sensitive and resistant lines [13, 
14]. Combinations of drugs acting on the same pathway may prove to be syner­
gistic. This is the case when methotrexate is administered before 5-FU, although 
administration in the reverse order has the opposite effect (see above). Hopeful­
ly, as more information is obtained regarding the mode of action of cytotoxic 
agents, the design of drug combinations can be based more and more upon the 
biochemical effects anticipated rather than simply the known spectrum of activ­
ity and toxicity of a drug and empirical studies of drug combinations in animal 
tumors. The latter frequently fail to predict the result in human tumors, the 
biochemistry of which may differ markedly. 

Role of Pharmacokinetics in Cancer Chemotherapy 

In recent years, because of the development of improved methods of measuring 
drug levels, particularly through the use of high-pressure liquid chromatogra­
phy, pharmacokinetics has played an increasingly important role in the design of 
chemotherapy protocols. Because of age-related and individual differences in 
metaoblism and in the absorption (after oral administration) of drugs, standard 
dosing does not necessarily produce similar serum levels in different indi­
viduals. In the future, dosage could be determined on the basis of serum levels 
attained-a concept which is undergoing preliminary clinical trials. Knowledge 
of the distribution and true half-life of a drug; its absorption from the gastro­
intestinal tract, muscle, or subcutaneous tissue; and its protein binding capacity, 
lipophilicity, and passage across the blood-brain barrier all enable treat­
ment protocols to be designed more rationally, at least with regard to optimal 
dose, route, and scheduling of administration. Erratic absorption of oral 6-
mercaptopurine may be a factor which contributes to the relapse of patients 
suffering from acute lymphoblastic leukemia while they are on maintenance 
therapy (probably because of a resultant reduction in the dose intensity deliv­
ered to the tumor cells-see below) [15]. Valuable information pertinent to the 
dose and frequency of administration of ara-C has been gained with knowledge 
of its rapid deamination in serum and tumor cells [16]. Measurement of serum 
and CSF methotrexate levels has been instrumental in permitting the safe 
administration of high-dose methotrexate regimens, including those designed to 
provide CNS prophylaxis. 

Pharmacokinetics provide particularly valuable information with regard to 
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the choice of drug and design of regional chemotherapy regimens (e.g., hepatic 
artery infusions, intraperitoneal therapy). Clearly, such therapy has very 
specific indications, such as the presence of hepatic metastases of colorectal 
cancer, or intraperitoneal spread of ovarian cancer or cancer of the colon 
(see below). 

Concept of Dose Intensity 

Because the development of chemotherapy regimens has for the large art been 
empirical and has also been influenced by practical issues such as the need for 
hospitalization, a number of basic aspects of the design of chemotherapy regi­
mens have not been given the attention they deserve. One such issue is the 
question of dose intensity-the amount of drug delivered per unit time. Is it 
more likely that cure will result from high doses given at relatively long intervals 
or from lower doses given frequently, or are these two approaches equivalent so 
long as the same dose per unit time is given? There is no absolute answer to this 
question, since efficacy is often influenced by the pharmacology of the cytotoxic 
drug in question. In the case of ara-C, for example, the effect on the tumor is 
clearly schedule-dependent. There is good evidence, however, that for several 
drugs, e.g., mitoxantrone in breast cancer and VP16 in lung cancer, there is a 
linear relationship between the response rate and the dose intensity (at least 
over a part of the dose-intensity range), suggesting that the most important fac­
tor which determines the outcome of therapy (at least the initial response rate) is 
often dose intensity rather than schedule [17]. 

This concept has important implications for the design of phase I and II 
studies. In the case of drugs with a steep slope of the linear dose-intensity­
response relationship, small increments in dose intensity may have a significant 
effect on response. For mitoxantrone given every 3 weeks, for example, the 
response rate in patients with advanced breast cancer increased by almost 20% 
for an approximate increment in received dose intensity from 4 to 4.5 mg/m2 per 
week. Knowledge of the slope of the line representing the dose-intensity­
response relationship permits better assessment of the therapeutic gains which 
might be achieved by further increase of dose intensity, and, coupled with knowl­
edge of the schedule-dependency of toxicity, may permit schedules to be de­
signed which maximize dose intensity, and therefore response, and keep toxicity 
within acceptable limits. Low-dose continuous infusions, as sometimes em­
ployed for 5-FU in colorectal cancer, for example, may allow more drug to be 
administered per unit time, yet result in less toxicity. Preliminary information 
appears to confirm that low-dose continuous infusions result in a higher response 
rate in patients with colon cancer (see Woolley, this volume). 

Another concept resulting from dose-intensity analysis is that larger tumors 
require a higher dose intensity. Whereas for low-burden tumors, an increment 
in dose intensity may not result in any improvement, for high-burden tumors 
significant benefit could result. This is consistent with the finding that relative­
ly low-dose adjuvant therapy is of considerable value in some diseases, while 
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higher dose intensities may be curative in an adjuvant setting, even where the 
tumor is relatively resistant or incurable by chemotherapy alone (e.g., osteo­
genic sarcoma). 

Although calculation of dose intensity for combination chemotherapy regi­
mens is more difficult, this can be done by relating the dose intensities of each 
drug in any given regimen to that of the dose intensity of the drug in a standard 
regimen in which the component drugs are of approximately equal activity, and 
averaging the resultant dose intensities. Such calculations yield dose-intensity­
response relationships as seen for single agents. Moreover, when the range of 
dose intensities of the individual agents is sufficiently different in a series of 
regimens of similar average dose intensity, the relatively activity of one of the 
agents can be determined by plotting dose intensity of the agent in question 
against response rate [17]. These kinds of calculations could be useful in the 
design of drug combinations which should clearly contain the optimal dose inten­
sities of each drug. 

In addition to dose intensity, the duration of treatment is important, the prod­
uct of these two factors being total dose. Theoretically, and assuming that drug 
resistance does not arise, there should be an optimal duration of therapy for 
each tumor, based upon the total tumor burden. To analyze the relative impor­
tance of dose intensity and total dose, randomized trials will need to be con­
ducted in which either dose intensity or total dose is fixed, with the other factor 
as a variable [18]. 

Massive Dose Therapy 

Some investigators have attempted to improve tumor cell kill by using very high 
drug doses. In some cases the resultant very high drug levels may result in a 
more effective drug action; for example, the ability of methotrexate to prevent 
DHFR from producing reduced folates is dependent upon a large excess of 
free drug in the cell. Similarly, very high levels of circulating ara-C will swamp 
the available deaminases present in normal serum and tumor cells which 
rapidly break down this drug. Moreover, high intracellular levels compete effec­
tively with intracellular deoxycytidine triphosphate pools for incorporation into 
DNA. Very high drug levels may also increase penetration into tumor cells and 
may have other effects which increase tumor cytoxicity. High levels of methotre­
xate, for example, can increase the formation of methotrexate polyglutamates, 
which appear to be of significance to the cytotoxic effect of methotrexate, and 
provide a basis for selectivity of drug action, since bone marrow cells and intes­
tinal epithelial cells do not accumulate polyglutamates. In the case of S-phase 
agents, duration of exposure to the drug is critically important with regard to 
toxicity to the normal cells, and extraordinarily high doses of these drugs, with 
the attendant theoretical advantages, can be administered to patients for short 
periods, measured in some cases in days (e.g., ara-C) , without causing lethal 
toxicity. High-dose therapy is sometimes carried out in conjunction with 
"marrow rescue," whereby autologous marrow, stored (cryopreserved) prior to 
the administration of the high-dose drug therapy, or allogeneic bone marrow is 
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reinfused into the patient to permit marrow recovery after what is believed to be 
a lethal dose of drug (with or without total body irradiation) has been admin­
istered. Marrow rescue is logical where myelosuppression is the major form of 
toxicity of the drug in question. In protocols incorporating very high drug doses, 
however, alternative toxicities may sometimes prove to be dose-limiting, e.g., 
liver toxicity with the nitrosoureas, cerebellar toxicity with high-dose ara-C, and 
the potential for cardiac toxicity with very high-dose cyclophosphamide. These 
extramedullary toxicities essentially limit the drugs which can be used in very 
high dosage to alkylating agents, methotrexate, ara-C, and VP16. Moreover, if 
the concept of dose intensity is correct, very high-dose chemotherapy may offer 
advantages over more conventional dosage schemes only when sufficient total 
drug can be administered in a single chemotherapy cycle for destruction of the 
total tumor burden (a single cycle of treatment may also lessen the probability 
that drug resistance will arise), or when there are particular pharmacologic or 
biological advantages. The latter may exist in certain chronic malignancies such 
as chronic myeloid leukemia (CML) or follicular lymphomas, particularly small 
cleaved-cell follicular lymphomas. These tumors may differ from others in that 
there is a population of tumor stem cells which, while retaining sensitivity to 
chemotherapy over long periods, appear, like bone marrow stem cells, to be 
impossible to eliminate with conventional drug regimens. These tumor stem cells 
continually replenish the tumor cell pool. Cure may only be accomplished by 
total ablation of these tumor stems cells, a process which appears to be possible, 
at least in the case of CML (see chapter 45), by massive therapy, usually involv­
ing total body irradiation followed by hemopoietic reconstitution. 

Regional Chemotherapy 

While chemotherapy is rightly considered as systemic therapy, like radiation, 
exposure of normal cells limits its efficacy. Two potential means of achieving 
high tumor drug levels while keeping systemic drug exposure to a minimum are 
being studied. The first is regional chemotherapy, in which intra-arterial infusion 
(in the case of the liver, portal vein infusion is also used) or intracavitary instilla­
tion can, when appropriate drugs and anatomical situations are chosen, increase 
the differential concentration of drugs between the regional tumor and the 
serum [19]. With arterial infusion, the differential concentration is inversely 
proportional to the ratio of the arterial blood flow to the cardiac output, since the 
venous return from the tumor will provide the systemic concentration. Where 
systemic clearance is high, or there is a significant "first pass" effect, i.e., 
elimination of drug from the bloodstream before the systemic circulation is 
reached, as occurs in hepatic artery infusion of 5-FU, a significant concentration 
gradient can be established. Although arterial perfusion has been under explora­
tion for many years, however, it has not become a standard therapeutic 
approach, with the possible exception of the control of hepatic metastases of 
colorectal cancer using 5-FU. It would appear that in general, pharmacologic 
advantages are minor or insignificant. 
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The use of intraperitoneal infusions for tumors confined to the abdomen has 
met with some success when the tumor nodules are small and drugs with slow 
egress from the peritoneal compartment but rapid systemic clearance are 
chosen. This approach could prove to be of value when large molecules, e.g., 
protein-drug conjugates, are used, for these penetrate more deeply into the 
tumor since they do not readily enter tumor capillaries. 

Targeted Chemotherapy 

The second method of diminishing systemic toxicity is to use targeted therapy, in 
which the tumor uptake of the drug is much greater than uptake into other body 
cells, or in which the drug has a relatively specific effect because of the functional 
activity and resultant biochemical pathways of the normal and tumor tissue. 
Ortho para'DDD, for example, causes necrosis of the normal adrenal cortex and 
is active against adrenal carcinoma, while streptozotocin causes specific toxicity 
of pancreatic islet tissue and functional islet cell tumors. In the absence of selec­
tive uptake on a biochemical basis, improved specificity can be achieved by cou­
pling the drug to a molecule that will selectively bind or be taken up by the 
tumor cell. One potential benefit of efficient targeting would be that highly toxic 
drugs or toxins could be used in place of chemotherapeutic agents without risk­
ing systemic toxicity. The most widely explored method to date, although still in 
its early stages of development, has been the coupling of drugs to monoclonal 
antibodies which bind specifically to tumor cells (see below). 

Chemotherapy of Pharmacologic Sanctuaries 

An area which has become of increasing importance as improvements in sys­
temic therapy are made is the therapy of tumors in body sites less accessible to 
chemotherapeutic agents, e.g., the central nervous system. In several diseases, 
spread into the CNS has become an increasingly frequent reason for failure, so 
that the development of more effective therapy for brain and meningeal involve­
ment will have an impact upon a wide range of neoplasms. Special characteristics, 
primarily lipid solubility, are required of drugs which cross the blood-brain 
barrier-which is composed of two lipid bilayers-and toxicity considerations 
differ for this body compartment so that direct intrathecal injection is pos­
sible only with a very limited number of drugs. New compounds able to cross 
the blood-brain barrier are being developed and evaluated (e.g., phenylhydan­
toin mustard), while oxazaphosphorines not requiring activation in the liver 
(hydroperoxycyclophosphamide) have recently been administered directly into 
the CSF without major toxicity [20]. 

Recently intraocular recurrences in acute lymphoblastic leukemia have 
focused attention on the eye as a sanctuary site, [21] while the testis has for long 
been recognized as a potential sanctuary, depending upon the drugs being used 
for treatment. There has, however, been less clinical research directed toward the 
testis as a pharmacologic sanctuary because of its amenability to local therapy. 
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Reduction or Abrogation of Toxic Side Effects 

If the toxic side effects of a drug can be reduced, higher doses can be given, so 
increasing its antitumor efficacy. While some drug analogues appear to have less 
toxicity in general than the parent compound at an equally tumor-toxic dose, 
and others may be less toxic with regard to a specific side effect, an alternative 
to the development of new agents is the employment of a method, or additional 
agent, to lessen a particular toxicity. For example, hyperchloremic hydration 
considerably lessens the nephrotoxic effect of cisplatin, allowing more drug to be 
administered [22]. Similarly, sodium thiosulfate or diethyldithiocarbamate can 
abrogate both the nephrotoxicity, and, in higher dosage, the cytotoxicity of cis­
platin. Sodium thiosulfate can also be used to prevent systemic toxicity when 
cisplatin is used for regional therapy (e.g., intraperitoneal instillation) [23]. 
Recently a protective effect of ICRF-187 against adriamycin-induced cardiac 
toxicity was reported [24]. 

Another example of an increased therapeutic index as a consequence of 
reduction in regional toxicity is provided by dimercaptoethanesulfonate (mesna) 
[25]. This sulfhydryl compound is able to protect the renal tract (particularly the 
bladder) against the chemical irritation induced by the oxazaphosphorines. 
Mesna, which is almost exclusively excreted by the kidney, is inactive in serum, 
but binds to urinary acrolein and the 4-hydroxy oxazaphosphorine metabolites 
which yield acrolein, the agent believed to be primarily responsible for the 
production of cystitis. Clearly, mesna fulfills many of the requirements for an 
ideal regional protective agent, since it exerts an effect only in urine and does 
not influence systemic cytotoxicity. Its use has permitted reintroduction of ifosfa­
mide, an oxazaphosphorine which may be more effective than cyclophospha­
mide, at least in some tumors, but whose dose-limiting side effect in the absence 
of mesna is hemorrhagic cystitis. High-dose cyclophosphamide, as given in 
marrow transplantation preparative regimens, is also more safely administered 
with mesna uroprotection. 

Biological Approaches to Therapy 

Progress in the fields of developmental biology, immunology, and molecular 
genetics has led to the realization that the pathogenesis of individual cancers can 
and will be comprehended in the near future. In some cases, e.g., Burkitt's 
lymphoma, CML, and to a lesser extent other hemopoietic neoplasms, Wilms' 
tumor, and retinoblastoma, there is already quite detailed knowledge of the 
somatic genetic changes which have induced neoplastic behavior. At the same 
time, information regarding the regulation of cell differentiation and prolifera­
tion, the derangement of which is a quintessential aspect of neoplasia, is rapidly 
accumulating. These exciting developments in the biological sciences have pro­
vided impetus, and some of the tools, to begin to consider therapeutic interven­
tions based on a view of cancer as a genetically induced derangement of cellular 
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behavior, which might in some circumstances be correctable and in others pro­
vide a target for truly tumor-specific therapy. The same techniques which have 
permitted an increased understanding of cancer have led to the development of 
new and more objective methods of diagnosis and made possible new treatment 
approaches using, for example, molecularly cloned cytokines or cell clones. The 
present blossoming of clinical trials to examine the efficacy of biological response 
modifiers has largely been made possible by the ability to produce large quanti­
ties of cytokines by recombinant DNA techniques. These same molecules, par­
ticularly interleukins and hemopoietic growth factors, have made it possible to 
expand clones of cells in vitro which can be used in adoptive immunotherapy, 
and raise the possibility of ultimately replacing entire normal hemopoietic 
lineages destroyed by intensive chemotherapy. 

Immunotherapy 

For a long time, the realization that the immune system provides defenses 
against a broad range of microorganisms and even cells derived from other 
individuals has stimulated efforts to divert this natural defense system toward 
the treatment of cancer. Empirical attempts at nonspecific immunotherapy have 
met with little success in the past, but the recent ability to raise and purify mono­
clonal antibodies coupled with significant advances in the understanding of 
the numerous regulatory factors elaborated by lymphoid cells and macrophages 
has led to a resurgences of interest in this area. 

Monoclonal Antibodies. Antibodies produced by a single clone of mouse (rare­
ly other species) lymphocytes fused to a plasmacytoma cell line to permit con­
tinued survival and production of the antibody have led to the recognition of a 
series of lineage-specific and differentiation-specific antigens, as well as many 
others, which, while associated with specific cell lineages (e.g., T lymphocytes) 
are not exclusively expressed on such cells. These antigens provide valuable 
diagnostic aids as well as potential targets for therapeutic approaches. It should 
be noted that, with the exception of the antigen receptors of B- and T-celilym­
phoid neoplasms (which are clone-specific), no truly tumor-specific antigens 
have been recognized in man. This is of significance to therapy in which anti­
bodies directed against these antigens are used, since the consequences of effects 
on normal cells must always be considered. 

The simple binding of a monoclonal antibody to a surface receptor of a tumor 
cell will, by itself, rarely lead to cell death, although some antibodies are cyto­
toxic in vitro in the presence of complement. It is theoretically possible, however, 
that monoclonal antibody binding alone could have therapeutic value if the 
target antigen (more specifically, epitope) were carefully selected. This is based 
upon the assumption that some surface antigens may be obligately expressed 
(e.g., an essential growth factor receptor), so that dividing tumor cells must 
always possess them, and deprivation of the binding of the appropriate ligand 
would have a detrimental effect on the tumor. Appropriate antibodies could 
prevent the binding of the ligand to the receptor, by binding to the ligand itself 
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or to the cell-surface receptor. This approach has been shown to be theoretically 
possible by the demonstration that antibodies against the peptide bombesin 
(which acts as a growth factor for small cell lung cancer) can inhibit the growth of 
small-cell lung cancer cell lines and xenografts [26]. Many cell surface antigens, 
however, as has been shown in a number of clinical trials, may be down­
regulated (modulated) with no apparent harm to the tumor cell, so that they can 
be useful as targets only when the monoclonal antibody is conjugated to a toxin, 
drug, radioisotope, or possibly cytokine capable of causing cell death. Such 
approaches to cancer therapy are in their infancy. Numerous problems still re­
main to be surmounted, such as the destruction of heterologous antibody mole­
cules by the patient's immune system, penetration of the antibody molecules to 
all tumor-bearing sites, modulation of the target antigen (if initial binding does 
not result in cell death), the blocking of monoclonal antibodies by circulating 
antigens, and possible side effects due to nonspecific uptake of antibodies by 
other organs (especially liver). Whether some of these problems can be over­
come, for example, by the use of human or hybrid (mouse variable region, 
human Fe region) monoclonal antibodies, which would not excite a significant 
host immune response against them, by antibody "cocktails" containing several 
antibodies which react with different antigens on the neoplasm, or by the simul­
taneous use of agents which enhance antigen expression to avoid the problem of 
modulation remains to be seen. 

Adoptive Immunotherapy. For many years the theoretical possibility of boosting 
the host immune response against tumor cells has been discussed, and numerous 
approaches have been attempted in preclinical and clinical trials. The essential 
failure of nonspecific immune stimulants, such as BCG (bacille Calmette­
Guerin), led for a time to disillusionment with the whole concept of im­
munotherapy, but the recent definition of a number of molecules which are in­
volved in the regulation of the immune response has rejuvenated this field. 
Highly purified lymphokines-molecules which regulate the proliferation and 
function of lymphocytes-are now available in large quantities through recom­
binant DNA technology which has permitted the cloning and expression of their 
genes in bacterial systems (or, more rarely, in mammalian cells). This in turn has 
raised the possibility of manipulating the immune system in a very precise way, 
either in vivo, by administering the purified molecules directly to the patient, or 
by expanding selected cell populations in vitro with the aid of lymphokines prior 
to reinfusing them into the patient. In practice, there is much to be learnt about 
the actions of the many lymphokines, and ongoing clinical trials still have a large 
element of empiricism. Among the more promising approaches is the use of 
interleukin-2 (IL-2). Numerous studies are currently exploring the use of this 
agent alone and in combination with LAK cells (lymphokine activated killer 
cells) or with TIL cells (tumor infiltrating lymphocytes), which are expanded in 
vitro by the use of IL-2 and then administered to the patient along with addition­
al IL-2 to maintain the proliferation of the responsive cells in vivo. Although the 
LAK cell/IL-2 regimen, as originally reported (bolus doses of IL-2 3 times 
daily), is toxic, resulting in marked fluid retention, hypotension, and liver and 
renal impairment, responses, including complete responses, have been observed 
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in tumors for which there is no other effective therapy, such as metastatic renal 
cell cancer and melanoma (with response rates of 33% and 23% respectively) 
[27]. A much less toxic regimen involving the constant infustion (5-day cycles) 
of a lower dose of IL-2 with LAK cell reinfusion was recently reported [28]. 
A similar response rate was observed although no complete responses were 
seen. In this study there was a good correlation between the initial and rebound 
(in response to IL-2) lymphocyte counts and the chance of responding. Patients 
more likely to respond to this approach would appear to be those with relative­
ly small tumor burdens, a good performance status, and good preservation of 
peripheral lymphocyte counts. In such patients, the value of reinfused, in vitro­
stimulated lymphoid cells is not clear, and, indeed, responses have been ob­
served with IL-2 alone (e.g., 31 % in patients with melanoma [26]). These results 
clearly demonstrate that lymphokine therapy, with or without LAK cells, can 
be of therapeutic value and provide incentive for the further exploration of 
this approach. It is possible that adoptive immunotherapy may prove to be 
of value when combined with monoclonal antibodies directed at cell-surface 
receptors (some cells are capable of killing antibody-coated cells), or even in 
combination with cytotoxic drugs such as cyclophosphamide. Synergism be­
tween adoptive immunotherapy and cyclophosphamide has been demonstrated 
in animal experiments. 

Cytokines: Cellular Regulatory Factors 

Lymphokines belong to the broader class of cytokines, molecules involved in 
cellular differentiation and proliferation in all tissues. In order to exert their 
effects, the cytokines must bind specifically to high-affinity cell-surface recep­
tors, which are present on most malignants cells as well as on a variety of normal 
tissue. Molecular cloning has made available large quantities of such molecules, 
and thus detailed in vitro studies and clinical trials can be carried out. 

Interferons and Tumor Necrosis Factor. Prominent among the cytokines are the 
interferons. Some tumors have shown good responses to these cytokines, such as 
follicular lymphomas and hairy-cell leukemia. a-Interferon is currently one of 
the most effective therapies for the latter disease. Whether the effect is mediated 
via a direct action on the tumor cells themselves, or via other cells such as lym­
phocytes and macrophages, is not know. Few trials have been performed to date 
with other interferons, including r-interferon, which is showing considerable 
promise in preclinical studies. 

Another cytokine which has shown considerable promise in preliminary 
animal studies is tumor necrosis factor (TNF), a pleiotropic molecule normally 
produced by macrophages. TNF has a variety of actions on different cell types, 
among them the induction of hemorrhagic necrosis in some animal tumors, 
cytostasis, and differentiation induction. TNF-a has been shown to directly in­
hibit the transcription of the c-myc oncogene in the HL60 cell line derived from 
human promyelocytic leukemia cells [29]. Clinical trials with TNF are currently 
under way. 
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It is possible that cytokines will have synergistic effects on tumors when used 
in combination with each other (TNF and r-interferon, for example, are syner­
gistic in some systems), or possibly in combination with chemotherapy [30] or 
monoclonal antibodies. At present such combination studies remain largely 
empirical, but IL-2, for example, can enhance antibody dependent cellular cyto­
toxicity in vitro [31]. 

Hemopoietic Colony Stimulating Factors. Of particular interest has been the re­
cent availability of purified hemopoietic growth factors, again due to recom­
binant DNA technology. Factors such as granulocyte macrophage-colony stimu­
lating factor (GM-CSF) are able to stimulate phagocytic cell production in vitro 
and in vivo. One of the most important potential uses of these factors is the 
shortening of the period of granulocytopenia after chemotherapy. Since this is a 
dose-limiting side effect with so many chemotherapeutic agents, the hemopoietic 
growth factors may considerably increase the total dose of chemotherapeutic 
agents which can be administered in a given period. This is critically important 
in rapidly growing tumors, where tumor regrowth can occur prior to marrow 
recovery. Increased dose rate could also be of major benefit in high-dose chemo­
therapy protocols where the marrow recovery time may be unacceptably long, 
thus exposing the patient to a serious risk of infections. Thus as well as permit­
ting an increased dose intensity, hemopoietic growth factors may reduce the 
infectious complication rate in neutropenic patients by shortening the period of 
neutropenia. 

One possible problem with such factors is that they may increase growth rates 
of hemopoietic tumors. Careful preclinical testing will be needed to ensure that 
administration of such hemopoietic factors will not stimulate tumor growth. 

Hemopoietic factors could also be used in the growth of bone marrow in vitro 
prior to its use to reconstitute hemopoiesis after ablative therapy. If such tech­
niques could be perfected, they might also have application in reducing myelo­
suppression in response to chemotherapy. For example, autologous marrow 
could be grown ex vivo in the presence of gradually increasing concentrations 
of chemotherapeutic drugs to which it would become resistant. This marrow 
could then be reinfused into the patient who could be treated at higher dose 
intensity with the same chemotherapeutic agents. A possible problem with this 
approach is the observation that bone marrow never seems to lose its sensitivity 
to chemotherapeutic drugs, so that the ability to induce chemotherapy resistance 
simply by drug exposure in vitro would be questionable. 

The demonstration that cloned colony stimulating factors such as GM-CSF 
can activate neutrophils and macrophages and enhance antibody-dependent cell 
mediated cytotoxicity in vitro provides a rational basis for the combination of 
these factors with appropriate monoclonal antibodies for the treatment of spe­
cific tumors. Further, the enhancement of LAK or TIL cell dependent tumor cell 
killing represents yet another novel use of these molecules which is currently 
undergoing preliminary exploration. 

Growth Factors and Growth Inhibitory Factors. A number of factors produced 
by normal cells have been shown to exert an effect on cell proliferation [32]. 
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Growth factors and their receptors may sometimes be relevant to the pathogene­
sis of cancer, and some oncogenes appear to be altered growth factors or growth 
factors receptors [e.g., epidermal growth factor receptor (erb-B), and platelet­
derived growth factor (sis)]. Cancer cells may become independent of some 
exogenous growth factors because of activation of a growth factor receptor or 
post-receptor pathway, or autologous production of the factor itself. Some fac­
tors which are stimulatory for some cell types are inhibitory for others (e.g., the 
transforming growth factor TGF-~ inhibits the proliferation of breast cancer 
cells). The possible role of these molecules in various cancers is being investi­
gated; this being made feasible by the availability of purified recombinant mole­
cules. Soluble receptor molecules or analogues of growth factors could be used 
to inhibit growth factor binding, while growth inhibitory factors could have a 
direct role in cancer therapy. As yet, clinical studies using such molecules have 
not been reported, but their pleiotropic actions cause problems similar to those 
arising from the use of interferons. 

Hormone Therapy 

Hormone therapy is not a new approach to cancer treatment, but the under­
standing of the mode of action of hormones in a variety of hormone-responsive 
tumors, notably breast and prostate, is being rapidly elucidated. While the 
hormone dependency of these tumors can be exploited therapeutically by the 
deprivation of the relevant hormone (e.g., by gonadotropin secretion blockers to 
prevent androgen production in patients with prostatic cancer), new information 
on the mode of action of hormones on such tumors could lead to the develop­
ment of alternative approaches. Hormones induce the expression of a number of 
genes, including, in some cases, growth factors or, possibly, their receptors. For 
example, estrogens induce TGF-a production in hormone-responsive breast 
cancer cell lines. Hormone receptors, or hormone-induced surface proteins, 
growth factors, or growth-factor receptors could provide targets for therapeutic 
attempts, e.g., with monoclonal antibodies or modified growth factors, possibly 
coupled to toxins or radionuclides. A combination of anti-hormone and anti­
growth factor therapy could have additive or synergistic value. Once again, the 
potential effects on normal tissue must be carefully explored and taken into con­
sideration in contemplating such treatment approaches. 

Inhibition of Angiogenesis 

Tumors, like normal tissues, require a blood supply in order to proliferate. The 
marked variations in tumor vascularity are believed to be due to differences 
in the ability of neoplastic tissue to induce capillary growth by production 
of angiogenesis factors. A novel approach to cancer treatment is to inhibit 
angiogenesis, and thereby impair tumor growth. The demonstration that hepar­
in, normally released by mast cells on the edges of vascularizing tumors, can 
potentiate angiogenesis, whereas heparin in conjunction with corticosteroids is 
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antiangiogenetic, led to the discovery that heparin fragments without anticoagu­
lant activity could also inhibit angiogenesis in the presence of corticosteroids. 
The treatment of tumor-bearing mice with oral heparin (which results in the 
release of heparin fragments into the bloodstream) and corticosteroids can 
eliminate some tumors [33]. It has also been shown that metastasis occurs 
only after vascularization of implanted tumors in experimental animals. Anti­
angiogenesis could also be accomplished by antibodies or new drugs directed 
against angiogenesis factors or the receptors for such factors on endothelial 
cells. Such agents could provide a new approach to cancer treatment, but no 
clinical studies have been reported so far. 

Prevention of Metastases 

New understanding of the mechanisms whereby cancer cells metastasize from 
the primary site (or even from a secondary site) may lead to novel means of 
preventing spread. While such therapy could be of major benefit as ancillary 
treatment of localized tumors, it is not clear that it could replace adjuvant 
chemotherapy, since the latter is based on the assumption that subclinical meta­
stasis has already occurred. However, a small number of metastases which 
subsequently became clinically apparent in a favorable site could be dealt with 
by local therapy (e.g., wedge resection of pulmonary metastases and antimeta­
static therapy could have a role in preventing further metastasis). Whether 
antimetastatic therapy will ever be of value in human tumors remains to be seen. 
The process of metastasis is complex, requiring the penetration of cells through 
the extracellular matrix (epithelial basement membrane and stroma) and into 
a capillary. Intravasation and extravasation of tumor cells requires penetration 
of the endothelial basement membrane, and the establishment of a metastatic 
colony also requires penetration of perivascular interstitial stroma. The pro­
cess of metastasis therefore requires that the tumor cells have the ability to 
attach to and degrade connective tissue-matrix components, including various 
collagens, laminin, fibronectin, proteoglycans, and glycoproteins [34]. Effective 
antimetastatic therapy would require attack on one or more of the three main 
steps of metastasis, e.g., the prevention of attachment to laminin and fibronec­
tin by means of drugs or monoclonal antibodies directed toward the relevant 
receptors; the targeting of protease inhibitors to tumor cells to prevent local 
hydrolysis of the matrix; or 'interference with the process of migration of the 
tumor cell, possibly by interfering with its recognition of chemotactic signals. 
Considerably more work with in vitro and animal models will be required be­
fore clinical trials can be contemplated. 

Approaches Based on an Understanding of Molecular Pathogenesis 

In recent years there has been dramatic progress in the understanding of the 
pathogenesis of cancer at a biochemical level. Cancer is emerging as a somatic, 
genetic disorder caused by highly specific alterations in the structure and func-
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tion of relevant genes, frequently as a result of chromosomal translocation. An 
understanding of these molecular aberrations is likely to lead to new approaches 
to cancer therapy. Ultimately, cancer is a disorder of cellular differentiation, 
proliferation, and migration. Thus, future approaches to cancer treatment may 
be directed toward rectifying these disorders, either by means of relatively 
empirical treatment, or by utilizing approaches directed toward tumor-specific 
biochemical lesions produced by specific somatic genetic disorders. The latter 
provide hope of ultimately developing truly tumor-specific therapy. Although we 
are at the beginning of a new era in the comprehension of the molecular pathol­
ogy of cancer, it is appropriate to begin considering how this new information 
may be utilized in the development of novel approaches to cancer treatment. 

Induction of Differentiation in Tumor Cells. The possibility of inducing dif­
ferentiation in tumor cells and therefore rendering them nonneoplastic has been 
a theoretical goal since the immaturity of most tumor cells was recognized. 
Because of major progress in understanding the biology of differentiation, this 
approach may become a practical proposition in the future. Such attempts 
may involve the use of drugs, including cytotoxic agents and differentiation­
inducing agents (the latter include such compounds as the vitamin A analogues, 
i.e., retinoids), but the possibility that cellular regulatory factors which act on 
normal cells by influencing physiological pathways will be synthesized and used 
as drugs in cancer treatment is a real one. Moreover, the particular approach 
employed could be tailored to specific tumors once the mechanism of impair­
ment of differentiation has been elucidated. 

Development of Tumor Specific Therapy. Once the deranged biochemical 
mechanisms associated with specific cancers have been unraveled, the possibility 
of directing highly specific therapy toward the particular cancer exists. This is 
because the molecular lesion is unique to each type of cancer cell. Potential 
approaches include the development of peptides or drugs with highly specific 
properties, e.g., the ability to inhibit an abnormal oncogene product but not the 
normal equivalent; the use of antisense oligonucleotides, possibly inserted into 
tumor cells by means of retrovirus vectors, which specifically inhibit translation 
of an abnormal oncogene messenger RNA; or the development of a means to 
bypass the biochemical abnormality of the tumor cell (e.g., by provision of a 
missing molecule). These approaches are in their infancy, and, moreover,can 
only be explored in the handful of neoplasms for which detailed information is 
available. 

Molecular Approaches to the Amelioration of Toxicity 

One of the major toxicities encountered in the chemotherapeutic treatment of 
cancer is myelosuppression. Possible methods of lessening this have been dis­
cussed above. An alternative approach, which could abrogate marrow toxicity 
altogether, is to render bone marrow totally resistant to chemotherapy. The 
removal of normal bone marrow cells from a patient, insertion of drug-resistance 
genes (e.g., multiple copies of a DHFR gene, particularly one which binds 
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methotrexate poorly), and reinfusion of the marrow cells should result in an 
increased tolerance of the appropriate drug once the resistant cells have become 
predominant in the marrow. To date, only preclinical studies of the feasibility of 
this form of "gene therapy" have been carried out. Whether similar methods 
could be applied to the amelioration of other forms of toxicity remains to be 
seen. 

This brief overview of selected new approaches to cancer treatment has hope­
fully indicated that the empirical approach to cancer treatment is likely to be 
gradually complemented by approaches based on new understanding of the 
mechanisms of oncogenesis, the interactions between cancer cells and the 
tumor-bearing host, and the mechanisms whereby currently available therapies 
kill tumor cells, or conversely, tumors cells become resistant to their effects. The 
possibilities for developing new approaches to therapy are numerous, and it is 
extremely likely that many of those discussed will not prove feasible, while other 
approaches not yet conceived of may ultimately become routine. It seems likely 
that no single approach will provide an all-encompassing solution to treating 
cancer, and that therapeutic approaches will become increasingly specific for 
indivdual cancers and for smaller and smaller subcategories of currently ac­
cepted disease entities. Even the newest of approaches, if successful, are likely 
to be used initially in addition to more conventional methods. It is, however, 
the very diversity of current therapies which promotes optimism. Ultimately, it 
would seem that an understanding of the nature of cancer, that is, of the precise 
chain of events leading to the conversion of a normal cell into a neoplastic cell, 
will prove to be the most fruitful step in developing not only effective, but mini­
mally toxic methods of treatment (and prevention) which are aimed at the root 
cause of the neoplastic process rather than at its manifestations. A few years 
ago such a statement would have appeared fatuous. In the second half of the 
1980s, however, we have entered an era in which understanding the detailed 
biochemistry of cancer is becoming a reality. It is inconceivable that this 
knowledge will not have a major impact on the prevention and treatment of 
cancer in the future. 
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Physical Approaches to Therapy 



2. New Approaches in Radiation Therapy 
T.J. Kinsella 

Introduction 

According to recent statistics from the American Cancer Society, over 850000 
cases of invasive cancers are diagnosed yearly in the United States. Approx­
imately 70% of these patients will present with locoregional disease potentially 
amenable to curative treatment using surgery, radiation therapy, or combined 
modality therapy. However, in spite of current treatment strategies, up to 30% 
of these patients will develop recurrent local disease which, in the majority, will 
lead ultimately to death. In addition, acute and late radiation damage to normal 
tissues can occur following high-dose external beam therapy used in definitive 
radiation therapy or as adjunctive therapy in combination with surgery and/or 
chemotherapy. We now realize that the radiation tolerance of some normal tis­
sues can be modified in combined modality therapy due to additive or synergistic 
effects of surgery and, particularly, chemotherapy with radiation therapy. 

While radiation therapy is a major treatment modality for many cancers, 
present-day clinical practice has been determined largely by empiricism from 
experience accumulated over the last 50-60 years. Such clinical experience has 
resulted in an arbitrary classification of tumors as being radioresponsive (e.g., 
lymphoma and seminoma), moderately radioresponsive (e.g., squamous cell 
carcinoma and adenocarcinoma), and poorly radioresponsive (e.g., melanoma 
and glioblastoma). Obviously, within each tumor type, many other factors can 
influence radiocurability, including tumor size, histological grade, and anatomi­
cal location. 

Although radiotherapy has been shown to be effective in sterilizing many can­
cers, the biological mechanism(s) of this process are not completely understood. 
Over the last two decades, a considerable amount of work has been done on 
defining the inherent radiosensitivity of both normal and tumor cells [1-10]. 
Other biological factors felt to be important include repair of radiation damage, 
reoxygenation of hypoxic cells, redistribution of cycling cells, and recruitment of 
noncycling cells into the cell cycle. Collectively, these have been referred to as 
the four R's of fractionated radiotherapy [11]. Pathophysiological considerations 
such as tumor blood flow and the immunocompetence of the host may also be 
important in determining the radiation response, although these have not been 
studied as thoroughly in the radiobiology laboratory. 

Today, clinical radiation therapy involves the use of high-energy linear 
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Table 1. Normal tissue reactions to radiation 

Acute Intermediate Late 

Structure at risk Actively proliferating Slowly proliferating Endothelium and 
cell renewal systems cell renewal connective 

systems tissue 
Regions at risk Gut, skin, marrow Lung, heart, liver, All 

kidney 
Dependent variables Dose rate, fractionation Fractionation, total Total effective 

effective dose dose 

accelerators, which generate megavoltage photons. Radiation treatment plan­
ning using simulators, computerized tomographic (CT) scanning, and computers 
allows the radiation oncologist to define more precisely the tumor volume and 
then to determine how to deliver a homogeneous dose to this volume with rela­
tive sparing of adjacent normal tissues. The major parameters of a treatment 
course of external beam irradiation are the total dose, the number of treatment 
fractions (usually 1 fraction/day x 5 days/week), and the dose rate (usually 1.8-
2.0 Gy/fraction). For most common carcinomas, the total dose is often 45-50 Gy 
for microscopic residual disease and 60-75 Gy for gross residual disease of intact 
tumors. The use of brachytherapy techniques employing interstitial or intracavit­
ary applicators for such sites as the cervix can permit delivery of higher total 
doses (> 80 Gy) to a precisely defined "boost" volume. 

The choice of optimal radiation therapy is often limited by consideration of 
acute and, more importantly, late effects of treatment on normal tissues (Table 
1). Often, the tolerance of multiple normal tissues must be weighed in designing 
radiation treatment. Acute effects occur in rapidly proliferating tissues (e.g., 
bone marrow, skin, intestine, bladder, and the epithelium of the aerodigestive 
tract) and are believed to result from a disruption of homeostasis in these 
cell-renewal systems. Recruitment of noncycling cells into active proliferation 
and reduction of the mean cell cycle time are characteristic responses of these 
cell-renewal systems to fractionated irradiation. Typically, acute damage is self­
limited and completely reversible within a short period (a few days to a week), 
although a reduction in the dose rate is often necessary. While normal and tumor 
cells of the same tissue probably sustain similar radiation damage, normal tissues 
appear more effective at cell recruitment and at acceleration of the division of 
cells already in cycle. 

Late radiation injury is infrequent, but often progressive in nature, leading to 
considerable morbidity and even mortality. The mechanism(s) oflate injury are 
not completely understood. Most likely, it results from injury to the supporting 
tissue stroma with secondary parenchymal damage. A progressive, obliterative 
arteritis of small arteries and arterioles associated with fibrosis of connective 
tissue is found histologically. The total radiation and the volume of normal tissue 
irradiated are the major variables determining late radiation injury. 

Theoretical curves depicting the probability of tumor control and the risk of a 
major complication are plotted as a function of the total radiation dose in Fig. 1. 
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Fig. 1. Theoretical curves depicting 
the probability of tumor control and 
the risk of a major complication 
to normal tissues related to the 
radiation dose. The distance separ­
ating the curves represents the ther­
apeutic gain 

A B 

Major Complications 
To Normal 

I Tissues 

Although both curves have a sigmoid distribution, their relationship will vary 
according to the normal tissue and tumor type. The distance separating the 
curves represents the therapeutic gain. Therapeutic gain can be realized by 
increasing the probability of tumor control, reducing the risk of major com­
plications, or, ideally, both_ However, if the curves are shifted equally in the 
same direction, there is no therapeutic gain, merely a modification of radiation 
response_ The difference between treatment programs A and B in Fig. 1 is an 
improvement in tumor control with program B, but at a higher risk of complica­
tions. In addition to considering the probability of incurring a major complica­
tion, the probability of treating it effectively is an integral part of the initial 
treatment decision. Thus, if a radiation complication is manageable, the higher 
dose (program B) should be used to maximize tumor control and the higher 
complication rate be accepted. 

While it is felt that the tolerance of normal tissues and "resistant" tumor cell 
populations have limited the radiocurability of certain tumors, especially at high­
er clinical stages, research in radiobiology and radiation physics is providing 
ways of increasing cure while limiting morbidity _ It is the intent of this chapter to 
review the state-of-the-art information on several innovative approaches in 
radiation oncology and to speculate on areas of future research_ Topics included 
in this review are radiobiology and tumor biology, radiation sensitizers and 
protectors, combined modality therapy, systemic use of radiation, and particle 
beam radiation therapy. 

Radiobiology and Tumor Biology 

It is important to define carefully terms used to describe the clinical response of 
tumors to radiation therapy. Traditionally, there has been some confusion with 
the terms "radiosensitive" and "radioresponsive." The term "radioresponsive" 
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is used to describe a tumor in which obvious shrinkage of a tumor mass occurs 
after some modest dose of radiation therapy has been applied. Thus, when a 
tumor mass shrinks during the course of treatment, it is considered "radio­
responsive." Shrinkage of a tumor is a gross and complex manifestation of many 
factors, including cell death, change in cell-cycle distribution, and possibly a 
change in tumor vascularity, which are difficult to assess as independent vari­
ables. If the rate of cell division is very slow, then the expression of cell death 
may evolve over many weeks or even months, which is the clinical observation of 
traditionally poorly "radioresponsive" tumors, such as sarcomas. 

Sublethal Radiation Damage Repair 

The term "radiosensitive" refers specifically to cell survival data obtained from 
in vitro and in vivo experiments using mammalian cells and tissues including 
both normal tissues and tumors. Likewise, "radioresistant" refers to data simi­
larly derived from cell-survival analysis. A typical radiation survival curve for a 
"sensitive" and a "resistant" cell population is shown in Fig. 2. The cell-survival 
data are plotted as a logarithm of survival versus radiation dose on a linear scale. 
Radiation dose is expressed in terms of Gray (Gy), which has recently been 
adopted in preference to the rad (1 Gy = 100 rad). The radiation survival curve 
is characterized normally by two parameters. 

Following low radiation doses, the survival curves of most mammalian cells, 
including cultured human tumor lines, have a "shoulder" which is interpreted to 
show that cells can repair some amount of radiation damage (sublethal damage) 
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Fig. 2. X-ray survival curves of 
human Ewing's sarcoma cells 
and human hematopoietic bone 
marrow precursor cells (CFU-C) 
(adapted from [9)). Radiation 
survival curve parameters nand 
Do are indicated on the graph. 
Note the increased sensitivity of 
the bone marrow CFU-C com­
pared with the tumor line. In 
general, hematopoietic cells are 
sensitive to X-rays; however, 
other normal tissues exhibit X­
ray sensitivity closer to that for 
tumor cell lines 



before additional radiation results in cell death. The width of the shoulder is a 
relative measure of the extent of the given cell population to repair sublethal 
damage and is described by the term 0 which is obtained when the exponential 
straight line portion of the curve is extrapolated to zero dose. As illustrated in 
Fig. 2, the Ewing's sarcoma line appears to be more capable of sublethal damage 
repair than the human bone marrow CFU-C (colony-forming unit-culture) (0 
= 6.0 for Ewing's sarcoma line cells, compared with 1.2 for CFU-C). For most 

mammalian cells, the 0 value ranges between 2 and 10. 
The second parameter of radiation survival is a measure of the slope of the 

exponential portion of the survival curve and is expressed as the Do. By defini­
tion, the Do is actually the reciprocal of the slope and is the dose which will 
reduce survival to 37% along any straight portion of the curve. Again, most 
mammalian cells, including both normal and tumor cells, reveal a rather narrow 
range of Dos of 1-2 Gy. In general, it is felt that the 0 value may be a more 
relevant determinant for correlating clinical radioresponsiveness or curability, 
since the usual radiation doses used in the clinic are within the range of those 
found on the shoulder of the survival curve. 

There are a number of general characteristics of sublethal damage repair, 
including completion of repair within 2-4 h from irradiation, sustained repair 
capability with multiple or fractionated irradiation (as long as the interval be­
tween fractions is >4 h), and repair during protracted low dose-rate (0.2-1 Gy/ 
h) irradiation. Some laboratory studies have demonstrated a greater capacity of 
certain normal cells to repair sublethal damage compared with tumor cells of 
similar tissue origin [12]. 

Potentially Lethal Radiation Damage Repair 

A second type of radiation repair that has been described is called potentially 
lethal damage repair (PLDR) [13, 14]. This repair is observed in vitro when cells 
are irradiated in dense plateau conditions and held in this "nutrient-depleted" 
environment for several hours after irradiation before subculturing and cloning 
at low cell densities. Also, PLDR has been observed in murine tumor systems in 
vivo. It is assumed that in many human carcinomas and sarcomas, a variable 
proportion of the cell population may be in a "nutrient-depleted" state (acidic 
pH; noncycling) and may repair potentially lethal damage. Indeed, some investi­
gators argue that the extent of PLDR may correlate, at least in part, with the 
radiocurability of certain human tumors [15, 16]. An important question which 
remains is the influence or extent of PLDR following conventionally (2 Gy) 
fractionated irradiation in the clinic. 

Mechanisms of Radiation Damage 

While these processes of sublethal and potentially lethal damage repair have 
been demonstrated in normal and malignant human cells, the molecular 
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mechanisms responsible for repair are not completely understood. A large 
amount of experimental evidence supports the hypothesis that radiation pro­
duces many of its effects by damaging DNA [17,18]. Radiation may damage the 
DNA in the genome directly or indirectly. Direct radiation damage occurs when 
radiation is absorbed by DNA and results in strand breaks. It has been estimated 
that a dose of 1 Gy delivered to a mammalian cell should lead to 3 x 105 bond­
breaking absorption events [17]. Yet, this dose of radiation would result in only 
20%-30% cell kill in a typical mammalian cell population in vitro. Elution 
studies show that about 40 double-strand breaks and 1000 single-strand breaks 
in the DNA will be registered with this dose, but most breaks will be rejoined 
(repaired) within a few minutes to a few hours of radiation. Clearly, this suggests 
that only a minority of direct DNA breaks can result in lethality. However, there 
are some cell lines that lack virtually any ability to repair sublethal and potential­
ly lethal radiation damage. Cultured skin fibroblasts and lymphocytes from 
patients with the autosomal recessive disease, ataxia telangiectasia ( AT), are 
exquisitely sensitive to X-rays (Do = 0.4-0.5 Gy n = 1.0) and show no radiation 
repair in vitro [19, 20]. These types of repair of cellular damage, while opera­
tionally defined, appear nonetheless real and should serve as a framework for 
future work on the molecular biology of DNA radiation damage and repair 
(e.g., identifying repair genes, amplifying them, and finally characterizing them 
via an appropriate cloning vector). 

Indirect damage to DNA following radiation results when reactive chemicals 
(free radicals) are produced intracellularly by the interaction of secondary elec­
trons and the cellular solvent, water. These products of water excitation and 
ionization, principally hydroxyl radicals and peroxides, are estimated to result in 
70%-80% of radiation damage, with direct DNA effects accounting for the 
other 20%-30% [18]. These highly reactive products of hydrolysis can migrate 
and cluster, making repair more difficult. However, the reactive species can be 
scavenged or inactivated by repair enzymes, such as glutathione peroxidase and 
polymerases, and other smaller molecules which may contribute hydrogen atoms 
for the termination of free radical reactions. Investigations are under way com­
paring indirect radiation damage and repair in normal and malignant cells. 

Heterogeneity of Radiation Response 

Heterogeneity in the intrinsic radiation response of subpopulations derived from 
human tumor cells has been reported, as well as differences in the radiosensiti­
vity of primary tumor cells versus metastatic tumor cells in experimental animal 
systems [7, 8,10]. There is good reason to believe that the generation of hetero­
geneity among tumor cells may be a factor determining clinical radiation re­
sponse [21]. The development of substantial resistance to chemotherapeutic 
drugs within stem-cell populations of tumors is well recognized [22]. The study 
of tumor-cell heterogeneity to radiation is an expanding area of research with 
many unanswered questions. Further studies are needed to examine whether the 
heterogeneity of radiation sensitivity within a tumor-cell population is related 
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entirely to intrinsic differences in radiosensitivity. Most likely, cell-kinetic and 
microenvironmental factors (P02 , pH, etc.) are important variables of the clini­
cal radiation response. The interaction of these factors in determining radiation 
response is an active area of experimental research. 

It is well established that cell-cycle kinetics influence the radiation response 
[23, 24]. In general, cells are most radiosensitive in G2/M phase and most 
radioresistant in late S phase. The radiosensitivity of Go (noncycling) cells is 
more difficult to assess, since the most reliable assay of clonogenic survival re­
quires that cells attempt proliferation (cell division) before reproductive death 
can be ascertained. Some in vivo studies indicate greater radiosensitivity of pro­
liferating cells than of nonproliferating (Go) cells [25]. On the other hand, radia­
tion clearly affects cell kinetics of several well-regulated normal tissues (bone 
marrow, bowel) and some experimental tumors [25, 26], although these data are 
less clear. With substantial radiation-induced cell kill, increased cell prolifera­
tion can result which may be mediated through changes in cell-cycle duration, 
recruitment of Go cells into the cell cycle, or a change in cell loss. 

One major difficulty in unraveling the interaction of cell kinetics and radia­
tion in human tumors involves differentiating the cell kinetics of truly clonogenic 
or stem cells from the kinetics of the total cell population. Difficulties also exist 
in repeatedly monitoring cell kinetics during a course of fractionated radiation 
therapy. However, a number of invasive and noninvasive techniques are being 
developed which may be applied to investigating the interaction of cell kinetics 
and radiation, including positron emission tomography with plC] thymidine and 
cell-sorting techniques using a thymidine analogue (bromodeoxyuridine, BUdR) 
and fluorescent-tagged anti-BUdR monoclonal antibody to distinguish cycling 
and noncycling cells [27, 28]. 

At present, clinical studies are under way using some of these in vitro and in 
vivo techniques to better understand the contribution of radiation damage repair 
and cell-cycle effects on the response of some tumors, including small-cell lung 
carcinoma, Ewing's sarcoma, adult soft-tissue sarcomas, and high-grade brain 
tumors [8, 9, 21, 27, 28]. Such studies may result in an alteration of radiation 
dose fractionation and total dose for specific tumor types over the next few 
years. 

Radiation Sensitizers and Protectors 

In the design of a clinical strategy to modify radiation response, the effect on 
both tumor and normal cells (or tissues) must be considered. If a clear advance 
in clinical radiation therapy is to result, then there must be a substantial differen­
tial effect resulting in sensitization of the tumor, protection of normal tissues, 
or, ideally, both. At present, there are two classes of chemical radiosensitizers 
and one class of chemical radioprotector which have been developed in the 
radiobiology laboratory and are being studied in clinical trials. 
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Hypoxic Cell Sensitizers 

The concept of a chemical radio sensitizer of hypoxic cells dates from the initial 
observations by Gray, Thomlinson, and coworkers that oxygen has a major 
effect on cellular radiation response [29]. As the oxygen concentration is re­
duced, there is a corresponding decrease in radiosensitivity such that at very low 
concentrations «0.1 % oxygen), mammalian cells are approximately 3 times 
more resistant to X-rays than in fully oxygenated conditions (20% oxygen). It is 
now recognized that the population of hypoxic cells within rodent tumors and 
possibly in some human tumors can vary from 1 % to 20% [30]. 

Initial attempts at increasing the oxygen concentration in tumors employed 
hyperbaric oxygen. Some clinical trials showed an improvement in local control 
and survival in traditionally moderately responsive tumors such as advanced cer­
vix and head and neck cancers [31]. However, technical difficulties in administer­
ing hyperbaric oxygen and the observed adverse physiological changes in tumor 
blood flow in some tumor sites led to a major effort to develop drugs which could 
mimic oxygen and thus act as chemical radiosensitizers of hypoxic tumor cells. 

Over the last decade, the 5-nitro- and 2-nitroimidazole drugs have been found 
to have potential as clinical radiosensitizers. The first prospective randomized 
clinical trial using metronidazole, a 5-nitroimidazole, and an unconventional 
radiation fractionation scheme (9 fractions over 3 weeks to a total dose of 30 Gy) 
compared with the unconventional radiation therapy alone in patients with 
glioblastoma showed that the addition of the sensitizer [32] increased survival. 
However, it must be realized that the combination of metronidazole and uncon­
ventional radiation was not better in terms of survival compared with historical 
controls using conventional radiation alone. A subsequent randomized, prospec­
tive trial in glioblastoma patients using conventional radiation as the control 
showed there was no advantage in using the combination of metronidazole and 
unconventional fractionation [33]. Moderate to severe gastrointestinal and 
peripheral nerve toxicity limited the frequency and duration of administration of 
metronidazole. 

Further in vitro and in vivo work established that the 2-nitroimidazoles were 
superior to the 5-nitro compounds as hypoxic cell sensitizers based on a higher 
electron affinity and lipophilicity [34, 35]. Misonidazole (Ro-07-0582) was 
selected for clinical use and has undergone extensive phase I to III testing by 
the Radiation Therapy Oncology Group (RTOG) and others [36]. Attempts to 
reduce neurotoxicity using the concomitant administration of dexamethasone or 
pyridoxine have shown some promise in early testing [37, 38]. 

Although these clinical results with misonidazole are not very encouraging, it 
is not certain whether the role of hypoxic cell sensitizers in clinical radiotherapy 
has been assessed adequately. A recent review of the experimental data on mis­
onidazole indicates that, with the dose schedules used clinically, the expected 
therapeutic gain was more in the range of 1.1-1.2 rather than> 1.5 as initially 
projected [39]. Whether a 10%-20% effect on a subpopulation of tumor cells 
(i.e., the hypoxic cells) could be detected clinically is questionable. More recent-
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ly, potentially superior hypoxic-cell sensitizers have been started in phase I cli­
nical trials [40]. A less neurotoxic drug than misonidazole is SR 2508, permitting 
over 3 times more drug to be administered. A second compound, Ro-03-8799, 
produces a sensitizer-enhancement ratio almost 4 times greater than misonida­
zole for the same administered dose. In addition, this new sensitizer produces 
some acute neurotoxicity, but no cumulative neurotoxicity is evident in the avail­
able phase I testing [41]. 

Halogenated Pyrimidines as Sensitizers 

A second class of radiosensitizers is the halogenated pyrimidine analogues, prin­
cipally BUdR and iododeoxyuridine (IUdR). These compounds are analogues 
of the nucleoside thymidine and have been recognized as in vitro radiosensitizers 
for over 20 years [42, 43]. Although the exact mechanism of radiosensitization is 
not clearly understood, it most likely results from direct incorporation of these 
analogues into DNA, replacing thymidine. Exponentially growing cells in culture 
exposed to BUdR or IUdR prior to X-irradiation may show a change in both the 
shoulder width (0) and slope (Do) of the radiation survival curve. An approxi­
mate linear relationship is found for thymidine replacement by these drugs, with 
40% thymidine replacement resulting in an enhancement ratio of 3-4 [42]. 

Based on these experimental studies, two clinical trials using selective intra­
arterial infusions of BUdR and conventional fractionated X-irradiation were 
performed in the 1960s. Japanese investigators reported an improvement in 
survival in a one-arm study of approximately 200 patients with primary brain 
tumors, half of whom had high-grade gliomas [44]. Catheter-related problems 
resulting in sepsis, brain abscesses, and arterial emboli were found in about 15% 
of patients, but no enhancement of radiation injury to normal brain tissue was 
reported. However, in a small randomized prospective trial at Stanford Uni­
versity, of patients with advanced head and neck cancers, comparing the com­
bined modality experimental approach to radiation therapy alone, no improve­
ment in local control was found but there was enhancement of damage to normal 
tissue in the ipsilateral oropharyngeal cavity with combined radiation-sensitizer 
treatment [45]. In retrospect, the latter trial was not an optimal test of this com­
bined approach, since the oropharyngeal mucosa is mitotically active and would 
be expected to incorporate BUdR to an extent as great as, or probably greater 
than the adjacent squamous cell carcinoma. Because of these conflicting studies, 
clinical interest in the halogenated pyrimidine analogues as radiosensitizers 
diminished in the 1970s. 

Over the last 4 years, investigators at the National Cancer Institute have initi­
ated phase 1111 studies of both BUdR and IUdR given as constant intravenous 
infusions for up to 2 weeks [46]. The clinical strategy is to attempt to maximize 
tumor incorporation using two separate 2-week infusions prior to and during 
X-irradiation. Patients with glioblastoma multiforme and unresectable high­
grade bone and soft tissue sarcomas have been selected for study, since both 
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tumor types are considered to be poorly radio responsive and the normal tissues 
surrounding these tumors (normal brain, muscle, bone) do not contain a large 
proliferating cell component. 

Pharmacological studies reveal steady arterial levels of 1-5 x 10-6 molar 
at the maximum tolerable doses of both BUdR and IUdR given by continuous 
intravenous infusion [47, 48]. Incorporation of BUdR into human dividing cells 
in vivo was measured by comparing the survival curves of patients' bone marrow 
(CFU-Cs) prior to and following the 14-day infusion [49]. Radiation enhancement 
ratios of 1.5-2.2 were found at the higher infusion levels of BUdR, suggesting 
that enhancement of dividing tumor cells was clearly possible. Subsequently, 
direct tumor cell incorporation into a variety of human tumors, including glio­
blastoma multiforme, chondrosarcoma, melanoma, and poorly differentiated 
adenocarcinoma has been demonstrated by tissue biopsy following administration 
of the sensitizer and histological staining using a specific monoclonal antibody 
against BUdR and IUdR [50, 51]. In these tumor specimens, up to 50%-70% of 
cells are counterstained with the monoclonal antibody. 

Tumor response to this combined sensitizer-radiation approach has been 
dramatic in several patients, with some glioblastoma patients surviving for more 
than 2 years and some high-grade sarcoma patients having a complete response 
for up to 2 years. Systemic toxicity, primarily to the bone marrow, has been the 
dose-limiting factor, but marrow recovery is prompt and most patients receive 
two 2-week infusions [50, 52]. In general, the toxicity to local normal tissue in 
this combined modality approach has been acceptable. 

These phase I and II results of the halogenated pyrimidine analogues are 
encouraging and further clinical trials are planned. More quantitative informa­
tion on thymidine replacement in tumor cells is needed using such methods as 
cesium chloride gradients and high-performance liquid chromatography assays. 
With this information, attempts to enhance incorporation of these sensitizers by 
blocking endogenous thymidine synthesis using coadministration of ftuorodeoxy­
uridine (FUdR) seems reasonable. Additionally, a direct, continuous intra­
arterial infusion might allow for up to 1 log greater tumor concentrations of the 
drug compared with the presently used continuous intravenous infusion [47]. 

New Potential Radiosensitizers 

In the future, two additional classes of potential radiosensitizers may undergo 
clinical testing. There is currently a great deal of interest in the role that cellular 
sulfhydryl compounds, particularly glutathione (GSH), may play in the radiation 
response of mammalian cells, including human tumor cell lines, in vitro and in 
vivo [53]. By depleting cellular GSH levels using such drugs as diamide, which 
binds GSH, or buthionine-sulfoximide (BSO), which blocks GSH synthesis, the 
in vitro radiation survival curve is shifted to the left, suggesting sensitization, 
particularly for hypoxic cells [54, 55]. Interestingly, this same approach of GSH 
depletion can increase the in vitro sensitivity of tumor cells made resistant 
to such drugs as melphalan and cis-platinum compounds [56, 57]. Cross-
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sensitization of drug-resistant cancer cells to radiation by BSO administration 
opens up interesting avenues for future clinical research into combined chemo­
therapy and radiation therapy [57]. 

The second class of future radiosensitizers are the metabolic inhibitors of 
PLDR as previously described [13, 16]. Agents such as dactinomycin, f3-
arabinofuranosyladenine (f3-ARA-A) , and other purine nucleoside analogues 
have been shown to inhibit PLDR in vitro and in vivo [58, 59]. If further ex­
perimental studies of these PLDR inhibitors show positive results, these drugs 
may enter clinical trials. 

Radioprotective Drugs 

Over the last 5 years, considerable progress has been made in the experimental 
and clinical testing of radioprotective drugs in radiation therapy. The prototype 
drug is WR-2721 [S-2-(3-aminopropylamino)-ethylphosphorothioic acid], which 
has undergone clinical testing in the USA and Japan [60, 61]. Three factors 
have been recognized which may explain the ability of a drug like WR-2721 to 
preferentially protect normal tissues: decreased blood flow and/or vascularity, 
which limits drug access to the tumor; differences in tumor-cell-membrane 
permeability to these drugs; and the decreased protection afforded hypoxic 
cells (primarily in tumors) by these compounds. 

However, the relative importance of these factors in man is not known. 
Experimentally, a number of thiophosphate drugs have been identified which 
have comparable radioprotection of normal tissues without protection of solid 
tumors. One problem in further clinical investigation of these compounds is a 
lack of a sensitive assay for plasma or tissue levels of WR-2721 and its metabo­
lites. Moreover, there are differences in phase I studies of WR-2721, regarding 
the maximum tolerated single dose, that need to be resolved before multiple 
dose and phase II testing can proceed [60, 61]. Of major importance if clinical 
application is to be successful will be to establish the optimal timing of radio­
protective drug administration in relation to the delivery of radiation. 

Combined Modality Treatment with Chemotherapy and Surgery 

Combination of Radiation and Chemotherapy 

Over the last 15 years, there has been increasing use of a combination of modali­
ties in the clinical treatment of cancer. It is instructive to approach the idea of 
combined modality treatment with cytotoxic drugs and radiation using the con­
cepts proposed by Steel and Peckham [62]. An improvement in the therapeutic 
gain can be realized in a variety of ways: enhancement of tumor response 
(similar to the use of the radiosensitizers described previously); minimization 
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of normal tissue damage (similar to the use of thiophosphate derivatives like 
WR-2721); spatial cooperation, which requires radiation to eradicate local 
disease and cytotoxic drugs to treat gross and/or microscopic metastatic foci; 
and toxicity independence, which requires the use of cytotoxic drugs and drug 
scheduling that do not enhance radiation injury to normal tissues. 

The majority of experimental studies of combined chemotherapy and radia­
tion have been directed toward enhancement of tumor response using tumor 
cells grown in monolayers, as multicellular spheroids, or more commonly in vivo 
in mice [63-65]. However, it is obvious that there is a need for better and more 
diverse tumor models. Recently, there has been a shift to the use of human 
tumor cells grown and treated in vivo as xenografts using nude mice, or in vitro 
using semisolid medium cultures or human tumor-cell spheroids. Cell-kinetic­
directed therapy should also be developed in a fashion similar to that described 
by Barranco et al. [66]. In order to develop more effective drug-radiation pro­
tocols for human cancer treatment, it is also important to develop noninvasive 
techniques to monitor physiological and biochemical states of the tumor as well 
as of normal tissues. The technology of nuclear magnetic resonance spectro­
scopy is evolving to monitor parameters such as the inorganic phosphate to 
adenosine triphosphate ratios in various in vivo tumors which can then be cor­
related with more traditional techniques (such as tumor regression measure­
ments) to elucidate more effective drug-radiation sequences [67]. 

In the clinic, numerous protocols have been devised both for single drug and 
combination chemotherapy regimens combined with radiation therapy. Com­
bined modality therapy made up of combination chemotherapy and radiation 
has been particularly successful for such tumors as Wilms' tumor and childhood 
sarcomas [68, 69]. For adult solid tumors, combined modality therapy has made 
recent progress in squamous cell carcinomas arising in the head and neck area as 
well as in the anus [70, 71]. Improvements in locoregional control and disease­
free survival in these childhood and adult cancers is most likely due to spatial 
cooperation. However, clear improvements in cures using combined modality 
therapy may be fraught with unexpected late effects, such as second neoplasms. 
The difficulty of investigating clinically the multiplicity of drug combinations and 
drug-radiation sequencing to improve tumor response, yet limit both acute and 
late damage, necessitates increased experimental studies using appropriate 
human tumor and normal tissue assays. 

Combination of Radiation and Surgery 

Historically, radiation therapy has sometimes been used as a modality for 
sparing normal tissues, for example in the larynx for treatment of early 
stage laryngeal carcinomas that would otherwise be ablated by surgical resec­
tion. More recently, the combination of radiation therapy and less aggressive 
(function-sparing and cosmetic) surgery has achieved locoregional control as 
satisfactory as more radical surgery alone for some tumors. The treatment of 
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early-stage breast cancer and soft tissue sarcomas of the extremities in adults are 
two examples where combined modality therapy has been found to be equiva­
lent to radical surgery in recent randomized, prospective trials [72, 73]. 

The basic rationale for combining surgery and radiation therapy is that radia­
tion can sterilize minimal gross or microscopic residual disease with acceptable 
toxicity. An analysis of patterns of failure for many tumors, including gastric 
carcinoma, pancreatic carcinoma, rectal carcinoma, and retroperitoneal sarco­
mas, reveals that loco regional failure can vary from 30% to 70% following 
"complete" resection. While the use of radiation therapy as a postoperative 
adjunctive treatment may be effective in reducing local failure at some sites, 
the total dose of radiation is usually limited to 45-50 Gy, primarily because of 
bowel tolerance [74]. 

Recently, there has been increasing interest in the USA in the use of intra­
operative radiation therapy (IORT) to treat abdominal, pelvic, and retroperitoneal 
tumors. The present interest in IORT is based on the work of Abe and co­
workers in Japan [75]. The strategy of IORT is quite simple. It involves the use 
of a large single dose of radiation delivered at the time of surgical exploration to 
a tumor or a tumor bed and potential areas of locoregional spread. The use of 
IORT may improve the therapeutic gain of tumor control in relation to normal 
tissue toxicity for two major reasons. First, the extent of tumor can be more 
precisely defined at surgery and the tumor can be directly irradiated. Second, all 
or part of sensitive normal tissues (small bowel, liver, stomach, ureter, etc.) may 
be excluded from the treatment volume by operative mobilization, customized 
lead shielding, and the selection of appropriate electron beam energies. The 
concept of IORT is similar, in some aspects, to the use of interstitial or intra­
cavitary radiation (brachytherapy), where a large dose can be delivered to a 
specified tumor volume with relative sparing of adjacent normal tissue. Intra­
operative radiation therapy may have an advantage over brachytherapy tech­
niques in that it provides a more homogeneous dose distribution, especially 
to large volumes (> 5 cm3) , although the dose rate used for IORT (2-10 Gy/ 
min) may be less biologically advantageous to irradiated normal tissues. 

When used as an adjunct to surgical resection, IORT requires that the tumor 
volume may include some intact normal tissues such as blood vessels and 
peripheral nerves as well as extensively manipulated tissues such as anastomosed 
vessels and gastrointestinal suture lines. Since the radiation tolerance of these 
tissues to large single doses of IORT was not known, investigators at the National 
Cancer Institute performed dose-tolerance experiments using large animals to 
provide guidelines for clinical doses [76]. Both clinical and histological changes 
caused by IORT in doses up to 50 Gy were studied. The animal data indicate 
that intact blood vessels tolerate up to 50 Gy without loss of structural integrity. 
Vascular anastomoses heal after doses of 45 Gy, although fibrotic strictures can 
develop with time and lead to growth of collateral vessels around the anasto­
moses. Intestinal suture lines heal after doses of 45 Gy. However, bile duct 
fibrosis and stenosis develop at doses above 20 Gy, and biliary-enteric anasto­
moses fail to heal at any dose level. Ureteral irradiation leads to stenosis and 
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sometimes occlusion at doses of 30 Gy or more. Finally, peripheral nerve (e.g., 
femoral or sciatic nerve) can show evidence of nerve loss with clinical paresis and 
paresthesia at 25-30 Gy. 

The clinical studies of IORT both in Japan and in the USA have concentrated 
on locally advanced malignancies of the abdomen, pelvis, and retroperitoneum. 
Over 1000 patients have been treated in Japan and approximately 400 in the 
USA. Preliminary results indicate that it is technically feasible to combine IORT 
and a major surgical resection and that the acute morbidity is quite acceptable 
[75, 76]. Additionally, IORT may be combined with moderate dose (45-50 Gy) 
external beam irradiation for unresectable tumors such as pancreatic carcinoma 
and locally advanced rectal carcinoma. Early phase 1111 clinical trials indicate 
some benefit of using IORT in the treatment of gastric, rectal, cervical, and 
bladder carcinomas [77, 78]. Randomized prospective trials are under way at the 
National Cancer Institute comparing surgical resection and IORT (with moder­
ate dose external beam irradiation) with resection and high-dose postoperative 
external beam irradiation in gastric carcinoma and retroperitoneal sarcomas 
[78]. 

In the future, experimental and clinical studies of IORT for mediastinal, lung, 
and brain tumors should be performed. Radiobiologic studies of acute and late 
IORT-induced normal tissue toxicity are necessary in these sites to guide sub­
sequent clinical studies and to minimize the likelihood of late complications of 
treatment. 

Systemic Radiation Therapy 

Radiation therapy may be used as a systemic agent to prepare patients for organ 
transplantation and sustained immunosuppression. Since total lymphoid irradia­
tion (TLI) causes immunosuppression in patients with Hodgkin's disease 
[79, 80], there has been considerable recent interest in TLI for the treatment of 
autoimmune disease and organ transplantation [81-83]. Total body irradiation 
(TBI) has been used mainly for bone marrow transplantation in acute and 
chronic leukemias and aplastic anemia [84, 85]. High-dose TBI has also been 
used as a systemic cytotoxic agent for the treatment of childhood sarcomas and 
small cell carcinoma of the lung [9, 86]. 

Total Lymphoid Irradiation 

TLI has been used in the treatment of early stage Hodgkin's and non-Hodgkin's 
lymphomas for over two decades. While such treatment is effective in curing 
many patients, it was noted to cause a marked depression in the peripheral blood 
lymphocyte count, which recovered gradually over 1-2 years [79, 80]. A persis­
tent depression of T-cell count and a reversal of the normal T-cell/B-cell ratio 
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were noted with long-term follow-up. Functionally, delayed hypersensitivity 
responses were absent, although the clinical sequelae of severe bacterial or viral 
infections were uncommon. Moreover, not a single case of radiation-induced 
leukemia has been reported in Hodgkin's-disease patients treated with TLI 
alone [87, 88]. 

The immunosuppressive effects of TLI have been examined extensively in 
animal models of organ transplantation and autoimmune diseases [89-91]. 
Successful engraftment of skin, bone marrow, and hearts was performed using 
various immunosuppression regimens including TLI. The results of human 
trials using TLI for preparing prospective renal transplant recipients show that 
the addition of TLI to conventional immunosuppressive agents (prednisone and 
azathioprine) resulted in an approximately two fold improvement (78% vs 36% ) 
in 2-year graft survival in patients who had previously rejected a renal transplant 
[83]. Based on the successful treatment of a systemic lupus glomerulonephritis­
like disease in NZB/NZW Fl mice [90], TLI has been used as therapy for refrac­
tory autoimmune diseases in man. Preliminary studies performed in patients 
with refractory rheumatoid arthritis at Harvard University show objective re­
sponses in the majority of cases [82]. 

Clinical investigations of the value of TLI in autoimmune diseases like 
rheumatoid arthritis and systemic lupus erythematosus need to be continued. 
Similarly, the use of TLI for kidney and heart transplantation should be evalu­
ated objectively. Continued studies in small laboratory animals should be help­
ful in defining the mechanisms of immune alteration induced by TLI. Defining 
these mechanisms may ultimately permit the development of more effective 
transplantation programs in man. 

Total Body Irradiation 

Over the last decade, total body irradiation (TBI) has played a crucial role in 
bone marrow transplantation for leukemias, lymphomas, congenital hemato­
poietic disorders, and immunodeficiency syndromes. There are several methods 
of delivering TBI. The most experience has been with single fraction TBI (7.5-
10 Gy) given at a low-dose rate (0.05 Gy/min) and at a moderate-dose rate (0.26 
Gy/min) [85]. However, because of a high rate of interstitial pneumonitis and an 
unacceptably high recurrence rate in certain leukemia patient groups, trials of 
fractionated TBI were initiated which suggest an improvement in survival with a 
decreased risk of pneumonitis [92, 93). When multiple daily fractions of TBI are 
administered, the interval between fractions should be long enough to allow for 
complete repair of sublethal damage in the critical normal tissues (e.g., in the 
lung and gut). 

In future, more rigid guidelines for the clinical use of TBI need to be estab­
lished. TBI studies should explore the types of drugs and timing of their adminis­
tration necessary for preparation of the patient before radiation and marrow 
transplantation. Obviously, certain drugs which enhance pulmonary or gastro­
intestinal complications should be avoided. Finally, with more successful trans-
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plantation regimens, an assessment of other late effects including endocrine 
dysfunction, sterility, and carcinogenesis will be necessary. 

Therapy with Radionuclides 

The last area to be discussed in this section is the evolving field of radio nuclides 
targeted to antibodies for systemic therapy. In the past, both beta-emitting iso­
topes such as phosphorus-32 and gamma-emitting isotopes such as iodine-131 
have been used therapeutically for specific clinical situations, such as the treat­
ment of polycythemia vera and thyroid cancer [94]. In other situations, such as 
the treatment of ovarian cancer, isotopes have been bound to colloids for in­
traperitoneal injection, although the range of the beta particles in tissue is only 
3-5 mm, which may allow treatment of microscopic peritoneal deposits but 
certainly not of gross disease [96]. Further, the use of an intraperitoneal radio­
isotope such as colloidal chromic phosphate is limited to situations in which 
the regional draining lymphatics (peritoneal, diaphragmatic) are obstructed and 
there is free circulation within the peritoneal cavity [95]. Finally, attempts at 
localization of liver tumors by direct intra-arterial infusion of yttrium-90 micro­
spheres have had limited success [96]. 

So far, a diverse array of systemically infused monoclonal and polyclonal 
radiolabeled antibodies have been demonstrated to localize primary and 
metastatic sites [97, 98]. While much of the effort has been directed at diagnostic 
scanning, the potential for tumor therapy, especially with alpha particles, is 
quite attractive [99, 100]. The determination of dose distribution, toxicity, and 
tumor response following administration of these isotopes needs to be refined 
further. Efforts should be concentrated on the dose administered and its rela­
tionship to the tumor-saturation dose rather than simply on dose escalation. 

Particle Beam Radiation Therapy 

Interest in the clinical investigation of particle beam radiation therapy is based 
on two theoretical advantages over conventional photon (or X-ray) irradiation. 
The first is the improved physical dose distribution provided by certain particles 
(protons, pions, helium ions), which allows an increase in the radiation dose to a 
well-defined tumor volume while sparing adjacent normal tissues (e.g" bowel, 
spinal cord) which typically limit the dose of external photon irradiation. The 
second theoretical advantage involves several in vitro and in vivo radiobiological 
observations of particle beam irradiation, which include less dependence on the 
presence of molecular oxygen for cell kill, less variability in cell kill based on the 
cell-cycle position, and less repair of sublethal and potentially lethal radiation 
damage. 

The clinically attractive physical properties of particle beams relate to the 
pattern of energy deposition on a microscopic scale (termed linear energy trans-
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fer or LET). Neutrons, which are uncharged particles, are attenuated exponen­
tially in matter in a similar fashion to 4-6 MV X-rays, but have significantly 
greater biological effects for the same physical dose. In comparison with the 
exponential attenuation of neutron and X-ray or photon beams, charged parti­
cles such as protons, helium ions, pions, and a number of heavy ions, have a 
discrete range of penetration determined by their initial momentum and modi­
fied slightly by different tissues (muscle, fat, bone) in the body. When a charged 
particle reaches the end of its path, an intense burst of ionization called the 
Bragg peak occurs. The ionization in this Bragg peak is considerably more dense 
than anywhere along the path of a charged particle and enhances the radiobio­
logical effects in this defined peak. By selecting charged particle beams with the 
correct initial incident energy or by interposing absorbing material between the 
beam source and the patient, it is theoretically possible to make the tumor 
volume in the patient conform to the range of the Bragg peak. 

Probably the most important biological property of these types of high LET 
radiation compared to conventional X-rays is their greater effectiveness in killing 
cells in an oxygen-poor environment. As previously mentioned, mammalian 
cells are approximately 3 times more resistant to killing by X-rays when the 
oxygen concentration is lowered to < 0.1 % than in fully oxygenated conditions 
(20% oxygen). Since the proportion of hypoxic cells in rodent tumors and 
possibly in some human tumors may be as high as 30%, the observed poor re­
sponse of some tumors to X-rays may be explained by the presence of these 
"resistant" hypoxic cells. With some high LET irradiation, there does not 
appear to be any difference in cell kill under hypoxic compared with under nor­
mal oxygen conditions. 

In order to take advantage of the physical and biological potential of particle 
beam irradiation, very sophisticated and costly treatment planning is required. 
An important consideration in particle beam irradiation, particularly for charged 
particles, is the correction of dose calculations for tissue density inhomogeneities. 
Modern CT scanners provide a good first approximation of tissue densities for 
both normal and tumor tissues. In the case of neutron beams, a determination of 
tissues with high lipid concentrations (brain, spinal cord, adipose tissue) is neces­
sary since there is preferential absorption of energy from neutrons in hydro­
genated materials. 

The clinical application of particle beam irradiation is hampered by several 
problems. A major logistical problem results from the considerable distance of 
most particle beam therapy facilities from clinical centers. In the USA, three 
cyclotrons for neutron irradiation have been recently installed in or adjacent to 
major medical centers to facilitate clinical research. In Europe, several institu­
tions have participated in neutron trials for many years, although most equip­
ment had poor neutron beam characteristics. For charged particle treatment, 
clinical research is severely hampered by the physical limitations of the equip­
ment and the fact that sophisticated treatment planning has only recently been 
developed. As a result, only a small number of patients can be treated annually 
with each charged particle beam. Clinically, the Harvard cyclotron is used for 
proton beam irradiation and the Lawrence Berkley cyclotron for helium ion 
therapy. Pion radiotherapy clinical studies are being carried out at Los Alamos 
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in the USA, in British Columbia, and at the Swiss Institute of Nuclear Physics 
(SIN). 

The preliminary clinical data on particle radiation therapy have been recently 
reviewed, and the reader is referred to two excellent reviews for more detail 
[101, 102]. Briefly, there is unequivocal evidence that the unique dose distribu­
tion of these particles can provide clear-cut advantages in certain clinical situa­
tions such as ocular melanoma and paraspinal soft tissue sarcomas. However, 
these documented advantages of particle radiation therapy over conventional 
photon irradiation are limited to date. While the preliminary results of neutron 
therapy are not as encouraging as might have been expected from preclinical 
studies, it is important to point out that neutron therapy systems designed speci­
fically for patients did not become operational in the USA until late 1983. Thus, 
the clinical research program to evaluate the role of neutrons in cancer therapy 
with adequate treatment systems will need to run for several more years before 
firm conclusions can be drawn. 
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3. Radiotherapy Treatment Planning: Past, Present, 
and Future 
A.S. Lichter, B.A. Fraass, D.L. McShan, R.F. Diaz, R.K. TenHaken, 
C. Perez-Tamayo, and K. Weeks 

Introduction 

Radiation therapy treatment planning has made tremendous strides over the last 
two decades. With the application of modern imaging modalities, faster compu­
ters, advanced graphics techniques, and new calculational algorithms, treatment 
planning is ready to progress to new levels of sophistication. This chapter will 
summarize the progress made in clinical treatment planning and highlight where 
the field may be heading over the next decade. 

Historical Perspective 

When radiation was initially used therapeutically in the first half of this century, 
machine energy was low, the penetrating power of the beams was modest, and 
most radiotherapy prescriptions were based on the dose applied to the skin 
(formerly the "skin erythema dose," later the "applied dose" or "given dose"). 
Since the skin was the site of maximum dose build-up and was frequently the 
dose-limiting structure in radiotherapy treatment, the practice of basing pre­
scriptions on skin dose was logical and warranted. While radiation depth dose 
curves were measured and the dose from combinations of beams could be calcu­
lated, for the first 50 years of radiotherapy there was little treatment planning as 
we know it today. 

Several factors combined to change the importance of treatment planning and 
tissue/tumor dose calculation. In the 1950s Cobalt-60 units became available and 
for the first time radiotherapists had a reliable machine that could produce high 
energy photons with a significant amount of skin sparing. Instead of skin, the 
dose to underlying structures became the dose limiting factor and calculation of 
dose to major organs became increasingly important. The simulator was popula­
rized as a tool for increasing the accuracy of set-up, leading to increased demand 
for precision [1]. The rad (r) replaced the Roentgen (R) as the unit of radiation 
dose. Since the Roentgen was a unit of exposure and the rad a unit of absorbed 
dose in tissue (radiation absorbed dose), calculating doses to specified targets 
became more common. 
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The methods used by physicists and dosimetrists in the 1950s and 1960s to 
calculate the relative dose at a point inside the patient were rather straightfor­
ward and have changed little to the present time. Tables of percentage depth 
dose were created by direct measurement of beam attenuation in water; correc­
tions for field size, blocks, and distance to the body surface were made, and the 
calculations were done using reference tables and simple multiplication of the 
appropriate factors [2]. However, when it was necessary to calculate a dose dis­
tribution over a cross-section of the patient, early efforts at treatment planning 
became very cumbersome. It was necessary to take a precalculated isodose 
curve, place it underneath a paper containing the external contour of the pa­
tient, and to trace the beam data onto the contour. This was done for all beams, 
and then the doses were summed at points of beam intersection to create the 
isodose plan (Fig. 1). If a comparison of several beam configurations was 
wanted, the dosimetrist might spend hours or days planning a single case. 

The advent of the computer dramatically changed radiotherapy treatment 
planning. After creating a computerized model of the fall-off of radiation 
intensity with depth in tissue and storing this information in a computer for a 
variety of field sizes, one could place beams on a contour of the patient using the 
computer. The computer rapidly summed the doses throughout the irradiated 
area, adding together the contribution of all beams and then displaying the 
resultant dose distribution. What used to take hours by hand took minutes by 
computer, and accuracy was increased since many more data points could be 
sampled. The first computerized dosimetry systems were developed in the late 
1950s [3], and development continued into the early 1960s [4, 5]. These were 
experimental systems, but once it became clear that computerized dosimetry was 
reliable and accurate, commercial manufacturers entered the market. By the 
mid-1970s computerized dosimetry was the standard worldwide. 

The 1960s and 1970s produced other significant changes in the field of radia­
tion oncology. Simulators became widely used as radiotherapists were designing 
more sophisticated treatment plans with custom-shaped shielding blocks. The 
mantle field for treating Hodgkin's disease is a good example of a then new 
treatment approach that demanded a simulator for optimal results [6]. Linear 
accelerators began to replace the Cobalt-60 machine as the main treatment unit 
in radiotherapy. The added precision of these machines further enhanced the 
radiotherapist's ability to deliver dose to a precise volume of tissue. Computers 
became faster and less expensive, allowing for greater flexibility in designing 
calculational algorithms. Computerized dosimetry systems also became more 
sophisticated; for example, being able to calculate the influence of inhomo­
geneous tissue density on the dose distribution [7, 8]. 

It was into this rapidly expanding field of radiotherapy treatment planning 
that the computed tomogram (CT) made its entry, and radiotherapists wasted 
little time before recognizing and taking advantage of its potential [9-12]. CT 
provided the anatomic information on patient shape, location of tumor and 
target volume, and location of normal anatomic structures. Furthermore, CT 
performed these tasks on multiple parallel slices and gave information on tissue 
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Fig. 1. Treatment planning as formerly done, 
manually. The isodose curve from the anterior field 
is traced on to the patient contour (dotted lines in 
upper figure). The posterior field is also traced 
(dashed lines in middle figure). Finally, the two-field 
dose distribution is summed where the isodose lines 
cross, showing the composite dose distribution 
(solid line in lower panel) 
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density differences as well. Much as with the first computerized planning systems 
themselves, the first CT treatment planning systems were developed as one-of-a­
kind demonstration systems, usually in academic departments. A series of stu­
dies in the literature demonstrated the advantages ofthese systems [13-16], and 
illustrated treatment planning superimposed on the CT scan itself for greater 
accuracy and visual impact. Today most commercial treatment planning com­
panies market systems with the capability to treatment plan directly on top of 
CT data. 
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Table 1. Differences between diagnostic and radiotherapy planning CT scans 

Diagnostic 

Round couch 
Position for best diagnostic information 
No breathing 
No external marks 

Treatment planning 

Flat couch 
Must duplicate treatment position 
Quiet breathing 
External markers define a coordinate system 

Standard CT -Based Treatment Planning 

Currently, CT-based planning represents the state of the art for radiotherapy 
treatment planning. There are a variety of ways in which this art is being prac­
ticed today. We feel strongly that the most accurate CT treatment planning is 
performed on scans taken for the specific purpose of radiotherapy planning. 
The differences between a CT scan taken for diagnostic reasons and one taken 
for therapy reasons are summarized in Table 1. The most obvious difference 
between the two scans is in the couch configuration. Virtually all diagnostic scan­
ners come equipped with a round couch. This type of couch was necessary with 
early scanners that had small (4Ocm) apertures so that patients could fit into the 
scanning ring. Today modern scanners have large apertures of 70cm or more and 
the round couch is unnecesary; however, it persists. Radiotherapy patients are 
treated on a flat couch. It is difficult to use a round-couch CT scan for therapy 
treatment planning without having to make an estimate of how the external 
contour of a patient on a flat couch will align with the contour in the round-couch 
CT scan. Geometrical errors are introduced in this estimating process. Thus we 
perform all our treatment-planning CT scans using a flat-couch insert (Fig. 2). 

Another major difference between the two types of scans is patient position. 
In a radiotherapy planning scan the patient must be aligned in the treatment 
position for several reasons. First, certain organs, especially intraabdominal 
structures, can move with changes in position. Second, the external shape of 
the patient is position-dependent. Third, it is important to obtain CT slices that 
are parallel with the central axis of the treatment beam. Characteristic diag­
nostic positioning for scans of the head and brain, for example, are significantly 
different from typical radiotherapy treatment positions (Fig. 3). While all the 
anatomic information is present on a diagnostic CT of the head, the relation­
ships between structures can be greatly obscured when the angulation of the 
head is changed. Fourth, a powerful new tool in radiotherapy treatment plan­
ning involves aligning CT cuts with the simulator films to aid design of fields and 
shielding blocks (see below). This technique cannot be accurately employed if 
the scan was performed in a position that is different from the treatment posi­
tion. Finally, the information that pinpoints the location of tumor, target, and 
normal tissue rarely comes from a single radiographic study, but rather from 
many different types of studies including CT, magnetic resonance imaging, sim­
ulator films, etc. It has become increasingly important to be able to correlate 
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Fig. 2. Differences between a radiotherapy treatment planning scan and a diagnostic cr scan are no 
more evident than in the couch configuration . Differences in anatomic configuration occur when the 
patients are scanned on a round couch and treated on a flat one 

DIAGNOSTIC 

CT 

TREATMENT PLANNING 

CT 

Fig. 3. Typical scan positions for a diagnostic versus treatment-planning cr scan of the head. The 
diagnostic scan is angled so that one can image the entire intracranial content without scanning 
directly through the orbits. Treatment positions for radiotherapy place the head in a more neutral 
position. Using the diagnostic information directly for treatment planning purposes becomes difficult 
since the diagnostic scans do not align with the central axis of the radiotherapy treatment plan 

and use many kinds of images. For radiotherapy treatment planning purposes 
this means that as many imaging studies as possible should be obtained in the 
treatment position to ensure consistency. This concept is discussed in greater 
detail later in this chapter. 

The standard use of CT images for treatment planning involves the superim­
position of a dose distribution directly onto the CT image (Fig. 4). This simple 
strategy is very sophisticated in its ability to demonstrate proper coverage of the 
target region and to display doses to normal tissue. Since CT scans are done at 
multiple levels and radiation treatment covers a volume of tissue, it is a straight-
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Fig. 4. A CT scan with treatment fields and dose distribution directly superimposed. The numbers 
are percentages, representing the percentage of dose relative to the point where the treatment beams 
meet in the center of the patient. It is easy to see which anatomic structures are encompassed by the 
high-dose volume and to make adjustments to the fields as needed. Similarly, dose to normal tissues 
can be quickly visualized and adjusted as required 

forward step to display the dose distribution on multiple transverse slices within 
the treatment volume . One then confirms that the tumor and normal tissue doses 
are adequate at several key levels and adjusts the treatment plan accordingly. 

Three-Dimensional CT -Based Treatment Planning 

Once multiple CT scans became routinely available to radiotherapists, new hori­
zons opened in the treatment planning field . One of the most obvious new ap­
plications involved the integrated display of multiple CT slices stacked in a way 
that reflected their true geometric relationships (Fig. 5). Simultaneous display of 
dose distributions on these selected slices creates a better appreciation of the 
volume being treated. Since CT scans can be reconstructed in the sagittal plane, 
this sagittal image can then be displayed along with transverse cuts, either in a 
multiwindow format or directly integrated (Figs. 6, 7). Calculating and display­
ing dose on the sagittal plane is a complex problem which is addressed separately 
below. However, this calculational problem can be solved and dose can be dis­
played on these integrated multiplanar displays as illustrated in Figs. 6 and 7. 
The saggittal view of the treatment plan is especially useful in following the dose 
to structures such as the spinal cord that might traverse an entire treatment 
volume longitudinally at varying depths. Instead of relying on dose displays from 
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Fig. 5. Multiple cr slices for treatment of carcinoma in the upper esophagus. The dose distribution 
is displayed on six slices simultaneously. One begins to appreciate the three-dimensionality of 
radiotherapy treatment planning through such displays. Adjustments to the fields can be monitored 
on all levels simultaneously 

two or three levels in the cord, the dose to this critical structure can be visualized 
in its entirety using a single display. 

Stacking of multiple CT slices has also become the most precise way in which 
to draw shielding blocks for treatment fields. By drawing the tumor and target 
volume on multiple consecutive CT slices, one can then display this information 
with the appropriate divergence, creating a display called the "beam's eye view" 
(BEV) (Fig. 8) [17, 18]. This is an exciting display which can aid treatment 
planning in a variety of ways. One can use it to decide upon the overall size of a 
field. All too frequently the field size that is chosen by studying the simulator 
film, the diagnostic films, and the diagnostic CT, is too small and would have 
touched the target volume (i.e., allowed no tumor-free margin) in one or more 
places. One can also use the display to help choose the best angle to use for the 
treatment fields. For example, by displaying critical normal tissues as well as the 
traget, one can immediately recognize the best gantry angle and collimator angle 
so that the normal tissue is spared (Fig. 9) . 

Finally, one can use the display to design shielding blocks. The blocks are 
drawn using the joy stick and cursor, either freehand or, in our system, auto­
matically by selecting a constant margin around the volume-for example, 1 cm 
(Fig. 10). In our system the block design is fed by computer into an automated 
block cutting machine (HEK Model MCP-70-SE) and the styrofoam form is 
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Fig. 6. Multiple CT slices displayed in a multi window format. Each color codes for a different dose 
intensity. The reddish·brown coloration indicates full dose; Green and blue colors are low-dose re­
gions . In the lower right hand corner is the saggital dose distribution. The spinal canal and vertebral 
column can be seen making an S-shaped course through this volume. With special angulation and 
shielding, the high-dose region is confined in front of the spinal cord. The entire spinal column is in 
green with a small area of pink, indicating that 60% or less of the dose is going to this structure. To 
view this figure in color see Color Plates following page 78 

fashioned. Alternatively, the block information can be printed on paper and this 
print-out used as a template for a standard block cutting device. If the field size 
and location have already been selected, we still use the beam's eye view to 
verify block design . The simulator film is digitized into the computer system and 
its size is scaled to correspond to the size of the field on the treatment planning 
screen. The drawn blocks are then digitized into the system by tracing over the 
simulator film blocks with the cursor of the digitizer. The blocks appear on the 
same display with the stacked CT slices and target volumes. Modifications to the 
block shapes are made, if necessary, and the blocks are then cut from the film in 
a standard manner. 
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Fig. 7. The same four panels of dose information as in Fig. 6. now integrated into an anatomically 
correct display. Dose can be seen to spill over from the saggital plane onto the transverse planes and 
vice versa. This is a further step towards conceptionalizing the three-dimensionality of radiotherapy 
treatment planning. To view this figure in color see Color Plates following page 78 

Fig. 8. The " beam's eye view" display. The blue lines represent the CT slices. The pink outlines 
represent the target volume on each slice. The white lines outline the field size necessary to treat this 
target volume. Adjustments can be made to the field location and size and block shape to ensure 
proper coverage of the volume. To view this figure in color see Color Plates following page 78 
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Fig. 9. Beam's eye view display to determine gantry 
angle. The target (esophagus) is located anterior to 
the spinal cord . In this illustration , the gantry has 
been angled so that the target is separated from the 
spinal cord . A block would then be added to this field 
to shield the spinal cord while still exposing the 
target. The rotation of the gantry can be done inter­
actively and the target and spinal cord structures 
will move relative to one another , allowing the 
dosimetrist to optimize the gantry angle 

Fig. 10. A block design for the prostate tumor volume . A I-cm margin has been taken in all direc­
tions. This block design superimposed on the CT target volumes is the most accurate way to draw 
shielding blocks. To view this figure in color see Color Plates following page 78 
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MRI in Radiotherapy Treatment Planning 

Cross-sectional CT scans show the electron density variations across the scanned 
volume. Often such variations do not differentiate unambiguously between 
tumor and normal tissue. Imaging modalities which provide further information 
can have an important place in radiotherapy. Magnetic resonance imaging (MRI) 
images the presence and/or status of hydrogen in the body. The status is a com­
plex function of local molecular environment, allowing great flexibility in the 
construction of the images. Clinical experience with MRI has increased rapidly 
and optimal pulse sequencing techniques are improving our ability to delineate 
tumor from normal tissue. It is already clear that for certain tumors, MRI data is 
indispensable. For some tumors, such as primary brain stem gliomas, it is the 
only imaging modality that can visualize the lesion [18]. MRI can also display 
sagittal and coronal images that are primary images and not reconstructed 
images as they are with CT. For visualizing some longitudinal structures, such as 
the spinal cord or tumors that are oriented logitudinally, the MRI display is 
superb. However, MRI has several drawbacks as a treatment planning modality. 
It does not give tissue density information as does CT. Its long image-acquisition 
time makes the study susceptible to artifacts and inaccuracy due to patient mo­
tion. The image can be distorted by nonuniformity of the magnetic field through­
out the scanning volume. This is less of a problem with small regions such as the 
brain, but becomes a big concern for body images. 

With these drawbacks and advantages in mind, it appears that the best way to 
use MRI is to integrate it with CT data whenever the MRI adds information as to 
tumor location and extent of disease which is missing from CT. This means super­
imposing the information from the two images, using the CT as the anatomic 
standard. Correlating these studies is a challenging task. If the images were 
obtained with external markers on the patient outlining the treatment ports, the 
job becomes somewhat easier. One then knows which slice on each study corre­
sponds to the central axis of the beam, giving a good start to the process of 
cross-referencing the studies. One must then superimpose the corresponding 
scans at each level, quantitating the misregistration and/or distortion between 
the MRI study and the CT, and then align and "unwarp" the distorted MRI 
image to match the CT as closely as possible (Fig. 11). 

Further checks on the accuracy of the match of the two studies are then per­
formed. For example, a coronal MRI of the thorax is displayed on the screen. 
We draw the location of the external patient contour and lung from a stacked set 
of CT scans and superimpose them on the MRI to confirm that the two studies 
agree on the location of these structures (Fig. 12). This process is repeated for 
the MRI using the CT as the reference display and the MRI as the overlay. All 
three major views-sagittal, coronal, transverse-are checked. The planning 
system has the ability to rotate one data set relative to the other in order to 
improve the alignment and agreement between the studies. When the best 
match is achieved, treatment planning can then proceed on the basis of either 
study interchangeably (Fig. 13). Thus the advantages of both CT and MRI can 
be integrated and utilized. 

63 



a 

b 

Three-Dimensional Dose Calculations 

Fig. lla,b. An MRI unwarping 
sequence. a The MR image is over· 
laid with the CT data from the 
external contour and lungs. The dis­
tortion of MRI is especially severe 
in the inferior corners of the image. 
b The unwarped image 

Having MRI scans in both sagittal and coronal orientations as well as re­
constructed CT images in these and other non-transverse planes was not ideal 
for radiotherapists because dose could not be calculated or displayed on these 
images. Most treatment planning systems are set up to calculate dose on 
transversely-oriented planes only, with the central axis of each beam forced to 
be coplanar with those transverse planes. In addition, the basic algorithms used 
to calculate the dose on those planes were predicated on approximations and 
simplifications which are only appropriate to two-dimensional types of calcula­
tions. In order to accurately display dose on planes that are not oriented copla­
nar with the transverse central axis of the beam, one needs a three-dimensional 
dose calculation algorithm. 

There are several distinct areas in which three-dimensionality must be in­
corporated into dose calculations. The first is simply the ability to calculate dose 
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Fig. 12. Data set correlation between CT and MRI. The saggital MRI is displayed. The small boxes 
indicate location of lung and external contour on multiple CT slices. Notice the excellent agreement 
between the CT and MRI in this display. All three views (transverse, sagittal, and coronal) are 
checked in this fashion and adjusted as necessary in order to bring the CT and MRI in perfect 
alignment 

Fig. 13. Once integrated, CT and MR images can be used interchangeably, as on this display where 
different studies are integrated in a single picture. To view this figure in color see Color Plates 
following page 78 
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on a 3D grid of points, even if the way in which the dose is calculated for each 
point is one-dimensional. Many recent treatment planning systems are capable 
of volume-type calculations [19]. 

The second area is that of the beam geometry. Correctly calculating the 
divergence of the radiation beam and determining the effect of that divergence 
on transverse or other planes of calculations is a straightforward but very time­
consuming part of the dose calculation. Most commercial treatment planning 
systems do not incorporate this effect, even when calculating dose to off-axis 
transverse planes. In a 3D planning system, where one is utilizing non-transverse 
planes and beam's-eye-view type planning, this geometry is critical. 

Dose calculations which take into account the shape of the radiation field and 
shielding blocks which are placed in the field are the third type of three­
dimensionality. This added sophistication is required in 3D views of plans in 
which a coronal image is used to evaluate the dose resulting from a plan, even 
one as simple as an anterior-posterior opposed pair of fields (Fig. 14). The scat­
ter under blocks and lack of full scatter in the field near blocks must be incorpo­
rated once the planning system is used to evaluate those doses. There are several 
methods by which these effects are taken into account, but most of them are 
calculation ally slow. The algorithm used by our system, on the other hand, 
accurately incorporates all the effects discussed so far, and requires only 15 
seconds per beam per plane to calculate on the V AX 750 (Digital Equipment 
Corp .) 

Incorporation of scatter effects due to missing or low density tissue which 
is not in the ray line between the radiation source and the point at which dose 
is being calculated is the final aspect of three-dimensionality which must be 

Fig. 14. Dose displayed on a coronal MRI slice in a patient with cancer of the left lung. The full 
effects of beam diversion , dose near the edges of the blocks, and dose under blocks are completely 
accounted for in this display. To view this figure in color see Color Plates following page 78 
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incorporated into the dose calculations. In general, incorporating this effect reo 
quires a 3D integration over the whole volume which is irradiated. For electron 
beams, this is handled fairly well by algorithms such as the 3D version of the 
pencil beam model which was developed in our department [20]. For photon 
beams, however, this is a much more difficult project due to the long range 
of scattered photons and electrons, especially for high energy beams. At the 
present time, calculational algorithms, such as the Delta Volume method [21], 
require large amounts of computer time, and are not clinically useful. This is an 
area of active research in many centers. 

The Future of Radiotherapy Treatment Planning 

In the near future, three developments will profoundly change the way 
radiotherapy treatment planning is practiced. These developments are: (1) fully 
three-dimensional treatment planning, (2) an integrated radiographic display of 
patient and tumor anatomy, and (3) conformational or dynamic therapy. All 
three are being practiced on prototype systems today but over the next decade 
will be refined, "debugged," and made practical and affordable for widespread 
use. 

Fully Three-Dimensional Treatment Planning 

Up to now, radiotherapists have been constrained to treat patients with beams 
that eritered the patient at right angles to the central axis of the body. This 
severely limited the flexibility of the therapist in individualizing treatment to fit a 
specific anatomic situation. Treatment planning became predictable, and even in 
the most sophisticated institutions atlases of radiotherapy treatment planning 
could contain reproductions of treatment plans that would satisfy the vast major­
ity of treatment situations [22]. Why had treatment planning become so rigid in 
this era of advanced tumor imaging? One can point to several important factors. 
For one, tumor anatomy could not be displayed in 3D. The inability to visualize 
the tumor in anything but a transverse display limited the creativity of radio­
therapy. Without beam's-eye-view displays it was impossible to visualize how 
oblique fields entering from a superior direction, for example, would hit the 
tumor and miss normal structures. In fact, it was difficult to know exactly which 
structures would be in the beam path. Simulators are relatively bulky pieces of 
equipment and cannot simulate from many angles that are non-coplanar with the 
axis of gantry rotation. Thus the beam's-eye-view display becomes even more 
critical for setting up unusual fields and designing shielding blocks to shape these 
fields. Finally, dose calculations could not be performed three-dimensionally or 
displayed superimposed on images obtained in arbitrary planes. 

Radiation oncology is now developing solutions to these problems. As 
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Fig. 15 Fig. 16 

Fig. 15. The first steps towards solid-surface 3D reconstruction. The right lung has been outlined on 
consecutive CT slices. The slices have been stacked and shading has been applied to create the 3D 
effect. The left lung has had a wire frame reconstructed to give further 3D characteristics 

Fig. 16. The solid surface has been " tiled" and shaded to create a full 3D effect 

pointed out, 3D dose calculation and display are becoming more rapid and more 
accurate . Calculational speed is increasing due to better software design, faster 
and more powerful hardware, and in some cases the design of custom chips to 
calculate dose [21]. The beam's-eye-view display is now available [17, 18]. All 
that remains is to produce and display the 3D view of patient anatomy and this is 
now practicable on several prototype treatment planning systems as well as in 
some commercial graphics display hardware. 

The concept of displaying 3D structures is a relatively simple one. If one can 
stack CT images that have designated structures outlined, then the structures 
can be given a 3D appearance by connecting outlines from various slices through 
the use of a "wire frame" (Fig. 15). This gives each structure the appearance of 
solidity, and one can see through this girder-like frame to visualize other struc­
tures. A more realistic 3D form can then be generated from the wire frame 
display through the use of a graphics technique known as "tiling." Here the 
individual frames in the wire frame are made solid and these solid tiles are 
shaded lighter or darker to simulate a light shining on their surface. The tiles that 
are to be perceived as being closest to the viewer are made lighter, while those 
that recede into the screen are shaded darker corresponding to their depth into 
the picture. The result can be very realistic (Fig. 16). By reconstructing solid­
surface displays throughout an anatomic region, a full 3D reconstruction can be 
displayed (Fig. 17). 

Having created this 3D picture of the patient's anatomy and the tumor, how 
can one use it for treatment planning? To begin with, one must be able to display 
beam positions with respect to the anatomy and target volume. To plan three-

68 



Fig. 17. A complete 3D reconstruction of a lung tumor. The external contour of the patient is seen in 
blue lines. The trachea and lungs are in white. The left lung has been made transparent to see the 
tumor (pink structure) and pulmonary arteries (blue) through the lung. The heart and aorta are in 
red, the spinal cord in green , the esophagus in yellow, and the bones of sternum and clavicles in 
brown . The reconstruction can be rotated to view from any angle . Pictured here is the left superior 
oblique view. To view this figure in color see Color Plates following page 78 

dimensionally, the beams must be able to strike and enter the patient from any 
given angle . Thus the computer planning system must be able to simulate not 
only different field sizes and gantry angles, the standard functions that are 
available in 2D treatment planning systems, but must be able to reproduce all 
motions of the couch (including pedestal angle), and all collimator functions 
(including collimator angle and asymmetric collimator jaws). Since many of the 
advanced non-coplanar field arrangements cannot be reproduced on the simula­
tor, all patient setup parameters must be available from the computer plan. 

The 3D display should be flexible so that the target region can be easily iden­
tifed and visualized. By making some structures "transparent" through the use 
of wire frames, a centrally located tumor can be visualized. One must also have 
the ability to cut away any part of the display and view the CT reconstruction on 
the surface of that cut-away plane so that anatomic relationships are reinforced 
(Fig. 18). Wedge- or pie-shaped cut outs are frequently made in a trial-and-error 
fashion until the most useful display is achieved. The display can be rotated in 
any direction so that the planners can "walk around" the patient while viewing 
the display. This rotation can be done by precalculating the display in successive 
increments of 5 or 10 degrees, saving each picture on disk. The replay of these 
images i's then controlled with a joy stick. The ideal way to employ rotation is to 
do so in real time. Commercial graphics display workstations that can perform 
this task are becoming available. Industry has been using similar technology for 
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Fig. 18. A 3D reconstruction for a brain 
tumor case with a wedge-shaped cutout 
through the target volume. CT data appears 
on all three surfaces. This cutout can be 
moved. enlarged, or reoriented until the best 
reinforcement of internal versus external 
anatomy is created. To view this figure in color 
see Color Plates following page 78 

several years, but the requirements for treatment planning systems to have this 
real-time rotational capability are somewhat more complex than is available in 
CAD/CAM-type systems. 

Once the graphics requirements are met, the planning system must then be 
able to display dose on any of the graphics images created. This requires a fully 
3D dose calculational system, the complexities of which have been touched upon 
above. The dose display also needs to be graphically flexible. For example, it 
may be advantageous to display a particular isodose level as a solid surface . If 
one then displays the target volume as a solid of a different color, it is easy to see 
if the target extends beyond the desired dose region in any direction (Fig. 19). 
This is the type of detailed error analysis that is almost impossible to perform in 
a conventional 2D system. The system can also display the dose to a target or 
normal structure graphically using dose-volume histograms, a function that is 
essential in a volume-oriented planning system. An example of a dose-volume 
histogram for a liver is presented in Fig. 20. Since dose-volume histogram analy­
ses of treatment plans for specific sites are not commonly available, there is little 
information about partial organ radiation tolerances. For example, the whole 
liver can safely tolerate 30 Gy of conventionally fractionated therapy (10 Gy/ 
week in five fractions) . But how much dose can 70% of the liver take if the other 
30% gets no dose, or receives only 10 Gy? The permutations are endless. With a 
3D system, it will be possible to assemble clinical experience using dose-volume 
data for a variety of organs and, in so doing, characterize partial organ toler­
ances that have long eluded quantification. 

Another developmental area in 3D treatment planning involves the intercom­
parison of altern<,ltive treatment plans. In a 2D system, one can view two or three 
rival plans side by side and choose between them with relative ease. How is one 
going to compare the relative merits of alternative 3D plans? Certainly dose­
volume histograms will help, especially for normal tissues. Another display that 
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Fig. 19. In this four-field boost 
(anterior, posterior, left and 
right lateral fields) for prostate 
cancer, the volume that is en­
compassed by the 95% isodose 
line is displayed as a wire frame. 
To view this figure in color see 
Color Plates following page 78 

P 10. 
E 
R 
C 
E 

o. 

•• 

o. 

•• 

H I STOCR~" ~eFIELD n~H 

(- - L KIDHEY 

R KIDHEY ee) · . 

" .. .. .. . .. 
PERCENT DOSE 

Fig. 20. A dose-volume histogram for a patient with hepatoma. The target volume receives full dose 
throughout the treatment. The liver receives a partial dose, the left kidney is receiving considerably 
less than the right kidney as would be expected. By contrasting dose-volume histograms for different 
treatment configurations, one can choose between rival plans 

is worthy of study is the dose-difference display. In this display the dose distribu­
tion for one plan is subtracted from another plan and areas of difference, greater 
or lesser dose, are highlighted in color (Fig. 21). This display can emphasize and 
quantitiate where plans are different. By combining the dose-difference display 
with 3D graphics, one has a start on the complex process of 3D plan intercom­
parison. A great deal of work needs to be done in this area. Simply knowing that 
two plans differ in dose by a certain amount does not tell you which one is better. 
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Fig. 22. A fully divergent radiograph 
digitally reconstructed from CT data. 
This picture has the appearance of the 
scout view from the CT scan , but with 
computer techniques, full divergence 
has been restored to the radiograph. It 
can thus be compared with simulator 
films or port films. To view this figure in 
color see Color Plates following page 78 

If one plan has an advantage in terms of lung dose while the other is superior in 
terms of cardiac dose, which one should be chosen? 

A final capability needed by the 3D system is the ability to graphically gener­
ate a fully divergent radiograph [23]. The scout view of a CT scanner has diver­
gence represented laterally but not in the superior-inferior direction. Recon­
structed images that are derived from individual CT slices contain no divergence 
at all. Radiotherapy simulators and treatment machines have fully divergent 
beams and thus the planning system must be able to introduce divergence into 
the CT data. Divergence can be visually taken into account in the stacked CT 
displays previously illustrated (Fig. 8). One views the central slice edge on, the 
slices superior to central ray from their underside and slices inferior to central 
ray from their top side. By projecting the CT information onto a plane located 
behind the scanned object at a known distance and performing the projection 
from a set of ray lines originating at a single point, one can produce an image 
that simulates a divergent radiograph (Fig. 22). The need for these types of films 
becomes clear when one considers that simulator films of many non-coplanar 
fields cannot be taken whereas port films on the treatment machine can be 
obtained. Simulators have image intensifiers that give the device a C-arm con­
figuration, and once the gantry is rotated to an oblique angle the movements of 
the couch pedestal are severely restricted lest the couch collide with the image 
intensifier. On linear accelerators without beam stoppers, the freedom of move­
ment is much greater. If one has the ability to create a divergent radiograph from 

Fig. 21a-c. Illustration of a dose-difference display. a A bilateral arc rotation for the boost treat­
ment in prostate cancer. b The same treatment volume approached with a six-field conformational 
technique. c The two plans subtracted from each other and the dose difference displayed. Over the 
central prostate target volume the dose is within 5% on each plan. However, the bilateral arc plan 
places 45% more dose in the posterior rectal region compared to the six-field treatment plan at this 
slice level. The six-field plan is thus clearly superior in terms of dose to normal tissues. To view this 
figure in color see Color Plates following page 78 
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Fig. 23. The back-projection TV system for rapid entry of anatomic structures using CT scans. To 
view this figure in color see Color Plates following page 78 

the CT data,then this image becomes the substitute simulator film to which the 
port film can be compared for accuracy. In many ways, a 3D treatment planning 
system requires the therapist to "fly on instruments," to use the aviation analo­
gy, having to perform treatments with fields that cannot be set up and verified in 
the conventional manner. This will clearly produce a certain level of uneasiness 
until we become more secure with this new technology and until we can show 
that the instrument approach is accurate, reliable, and reproducible. 

There are many new problems created by 3D treatment planning, aside from 
the verification issues just discussed, mostly revolving around the issues of speed 
and cost. Today most prototype fully 3D systems are relatively slow and cumber­
some and take a great deal of time to operate, both in terms of data input and 
calculational speed. For data input, someone must enter the outline of each 
structure to be displayed into the planning system. For a thorax, where 10-12 
structures on a slice can be required for a full anatomic reconstruction, 100 to 
200 separate entries are not uncommon, consuming large amounts of time. Such 
data entry must be made faster. We and others have automated the entry of the 
external contour and the air-containing structures of lungs and trachea. We have 
gone further, setting up a back-projection television system which projects the 
CT image onto a digitizer tablet. Then, with the use of a pen for data entry, one 
can digitize the outline of structures into the system quickly (Fig. 23) . The big­
gest advance in this area will come from automated structure recognition and 
data entry for a large number of normal anatomic structures. Such work is under 
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development in both diagnostic and therapeutic radiology departments, and the 
next few years should witness dramatic progress in this area of research. 

The other facet of the time required to perform 3D treatment planning relates 
to computer calculational speed, both for creating the displays and for calculat­
ing the dose. The problems of creating the graphics displays are being rapidly 
solved by a new generation of graphics display systems specifically designed to 
deal with 3D structures. These systems are expensive today (ranging from 
$60000 to $120000), but their price will surely fall in the next few years. The 
speed of dose calculation is a different problem. The sheer number of calcula­
tions that must be performed is staggering for a fully 3D dose calculation. Of 
course, much of the complexity of the dose calculation is driven by the level of 
dose accuracy that one is willing to accept. If one tries to calculate dose to less 
than a 5% error, especially if inhomogeneity corrections are required, the com­
plexity of the calculation increases dramatically. Our system requires 10 min to 
calculate each photon beam in a 3D calculation of (40)3 points. At Washington 
University, a very accurate algorithm called Delta Volume requires about 40 h 
to calculate the same field using similar computer hardware [21]. This is clearly 
an area in which different groups will choose a different approach to the 
tradeoffs involved. 

In our opinion, one of the most important characteristics in a treatment plan­
ning system is its interactivity. It is very important that the dosimetrist and physi­
cian be able to plan in real time for maximum efficiency. It is totally impractical 
to envision a system wherein a beam configuration is suggested and then hours 
or days must elapse before dose can be displayed. If a change is then required, 
several more hours are needed. Such a system will stretch treatment planning for 
each case over several days and will simply not be used. How can the process be 
enhanced? The answer lies in several parts. Hardware is becoming faster, so that 
the brute force necessary to process a complex calculation is at hand. We esti­
mate, for example, that the speed difference between a VAX 750 and a VAX 
8800 (Digital Equipment Corp.) will be a factor of about 30. That is, a calcula­
tion that takes 30 min on the 750 will take 1 min on the 8800. Right now an 8800 
is 10-15 times more expensive, but the cost of this calculational speed will drop 
dramatically in the future just as it has done in the past. Research is being done 
to streamline the calculational code so that speed is enhanced [23, 24]. Array 
processors can further enhance the speed of certain calculations. Finally, we 
must be creative in setting up systems to create a hierarchy of calculational speed 
and accuracy. For example, to set up beam configurations and to compare sever­
al different set ups, a very coarse calculation grid may be all that is required. 
Approximations which give limited calculational accuracy could be used to 
speed the process. Once a plan or two has been chosen, then the full detailed 
calculation could be performed. 

Cost is another serious problem. Three-dimensional treatment planning is 
very labor-intensive compared to 20 planning, just as CT treatment planning 
(when done correctly) is more time-consuming and labor-intensive than non-CT 
planning. The hardware cost for a modern 3D multiuser system can be sizable 
(Table 2). This all increases patient cost, and the charge for 3D treatment plan-
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Table 2. Components and costs of a typical multiuser 3D compatible CT treatment planning system 

Item 

Computer 

Disk storage 
Tape drive 
Terminals 
Printer 
Digitizer 
Imaging system 

TV digitizer 
Software 

Description 

32 bit 
at least 8 megabyte memory 
>4 users 
400 megabyte-1 gigabyte 
1600/6250 bits per inch 
Several needed 
Gray scale, line drawings 
Digitizer tablet 
16 bit x 512 x 512 display hardware vector 

generator joystick/trackball/mouse 
graphics processor 

Video digitizer + camera + stand 
Variable capabilities 

Approximate cost 
(in $1 OOOs) 

30-50 
20-50 
10-30 
0.8 each 
10-30 
6 

35-70 
8 
30-100 

Total 160-350 

ning must be greater than for 2D planning. Is it worth the price? Our patients, 
hospital administrators, and third party payers will demand an answer. Careful 
research will be required to answer this question. 

An Integrated Radiographic Image of Anatomy and Tumor 

Every oncologist depends heavily on radiographic imaging to help delineate the 
location of primary and metastatic tumors. The number of useful studies has 
grown in recent years. One now routinely views plain radiographs, CTs, MRIs, 
isotope scans, contrast studies, ultrasound scans, and even single photon emis­
sion computed tomography (SPECT) and positron emission tomograms (PETs). 
Each of these studies has distinct advantages in displaying tumors and normal 
structures. Currently we view each of these studies independently, then integrate 
them in our mind's eye to create the overall image of the patient's disease. 
Radiation oncologists are particularly dependent on analysis of X-ray and scan 
data to formulate their treatment. 

Others have suggested [25, 26], and our experience with integrating CT and 
MRI has reinforced the idea, that it might be possible and certainly highly desir­
able to integrate all imaging into a single display, relating all studies to each 
other. A patient with a bile duct tumor that is poorly visualized on CT may have 
his data from cholangiography integrated with and superimposed on the CT 
image for accurate treatment planning. The data from a PET scan might be 
overlaid on the MRI and CT images to help differentiate between viable tumor, 
edema, and necrosis. The distribution of a tagged antibody as seen through the 
SPECT scanner might be superimposed on the CT or MRI to help calculate 
the dose to metastatic deposits in liver or lung. It is clear that the technology 
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exists today to produce such integration, and we would predict that this research 
will result in a powerful diagnostic and therapeutic tool over the next decade. 

In principle, a series of closely spaced CT scans spanning an area of interest 
yields a 3D grid of electron density information which defines the patient's 
anatomy at a level of resolution sufficient to be useful for radiotherapy planning. 
However, the CT scans are not always adequate for this purpose by themselves; 
they are useful if: 

1. The patient's position during the CT study is identical to the positioning of 
the patient during the therapy 

2. The patient is adequately marked during the CT study so that patient and 
beam positioning are not dependent on additional simulation-type proce­
dures or information 

3. All the diagnostic information needed to plan the case is directly imaged with 
the CT data (i.e., no MRI, PET, ultrasound, radiograph, or other imaging 
information is necessary) 

4. The physician and planners have no need to visualize the CT anatomic 
information in views which are not transverse to the patient (i.e., no use of 
beam's-eye view or X-ray radiographs) 

In practice, qualifications 1, 3, and 4 are never completely satisfied. It is 
almost always necessary to perform a simulation-type procedure before or after 
the CT study in order to localize the area of interest for the CT study, mark the 
patient's skin and verify the immobilization technique, or to verify beam place­
ment and blocks design. In addition, attempting to perform radiation therapy 
planning with precision forces one to pay careful attention to maintaining a self­
consistent set of patient data. One must ensure that the information transmitted 
to the physician from a simulator film with focused shielding blocks drawn on it 
agrees with the same information when presented overlaid on a 2D transverse 
CT slice. Finally, MRIs, ultrasound scans, and radiographs all contribute a great 
deal of diagnostic information that must be used quantitatively. 

Incorporating patient-related data from several different sources is thus 
essential to the ability to plan treatment accurately in three dimensions. This 
capability is also the source of a major increase in complexity of the planning 
system. In order to make quantitative use of the various kinds of data, detailed 
correlation of the different images and studies into a self-consistent set of ana­
tomically related data is often required. This data set, even in a fully 3D system, 
will rely heavily on the 2D images from CT, MRI, and radiographs, since a 
significant learning curve must be overcome before these 2D images will be re­
placed by 3D ones. 

A few details of the method used at the University of Michigan to facilitate 
the integration of various imaging modalities and the synthesis of 2D gray scale 
images and 3D graphics are described here to illustrate the complexity of the 
problem. Patient-related information is stored in several different formats. All 
gray-scale images used in the planning system, including CT, MRI, PET, digi­
tized radiographs, digitized isodose data, and compound B-mode ultrasound 
scans, are maintained in a standard image file format. This allows the substitu-
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tion of one type of image directly for another if the image sets have been aligned 
(see Fig. 13). A second file maintains the coordinates of the 30 surfaces (see for 
example Figs. 16, 17) which have been abstracted from serial contours of CT or 
other data. The final patient-related data file describes the relationships of all the 
20 images and contours and the 30 surfaces with each other. Images which 
come from the same self-consistent set of scans are maintained as a group ("data 
set"), so that one data set (for example, MRI) can be aligned with another (CT) 
without worrying about individual slices. Each 20 slice, set of slices, or data set 
can be translated, rotated, warped, and overlaid with contours and other in­
formation from other slices or data sets using a system of reference points and 
manual or automatic methods of correlation of the various systems. 

Each one of the features described above is necessary in order to register and 
correlate the information in one data set with another, as is illustrated in Fig. 12 
for the use of MR and CT images for treatment planning. Overlaying contours 
abstracted from an axial MRI scan onto the corresponding CT image immediate­
ly presents the need for fairly sophisticated methods for comparison and correla­
tion of data from different sources. Patient positioning for different studies (for 
example, CT, MRI, and simulator localization) can be somewhat variable. Each 
of the studies may have its own inherent distortions that must be avoided or 
corrected. Therefore, in order to transfer a target volume from an axial MRI 
scan to the corresponding CT scan, one is already forced into a system which can 
overlay information from one type of study on that of another, can unwarp dis­
torted images, and can deal with variable patient positioning and marking. In 
summary, generation of a self-consistent data set in which geometrically accu­
rate MR and CT images can be interchangeably displayed (as in Fig. 13) requires 
many sophisticated image correlation tools. Progress in this area has been rapid 
and over the next decade we predict that this unified radiographic patient image 
will achieve widespread use not only in radiotherapy but in general diagnostic 
radiology as well. 

Conformational or Dynamic Therapy 

The goal of any radiation treatment is to give all the dose to the tumor with no 
dose going to normal tissue. Since this goal is unattainable, one tries to come as 
close to the ideal as possible through the use of sophisticated treatment plan­
ning. The need for minimizing normal tissue dose can be understood from analy­
sis of the theoretical dose-response curve (Fig. 24). Let us assume for simplicity 
that the cell density distributions of tumor and normal tissue (Pt and Pn ) are 
homogeneous though not necessarily equal. Similarly the cell killing effects (Kt 

and Kn) of each treatment fraction (Gt and Gn ) are on average relatively time­
independent functions during treatment. The result of n identical radiation frac­
tions of equal time increments will result in Ct (Cn ) surviving tumor (normal) 
cells as given by the expressions 
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Fig. 6. Multiple cr slices displayed in a multiwindow format. Each color codes for a different dose 
intensity. The reddish-brown coloration indicates full dose; Green and blue colors are low-dose re­
gions. In the lower right hand corner is the saggital dose distribution. The spinal canal and vertebral 
column can be seen making an S-shaped course through this volume. With special angulation and 
shielding, the high-dose region is confined in front of the spinal cord. The entire spinal column is 
in green with a small area of pink, indicating that 60% or less of the dose is going to this structure 
(see p. 60) 
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Fig. 7. The same four panels of dose information as in Fig. 6. now integrated into an anatomically 
correct display. Dose can be seen to spill over from the saggital plane onto the transverse planes and 
vice versa. This is a further step towards conceptionalizing the three-dimensionality of radiotherapy 
treatment planning (see p. 61) 

Fig. 8. The "beam's eye view" display. The blue lines represent the cr slices . The pink outlines 
represent the target volume on each slice. The white lines outline the field size necessary to treat this 
target volume. Adjustments can be made to the field location and size and block shape to ensure 
proper coverage of the volume (see p. 61) 
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Fig. 10. A block design for the prostate tumor volume. A I-cm margin has been taken in all direc­
tions. This block design superimposed on the CT target volumes is the most accurate way to draw 
shielding blocks (see p. 62) 
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Fig. 13. Once integrated, CT and MR images can be used interchangeably, as on this display where 
different studies are integrated in a single picture (see p. 65) 
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Fig. 14. Dose displayed on a coronal MRI slice in a patient with cancer of the left lung . The full 
effects of beam diversion , dose near the edges of the blocks , and dose under blocks are completely 
accounted for in this display (see p. 66) 

Fig. 17. A complete 3D reconstruction of a lung tumor. The external contour of the patient is seen in 
blue lines. The trachea and lungs are in white. The left lung has been made transparent to see the 
tumor (pink structure) and pulmonary arteries (blue) through the lung. The heart and aorta are in 
red, the spinal cord in green , the esophagus in yellow, and the bones of sternum and clavicles in 
brown. The reconstruction can be rotated to view from any angle. Pictured here is the left superior 
oblique view (see p. 69) 
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Fig. 18. A 3D reconstruction for a brain tumor case with a wedge-shaped cutout through the target 
volume. CT data appears on all three surfaces. This cutout can be moved, enlarged, or reoriented 
until the best reinforcement of internal versus external anatomy is created (see p. 70) 

Fig. 19. In this four-field boost (anterior, posterior, left and right lateral fields) for prostate cancer, 
the volume that is encompassed by the 95 % isodose line is displayed as a wire frame (see p. 71) 

Fig. 21a-c. Illustration of a dose-difference display. a A bilateral arc rotation for the boost treat- [> 

ment in prostate cancer. b The same treatment volume approached with a six-field technique. c The 
two plans subtracted from each other and the dose difference displayed. Over the central prostate 
target volume the dose is within 5% on each plan. However, the bilateral arc plan places 45% more 
dose in the posterior rectal region compared to the six-field treatment plan at this slice level. The 
six-field plan is thus clearly superior in terms of dose to normal tissues (see p. 72) 
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Fig. 22. A fully divergent radiograph digitally reconstructed from cr data. This picture has the 
appearance of the scout view from the CT scan, but with computer techniques, full divergence has 
been restored to the radiograph. It can thus be compared with simulator films or port films (see p. 73) 

Fig. 23. The back-projection TV system for rapid entry of anatomic structures using cr scans (see 
p.74) 
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Fig. 24. The theoretical sigmoid curve for tumor control and complications as a function of dose 

where Vt and V are the tumor and target volumes respectively, and where we 
remember that in practice Vt < V due to the need to surround the tumor with a 
margin of safety. In addition we must pay attention to the 'entrance/exit' volume 
(Ve) which consists of all irradiated (to a lesser dose) normal tissue outside the 
target volume. Analogously to the above, we would have for the cells in that 
volume 

(3) 

where Pe, Ge , and Ke are suitable averages over the volume Ve. Relative value 
judgements determine which normal tissue parts of the V + Ve volume are 
more important; such judgements are usually decided by clinical experience. 
The practice of radiotherapy has established how far one can go in dose relative 
to given field sizes in specific anatomic sites before normal tissue tolerance is 
exceeded with appreciable certainty. This prescribed dose is, in effect, a measure 
of normal tissue tolerance and, relative to the dose fraction size, establishes the 
number of fractions permitted. Empirical methods for varying n and the dose/ 
fraction as well as time spacing between treatments have been developed and are 
summarized in [27]. 

Ct has been assumed by many authors [28, 29] to be related to cure via 

local cure probability = e- Ct • (4) 

This is the Poisson expression for the probability of zero survivors when the 
expected number is Ct. This naturally leads to the sharp dose response curve for 
cure (local control), as shown in Fig. 24. It is also assumed that a similarly sharp 
mathematical function holds for normal tissue tolerance. The degree of sharp­
ness of both responses is debatable and will not be addressed here. Regardless, it 
is clear that in radiotherapy we desire to keep Cn + Ce (surviving normal cell 
popUlation) as large as possible, simultaneously making Ct (surviving tumor cell 
popUlation) as small as possible. All things being equal, it is clear from Eq. 1 that 
the smaller the tumor/target volume, the easier it is to reduce Ct to small final 
values. Additionally, the smaller Vt and V become, the smaller Ve becomes, thus 
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reducing the risk of normal tissue complications. One sees immediately from 
Eqs. 1-4 that the need to restrict the target volume tightly to the tumor volume 
(i.e., make V = Vt) can be very important in achieving our stated goal [30]. The 
degree of importance is directly related to the sharpness of the associated dose 
responses and the answers to these questions can only be decided by clinical 
experience. It is becoming clear that our ability and confidence in shaping the 
dose distributions (i.e., in restricting the target volume to the tumor volume) is 
increasing and will continue to increase in the future. Thus one expects that a 
new generation of clinical experience will be forthcoming, based on the higher 
tumor doses permitted by smaller target volumes achieved with confidence from 
the new generation of radiation treatment planning techniques. 

To date, the best methods devised for restricting and shaping the dose dis­
tribution involve the use of multiple fields with beam shaping provided from 
custom-shaped blocks. If one treats a tumor with anterior-posterior opposed 
fields, then one creates a block of dose that extends from one side of the body 
through to the other (Fig. 25a). While some situations demand this approach, in 
general this treatment technique does not minimize normal tissue exposure. A 
refinement of this technique is to add lateral or oblique fields to restrict the high 
dose region to a cube or box shape (Fig. 25b). This is a step in the right direction, 
but few tumors are cube-shaped and further reduction of the irradiated volume 
is possible. Another method of restricting dose is to rotate the field, creating a 
cylinder of dose (Fig. 25c). However, the cylinder must be as large as the largest 
dimensions of the tumor in any direction, again losing some dose to normal 
tissue. The ideal field configl1ration would have the beam aiming at the tumor 
from multiple directions with the beam shape adjusted at each angle to corre­
spond to the exact shape of the tumor (Fig. 25d). This technique is known 
as conformational therapy, an idea that has been researched for two decades 
[31-33]. 

How many fields are enough? No one has yet studied this question. If one is 
using a series of fixed fields with shielding blocks, then there is a practical limit to 
the number of fields possible due to treatment machine time: each time the 
gantry is moved to a new angle, the technologist must go into the room and 
change the blocks in the machine head. It is likely that between six and eight 
fields are all that can be employed in this fashion. We have begun to explore this 
technique in the treatment of prostate cancer. Our former boost technique in­
volved a bilateral arc rotation, a relatively standard approach. This technique 
encased the prostate and seminal vesicles in a cylinder of high dose. The cylinder 
was placed as far anterior as possible in an attempt to protect the rectum (Fig. 
21a). Our new technique involves the use of six fixed fields as illustrated (Fig. 
21 b). The CT scan is used to outline the prostate and seminal vesicle volume on 
each slice (typically 20-30 slices). The CT data are viewed from the six angles 
using beam'~-eye view. Shielding blocks are drawn using the autoblock function 
to create a l.O-cm margin around the target. The patient is set up isocentrically 
in the exact position used for arc rotation. The six fields are treated independent­
ly. A dose difference display (Fig. 21c) comparing the dose from the arc to that 
from this six-field plan shows the savings in dose to the rectum with the new 
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Fig. 25. a A tumor approached with a pair of opposed fields. The tumor volume is adequately 
covered but large amounts of adjacent tissue are treated. b The tumor is now approached with a 
four-field crossfire technique that creates a box of high dose. The tumor is adequately treated and 
smaller amounts of normal tissue receive dose compared to the two-field plan illustrated in a. c A 
rotation is now used, creating a cylinder of high dose . This further restricts the dose that normal 
tissue receives but there is still a substantial amount of tissue outside the tumor volume that receives 
the full tumor dose. d A fully conformational treatment. The shape of the field is adjusted through 
multiple collimator leaves that can move during the rotation. At each angle of treatment, the shape 
of the individual leaves is adjusted to precisely conform to the tumor shape. In this fashion an 
extremely tight dose distribution is created and the maximum amount of normal tissue is spared 

technique compared to the standard rotational fields. The dose to the target 
region is preserved, as evidenced by a zero dose difference. Since the rectum is a 
major source of morbidity in the curative treatment of prostate cancer, it is 
difficult to discount the importance of a technique which lessens dose to this 
critical normal structure. 

A full rotation can be thought of as a large series of fixed fields strung 
together. The ultimate conformational therapy would involve a rotation wherein 
the field shape could be altered while the rotation was in progress, always having 
the field to conform to the shape of the tumor. Such dynamic conformational 
therapy is certainly possible [31-33]. The easiest way to visualize accomplishing 
such therapy is by using a field-shaping collimator that is made up of 30-40 thin 
leaves, each capable of independent motion. Such multileaf collimators have 
seen use over the last decade, and at least one commercial manufacturer has 
made a multileaf system available for sale (Scanditronix AB, Uppsala, Sweden). 
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By using the beam's-eye-view option in the planning system, one could adjust 
the location of the 30-40 leaves on a degree-by-degree basis during a rotation. 
The information could be fed to the machine through a computer interface and 
the leaves could be driven during the therapy. One could conceive of motion of 
the couch and non-uniform dose output or gantry speed to further shape the 
high-dose volume. There is little doubt that some form of this type of therapy 
will be commercially available within the next decade. 

There are many potential problems associated with dynamic conformational 
therapy. Planning systems will have to be fully 3D and very powerful to perform 
the treatment planning and dose calculation. The 60-80 motors that drive the 
leaves of the collimator will have to be extremely reliable. Patient throughput 
will have to remain high for the therapy to be affordable. It is highly likely, 
however, that research will solve these problems and that dynamic conforma­
tional therapy will become the next major treatment advance in radiation 
oncology. 

Summary 

Radiotherapy treatment planning has achieved new levels of sophistication in 
recent years, and the future for continued improvement is bright. During the 
next decade, tumor localization will become more precise, using fully 3D dis­
plays of integrated radiographic imaging data. Compiling this display will be 
largely automatic using artificial intelligence concepts and automatic structure 
recognition computer programs. Radiotherapy treatment will progress to 
conformational therapy where extremely precise dose distributions will closely 
follow the contours of the tumor. This will allow increased dose to the tumor 
without an increase in normal tissue dose. Local control and cure rates will thus 
be enhanced. 
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the figures were produced by their treatment planning system. 
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4. Hyperthermia as Cancer Therapy: 
Current Status and Future Prospects 
H.I. Robins* 

Although hyperthermia is currently an experimental therapeutic modality, anti­
cancer effects of elevated (noncauterizing) temperature were first observed in 
ancient Egyptian times [1]. Hippocrates later incorporated fever therapy into a 
homeopathic approach to disease. During the nineteenth century, Coley re­
ported an anecdotal series of cancer patients responding to fevers induced by 
erysipelas and bacterial endotoxins [2], and his observations have stimulated a 
number of novel approaches to cancer therapy, including immunotherapy and 
hyperthermia. In 1953, Warren induced "artificial fevers" using diathermy in 
conjunction with incandescent light bulbs and also described antineoplastic 
activity [3]. A methodical evaluation of the potential value of hyperthermia has 
been undertaken only in recent years. The hypothetical basis for the use of 
hyperthermia as cancer therapy by these early clinical workers can, at best, be 
described as intuitive. 

During the past two decades, however, a considerable data base, including 
both laboratory and clinical studies, has been accumulated, which provides a 
sound rationale for the continued exploration of the role of hyperthermia in 
cancer therapy. The effect of elevated temperatures on cell viability has been 
well documented [1,4-12]. Hyperthermia has also been shown to potentiate the 
cytotoxic effect of ionizing radiation and certain drugs on malignant neoplasms 
[1, 4-12]. It is less certain whether cancer cells are inherently more sensitive 
than normal cells to the damaging effects of hyperthermia, although examples of 
such differential sensitivity have been reported [13-22]. Although there may not 
be a universal increased sensitivity of all types of cancer to heat, in comparison 
with normal cells, leukemias and lymphomas may represent a general group of 
neoplasms which is unusually heat sensitive [10]. The biological basis for this is 
not clear; nevertheless, anecdotal response data from clinical experience, as well 
as an informal survey of animal data, suggest that the role of hyperthermia in the 
treatment of the leukopoietic neoplasms deserves special attention [10, 16-22]. 

Although temperatures in excess of 41°C will kill cells exponentially as a func­
tion of time and temperature-with S phase cells being particularly sensitive [1, 
7,8, 11, 18, 23]-the direct killing effects of heat may have limited clinical util­
ity, and hyperthermia is unlikely to playa significant role in cancer therapy when 

* American Cancer Society Fellow, supported in part by USPHS Grant ROl-CA35361, awarded by 
the National Cancer Institute, DHHS. 
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used as a sole treatment modality [1, 7, 24]. Hyperthermia alone has produced 
disappointingly poor response rates, as well as short response durations [1, 24-
27]. The possible biological basis for these observations is discussed in an in­
sightful review by Oleson and Dewhirst [1]. The value of hyperthermia in the 
future is therefore more likely to reside in its use as an adjunct to other forms of 
therapy [24]. 

It has become obvious that the cell heterogeneity of various neoplasms 
limits the effectiveness of any given form of therapy, including radiation, chemo­
therapy, hyperthermia, or immunotherapy [24, 28-30]. A combined modality 
approach diminishes the chances that a subpopulation of tumor cells may be, or 
may become, resistant to therapy. Thus, the observation that hyperthermia, 
which is not intrinsically myelosuppressive, can potentiate the tumoricidal 
effects of radiation, chemotherapy, and immunotherapy [1, 5,7,8, 11,24] makes 
its use as part of a multimodality treatment approach attractive [24, 31]. In addi­
tion to potentiating the cytotoxic effect of conventional therapeutic modalities, 
hyperthermia can also alter the effects of certain noncytotoxic drugs on tumor 
cells [24]. Such drugs, known as labilizers, have no activity against neoplastic 
cells at normothermic temperatures but promote antineoplastic cell kill in the 
setting of hyperthermia. Anesthetic agents represent one class of such drugs 
[22,32-34]. It is of interest that some labilizers, e.g., lidocaine and thiopental, 
seem to exhibit selective neoplastic cell kill at drug levels which are clinically 
acceptable [22]. 

Systems developed for clinical hyperthermia fall into three major categories: 
(a) local, (b) regional, and (c) systemic, or whole body. 

Local Hyperthermia 

Local hyperthermia can be accomplished with several different technologies 
(e.g., capacitive and inductive, radio frequency, ultrasound, and microwave) 
[1,7, 11,35,36]. Most early clinical reports are anecdotal in nature, due in part 
to problems relating to thermometry. Further, study populations frequently in­
cluded only patients with solitary lesions; hence, comparative data on response 
rates in matched tumors were not provided. In a controlled study with paired 
lesions, the effect of radiation alone can be compared with that of hyperthermia 
plus radiation. Controlled studies of this type, which support the use of local 
hyperthermia in conjunction with radiotherapy, have recently been reported 
[25-27,37-40] (Table 1). 

Two problem areas in local hyperthermia studies which must be addressed are 
invasive thermometry (i.e., the measurement of intratumor temperature) and 
uneven tumor heating. The uneven heating produced by current local hyper­
thermia technologies is particularly significant since the work of Oleson and 
Dewhirst supports the conclusion that it is the lowest temperature achieved in a 
tumor mass that is the best predictor of response [1, 40-42]. 
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Table 1. Local hyperthermia-controlled clinical trials 

Treated lesions with complete response 
% 

Heat source Number of lesions Radiation alone Radiation plus heat Reference 

Ultrasound >3()a 

Radio frequency 33 
Radio frequency 86 
Microwave or 123 

radio frequency 
Microwave 48 

46% of patients had a superior 
response in the heated lesion 
50 65 
33 80 
39 76 

58 79 

[26] 

[37] 
[25] 
[38] 

[39] 

"This study contained patients with multiple lesions. Similar lesions in a given patient were matched, 
and data were reported in terms of the number of patients (7/15) having a superior response to heat 
plus radiation. 

As cancers which are refractory to standard therapy tend to be disseminated, 
local hyperthermia has been currently relegated to a palliative role. As tech­
nology develops, however, it may have curative potential in the treatment of 
some primary cancers, e.g., primary head and neck, cervical, and CNS cancers, 
particularly when used in combination with other modalities. 

Regional Hyperthermia 

Deep regional hyperthermia has been somewhat hampered by the same tech­
nological limitations described for local hyperthermia; invasive thermometry 
is accordingly beset with even more difficulties. Several different methods of 
generating heat have been developed, including electromagnetic induction heat­
ing by circumferential coil, microwave, and ultrasound [1, 43-48]. Several re­
ports by Storm et al. [43, 44] describing regional hyperthermia with or without 
radiation or chemotherapy indicate that this approach is feasible. However, as 
heating sessions (time-temperature profiles) are not reproducible for a given 
patient, and even less reproducible between patients, it is extremely difficult to 
carry out valid, controlled, randomized trials of regional hyperthermia. The 
development of appropriate instrumentation for specific anatomical sites, e.g., 
the pelvis, which can assure the reproducible delivery of a given thermal dose is 
a major challenge for workers in this area. 

Limb perfusion hyperthermia for the treatment of sarcomas and melanomas 
was first reported in 1967 by Cavaliere et al. [8, 49], and later by Stehlin et al. 
[50]. Impressive response rates were obtained when hyperthermia was combined 
with chemotherapy. These studies were retrospective and relied on historical 
controls, so that they must be interpreted with caution. Some observers consider 
that these nonrandomized studies represent the most impressive historical argu-
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ment for clinical hyperthermia. A recently published prospective randomized 
trial done by Ghussen et al. [51] in Germany demonstrates the efficacy of perfu­
sional hyperthermia. Additional controlled multiinstitutional clinical trials of 
regional hyperthermia are currently in progress in Italy and Sweden. 

Whole-Body Hyperthermia 

As whole-body hyperthermia (WBH) addresses the issue of systemic disease, it 
offers perhaps the greatest potential for hyperthermia to be used as an adjunct to 
other therapies, with curative intent. 

In published reports of phase I trials of WBH in humans, core temperatures 
have been maintained at 41°C-42°C for several hours with variable morbidity 
and occasional mortality [3, 9-12, 52-59]. The variety of WBH methods cur­
rently available reflects a lack of consensus as to the best application of physio­
logical and physical principles to systemic hyperthermia. Most technologies for 
WBH include a requirement for general anesthesia with endotracheal intuba­
tion, as well as complex equipment to regulate patient temperature [4, 9, 10-12]. 
Worldwide, the system most used has been the extracorporeal approach de­
veloped by Parks et al. [8,54]. Studies to date have demonstrated the feasibility 
of extracorporeal heating in combination with both radiation and chemotherapy, 
and significant response rates have been reported in nonrandomized studies. 
Similarly, the hot-water suit system, developed by Bull et al. [8, 55], has under­
gone extensive clinical trials [12]. This system has been modified and now in­
cludes mechanical ventilation [59]. 

Englehart et al. initiated the first randomized study, which compares 40.soC 
WBH plus chemotherapy with chemotherapy alone in patients with small-cell 
lung cancer [60]. This study utilizes a diathermy hot-air system, in which the 
peak core temperature achieved is significantly below the 41.8°C obtained with 
other methods. Preliminary results of this study favor the WBH arm [61]. 

In spite of its potential, many workers have not been enthusiastic about WBH 
due to concerns relating to toxicity, the need for mechanical ventilation, the 
complexity of instrumentation and monitoring during treatment, and the lack of 
ability to deliver multiple treatments to a single patient in a given week [11, 12]. 
In this regard, Robins et al. have recently reported on a radiant heat system for 
41.8°C WBH [62], which is safe, simple in operation, does not require general 
anesthesia with endotracheal intubation, allows for multiple treatment sessions 
per week, and lends itself to a multimodality approach. A phase I clinical trial of 
WBH (which incorporates the labilizers-lidocaine and thiopental-discussed 
above) has been completed, and second-generation studies, based on preclinical 
murine studies, have been initiated at the Wisconsin Clinical Cancer Center [10, 
24, 62]. These studies include chemotherapy and WBH, total-body irradiation 
(TBI) and WBH, interferon and WBH, local radiotherapy and WBH, and WBH 
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combined with supralethal chemotherapy and ablative TBI as part of a bone 
marrow transplant proconditioning regimen. 

As of December 1987, the Wisconsin group has incurred no significant hyper­
thermia toxicity in more than 500 treatments. Responses observed have been 
encouraging, and plans are now being made to begin randomized prospective 
multiinstitutional trials with this system. 

Hyperthermia in Combined Modality Therapy 

As innovative technological research has improved the future potential of hyper­
thermia, similarly exciting pharmacological developments have kept pace. A 
class of chemotherapeutic drugs which have activity as single agents, are non­
myelosuppressive, and are both hyperthermia and radiation sensitizers would be 
ideal for use in the multimodality approach considered earlier. Lonidamine is an 
example of such a drug [24, 63]. Clinical trials involving lonidamine combined 
with radiation and/or hyperthermia are in progress [24]. Kubota et al. (using the 
drug bleomycin) have recently reported on such a trimodality approach in pa­
tients with bladder cancer [31]. 

Although use of hyperthermia in patients with metastatic disease may, in the 
future, prove to be both palliative and even curative, WBH may play its most 
significant role in the adjuvant setting (i.e., to sterilize micrometastases in pa­
tients rendered free of gross or detectable disease by surgery, but at risk for 
relapse, e.g., stage II breast cancer or Duke's C colon cancer). The hypothetical 
rationale for the use of systemic hyperthermia in combination with chemo­
therapeutic agents as adjuvant therapy has recently been outlined [24]. 

Although the scientific rationale for hyperthermia is unequivocal, its fulfill­
ment as a cancer therapy requires further basic research and controlled clinical 
trials. Five thousand years have passed since the first record of a patient being 
treated with hyperthermia; its promise as a therapy remains. 
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5. Photodynamic Therapy 
T.F. DeLaney 

The ideal in cancer treatment is selective destruction of tumor without disrup­
tion of normal cell and tissue function. An interesting recent development in 
oncology has been experimental in vitro, in vivo, and clinical work with light­
activated photosensitizers causing impressive cytotoxic effects that are expressed 
differentially in tumor and normal tissue because of preferential localization of 
the sensitizers in neoplastic tissue and the ability to shield most normal tissue 
from light exposure. This therapeutic strategy is generally referred to as photo­
dynamic therapy (PDT), but it has also been termed photoradiation, photo­
therapy, or photochemotherapy. To assess the potential application of PDT in 
oncologic management, the principles of photodynamic action and relevant 
laboratory and clinical work to date will be reviewed. 

Historical Observations 

The earliest report of the action of light-activated chemicals in biologic systems 
was in 1900 by Raab, who described the lethal effect of light on paramecium 
treated with an acridine dye [1]. His work showed that neither light nor dye 
alone had any apparent lethal effect on the cells, but that together they were 
effectively cytotoxic, with a dose-dependent response demonstrable for each. 
Numerous other reports on sensitized photochemical processes in living systems 
have subsequently appeared [2], but the majority of attention in the clinic 
has been focused on the porphyrins. Policard [3] reported in 1924 on reddish 
fluorescence in experimental rat sarcomas illuminated by a Wood's lamp. He 
attributed the fluorescence to excitation of endogenous porphyrins accumulating 
in the tumor site because of secondary infection by hemolytic bacteria. Lipson et 
al. [4] reported on the use of hematoporphyrin derivative (HpD) for fluores­
cence detection of tumor tissue in 1961, and subsequently on the treatment of a 
patient with recurrent breast cancer using HpD and localized exposure of the 
tumor to light in 1966 [5]. Diamond et al. [6] reported in 1972 on destruction of 
glioma cells in tissue culture and subcutaneously transplanted gliomas in rats 
with hematoporphyrin and visible light. Dougherty et al. [7] at Roswell Park 
reported in 1975 on the eradication of nearly 50% of subcutaneously trans­
planted tumors in mice and rats using intraperitoneally administered HpD and 
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red light directed to the tumor. This was achieved without excessive damage to 
surrounding uninvolved skin in the light field. 

Kelly and Snell [8] reported in 1976 on preferential HpD fluorescence in 
malignant and premalignant lesions in the urinary bladder. They included 
observations from treatment of a single case of human bladder cancer with HpD 
activated by light from a mercury lamp directed into the bladder with a glass 
light guide. They observed treatment effects only in those areas which had been 
illuminated. 

These encouraging early reports on the potential utility of HpD for tumor 
localization and treatment, as well as the recent development of appropriate 
high-output laser and fiber-optic systems for light delivery, have provided the 
impetus for the current interest in this field. Indeed, numerous clinical and ex­
perimental investigations with HpD PDT have been pursued to examine possi­
ble efficacy in a variety of tumor sites. Before reviewing these studies, it would 
be helpful to examine the photochemistry and photobiology involved in photo­
dynamic destruction of malignant tissue. 

Basic Principles 

PDT involves the interaction of sensitizer, light, and oxygen (Fig. 1). The ground 
state sensitizer is excited by the absorption of light. Sensitizer which has been 
excited by light can subsequently react or de-excite in several ways, as illustrated 
in Fig. 2. Excited sensitizer can react (Fig. 1) through a type 1 free radical 
mechanism or alternatively via a type 2 reaction involving reactive singlet oxy­
gen e02) [2]. Oxygen has been shown to be critical for HpD photodynamic 
action in vitro. Both pathways result in potentially cytotoxic oxy-products. Type 
2 processes are thought to predominate in PDT. Excited singlet sensitizer can 
undergo an intersystem crossover, a spin inversion yielding the excited triplet 
state, which can interact in a spin-conserving manner with ground state oxygen 
(302) to produce reactive singlet oxygen. 

De-excitation of activated sensitizer can occur in several ways, as illustrated 
in Fig. 2. Excited singlet sensitizer can return to the singlet ground state with 
either liberation of heat or emission of a photon; the latter process is called 
fluorescence. Excited singlet sensitizer can also undergo the intersystem cross­
over to yield the excited triplet sensitizer. Sensitizer in this state can either react 
with oxygen or undergo de-excitation with liberation of a photon; light emission 
in this manner is termed phosphorescence. In the case of HpD, fluorescence and 
phosphorescence yield light in the visible red range with a peak between 600 and 
700 nm. This is the photochemical basis for the fluorescence detection of tumors. 
Excitation with blue-green light results in pinkish-red fluorescence in tissue 
which has localized photosensitizer. The first recent clinical use of HpD by 
Lipson et al. [4] in 1961 was in fact for fluorescence detection of tumors via 
endoscopy in the trachea, esophagus, stomach, and bronchial tree. Fluorescence 
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via a type 1 (free radical) or a type 2 (singlet oxygen) oxidative pathway to yield reactive oxygen 
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Fig. 2. Photosensitizer light absorption and possible modes of de-excitation (courtesy of D. Doiron 
[14]) 
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localization of transitional cell carcinoma and carcinoma in situ, with sub­
sequent histologic mapping of cystectomy specimens has been performed for 
lesions in the bladder [9]. Fluorescent areas were shown to represent either 
carcinoma or severe dysplasia in 15 patients studied after cystectomy, although 
faint flourescence was occasionally seen in regenerating mucosa surrounding 
fresh biopsy sites. 

The HpD photosensitizer is a complex mixture of porphyrins produced by the 
acetic acid-sulfuric acid treatment of hematoporphyrin, which in turn is manufac­
tured commercially by the degradation of bovine hemoglobin. Auler and Banzer 
[10] described the induction of fluorescence in both experimental animal and 
human tumors after systemic administration of hematoporphyrin and illumina­
tion with a quartz lamp. Lipson et al. [4] demonstrated that the HpD localized 
better in malignant tissue than the crude hematoporphyrin. Consequently, the 
initial clinical work in PDT utilized the HpD. Dougherty et al. [11] later purified 
and characterized the most active component in the HpD as an ether, although 
Kessel [12] suggests an ester bond linking the hematoporphyrin units. This mate­
rial, whether in fact ester or ether, appeared in animal testing to provide a higher 
therapeutic ratio (tumor versus skin response) than the previously employed 
HpD mixture. A preparation of dihematoporphyrin ethers is currently under­
going clinical evaluation. 

Whichever sensitizer is ultimately found to be optimal, the ideal photosensi­
tizer for the clinic would fulfill several criteria: it would be localizable in tumor; 
nontoxic; measurable in tissue; and photochemically active, preferably over a 
relatively narrow frequency range at a wavelength with clinically applicable 
tissue penetration. The HpD (or the more active dihematoporphyrin com­
pound) fulfills some but not all of these criteria. It is photochemically activated 
to cause unequivocal destruction of tumor, is preferentially retained by tumor 
compared with certain normal tissues, and is relatively nontoxic when adminis­
tered systemically, although the cutaneous and ocular sensitivity to sunlight for 
6-8 weeks after administration is bothersome. Patients can avoid phototoxicity 
by shielding themselves appropriately from sunlight, and in doing so they can 
carryon normal daily activity under indoor lighting without risk. Since the liver 
is the primary metabolic and excretory organ for porphyrins and is the site of the 
highest accumulation of porphyrins after HpD injection, it has also been advised 
that the drug not be used in patients with compromised hepatic function. 

There are, however, several disadvantages to HpD. It absorbs light (Fig. 3) 
most strongly in the blue region around 400 nm; this absorption peak is charac­
teristic for the porphyrins and is called the Soret band [13]. Other less prominent 
peaks are seen at or near 500 nm (green), 540 nm, and 580 nm. The least pro­
minent of the excitation bands of the HpD is at 630 nm (red light); paradoxical­
ly, 630 nm is most often utilized in the clinic. The rationale for the use of red 
light (usually supplied by an argon-pumped dye laser; Fig. 4) is its optical be­
havior in tissue. In the visible spectral range, light absorption in tissue is general­
ly inversely proportional to wavelength. Red light penetrates tissue better than 
green or blue light, which, although far more readily absorbed by the photosen-
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Fig. 3. HpD absorption spectra (broken lines), fluorescence excitation spectra (continuous lines), 
and action HpD (triangles cells incubated for 18 h with HpD 12.5 ILg/ml in Puck's medium E2a with 
3% serum). The upper part shows the spectra of 2.5 ILg/ml HpD in phosphate buffered saline and 
10% human serum, while the lower part shows the spectra of HpD bound to NHIK 3025 cells; the 
same action spectrum is shown in both parts. The cells for absorption and fluorescence were incu­
bated for 18 h at 37°C with 50ILg/ml HpD in Puck's medium E2a with 3% serum. A = absorbance. 
Fluorescence, excitation, and action values beyond 450 nm have been multiplied by 5. (Courtesy of 
J. Moan [13]) 

sitizing HpD, are also strongly absorbed by melanin and hemoglobin and hence 
have a very short range in tissue. 

The penetration of red light in tissue is a complex phenomenon, dependent 
upon tissue density, pigmentation, blood flow, surface geometry, and tissue in­
terfaces. As a rough approximation, incident intensity falls off exponentially by a 
factor of lie or 37% every 2 mm [14,15]. PDT with 630 nm light produces tumor 
necrosis to a depth of 3-10 mm, depending on sensitizer concentration, light 
energy delivered, and the tissue treated. Although certain tumors such as car­
cinomas in situ, certain early-stage invasive lesions, some dermal malignancies, 
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and some intraperitoneal carcinomatoses may be confined to these dimensions, 
light penetration with externally directed red light will not be sufficient to steri­
lize most tumors with a single treatment. Hence, effective use of HpD PDT with 
red light in the clinic will require several external treatments; placement within 
the tumor of interstital optical fibers; or combined modality therapy using 
surgery, radiotherapy, or chemotherapy to debulk tumor followed by PDT to 
sterilize residual tumor. 

Another disadvantage of the hematoporphyrin preparation currently in use is 
that it in fact represents a mixture of porphyrin compounds. This makes it very 
difficult to study drug pharmacology, to optimize light delivery, and to predict 
effects on normal tissue within the light field. 

In order to address some of these troubling issues, research efforts are cur­
rently directed at characterizing the active component(s) in HpD. Ongoing work 
has been directed as well at measuring singlet oxygen levels in order to correlate 
dose with response [16]. Singlet oxygen, the presumed final common mediator of 
photodynamic cytotoxicity, should reflect the combined effects of photosensi­
tizer concentration and activity, light dose delivered, and tissue concentration of 
oxygen. In addition, research to develop other photosensitizers that satisfy the 
above constraints-in particular absorption at longer wavelengths with deeper 
tissue penetration-is in progress. The most promising of the compounds under 
study are the phthalocyanines [17]. 

PDT requires sufficient light delivery to produce effective photosensitization. 
The amount of light energy delivered to a particular lesion is generally expressed 
in joules (J) or in joules per surface area treated (i.e., joules per square centi­
meter). It represents the product of light output or power (in watts, i.e., joules 
per second) and the time of irradiation (in seconds). The energy and wavelength 
used are dictated by the photochemical properties of the photosensitizer, the 
biologic and physical characteristics of the tumor, and the mode of light delivery 
employed. Initial efforts with PDT employed conventional wavelength-filtered 
lamps, which, although generally inexpensive and reliable, were hampered by 
relatively low output and the inability to couple them to optical fibers, thereby 
making most deep lesions inaccessible. 

The subsequent combination of lasers and single-strand optical fibers had a 
significant impact on the clinical development of PDT by permitting the effective 
delivery of light to deep-seated tumors, using endoscopic, interstitial (placement 
of optical fibers within the tumor), or intracavitary (i.e., within the bladder) 
techniques. Significantly higher power densities could also be achieved. The use 
of the laser (Light Amplification by Stimulated Emission of Radiation) in PDT 
differs somewhat from its use in other forms of medical therapy (Table 1). The 
CO2 laser (Fig. 5) is emitted in the middle of the infrared spectrum at 10 600 nm 
and is efficiently absorbed by water in tissue [18]. It can cut tissue like a knife or 
ablate tissue by vaporization [19]. The neodymium YAG laser (Fig. 5), operat­
ing in the near infrared range at 1060 nm, is used for its thermal and coagulative 
properties [18] in such settings as endoscopic coagulation of bleeding varices or 
for management of endobronchial obstructions [19]. The primary use of the laser 
in PDT is to provide high-power densities of light at a desired wavelength in 
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Table 1. Lasers commonly used in medicine and surgery 

Type 

CO2 

Neodymium Y AG 
Argon/dye 

argon laser 

YAG laser 

C02 laser 

Wavelength (nm) 

10600 (infrared) 
1 060 (near infrared) 
454-514 (blue/green) 

630 (red) 

cosmic 

x-ray 

ultra-violet 

violet 

blue 
green 
vellow 
orange 
red 

infrared 

microwave 

TV and FM 

AM radio 

Tissue interaction 

Vaporization 
Thermal 
Photosensitization 

.0000 nm 

.1 

10 

400 

> 500 

600 

700 

1000 

10,000 

1.0 em 

100 em 

10,000 em 

Fig. 5. The electromagnetic spectrum. (Courtesy of M. Manyak) 

Application 

Cutting, ablation 
Coagulation 
Photodynamic 

therapy 

visible light 

order to efficiently excite the photosensitizer present in tumor [20]. Thermal 
effect-although potentially present in varying degrees, depending on the tech­
nique of light delivery-are not necessary to effect treatment [21], as HpD acti­
vated by light alone will produce marked cytotoxicity [22]. 

The laser systems in use for clinical PDT are the argon-pumped dye and the 
pulsed metal vapor lasers, which can deliver 4-5 watts of light. A description of 
these systems is available in the literature [20]. 

The mechanism of preferential localization of HpD in tumors is not under­
stood. There is little doubt that differential fluorescence and cytotoxicity appears 
between tumor and certain normal tissues in vivo; this has been reported by 
many independent investigators [4, 7-9]. Attempts to study the phenomenon 
have been hindered by the fact that HpD represents a number of porphyrin 
compounds with differing fluorescence quantum yields and biologic activities. 
Gomer et al. [23] examined the distribution of [3H] HpD and [14C] HpD in 
malignant and normal tissue in the mouse at various times after intraperitoneal 
injection. Interestingly, label counts were higher in tumor than in skin or muscle 
at all times sampled from 1 to 72 h after injection. However, counts in liver, 
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spleen, and kidney were consistently higher than those in the tumor. Hence, the 
concentration of this mixture of porphyrins in tumor is not necessarily higher 
than that found in certain normal organ systems. Conversely, these investigators 
noted fluorescence only in tumor tissue and not in any other organ system, in­
cluding liver or spleen. It was not clear whether this represented a difference in 
optical properties of these organs because of darker pigmentation or whether 
they retained different, nonfluorigenic porphyrin moieties or catabolized por­
phyrin products than the tumor. 

Bugelski et al. [24] examined the distribution of isotopically labeled HpD in 
murine normal and tumor tissue using autoradiography. Tumor stroma con­
tained more labeled HpD than did the tumor cells. They postulated that higher 
vascular permeability and inefficient lymphatic clearance seen in tumors might 
account for this distribution and the differential uptake between tumor and 
normal tissue. Kessel and Chou [25] used gel exclusion and reverse-phase 
chromatography to study the localization of HpD in tumors and concluded that 
the most hydrophobic of the components are involved in tumor localization. 

Preclinical Studies 

Although an early report by Moosman et al. [27] suggested potential differences 
in HpD cellular uptake between normal and tumor tissue-derived cell lines, the 
majority of work with in vitro cell lines indicates no such clearly reproducible 
difference. The major differences in localization between tumor and normal 
tissue appear to occur at the tissue rather than the cellular level. Henderson et 
al. [27] looked at both established and primary normal and tumor lines in vitro 
and found no difference in their ability to bind HpD, using scintillation counting 
of [3H]HpD. 

Christensen et al. [28] examined photodynamic effects on human, Chinese 
hamster, and murine cell lines that varied in their capacity to induce tumors in 
syngeneic, immunosuppressed mice. The found no evidence that cells with dif­
fering tumor-induction capacities showed any differences in relative sensitivity to 
photodynamic treatment in vitro. Henderson et al. [29] found that RIF mouse 
tumor cells were more sensitive than EMT-6 tumor cells to photodynamic treat­
ment in vitro; paradoxically, the reverse appeared to hold for PDT in vivo. 

The association between the loss of cellular viability and inhibition of mem­
brane transport, as well as the localization of HpD fluorescence in a membrane 
fraction, suggests that membrane targets are likely sites of cellular inactivation 
by the combination of HpD and light [30]. The actual target or site of inactiva­
tion, however, has not been identified. Many types of cellular injury have been 
reported, but plasma membrane [31, 32] or mitochondrial injury [33] appear to 
be the most critical for cellular destruction. Sandberg and Romslo [33] demon­
strated photodynamic damage in isolated rat liver mitochondria, with uncoupling 
of oxidative phosphorylation, energy dissipation, inhibition of respiration, and 
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swelling and disruption of the mitochondria. These effects could not be elicited 
in the absence of anyone of the photodynamic components-porphyrin, light, 
or oxygen-again suggesting that activated oxygen products are mediating the 
observed cytotoxicity. 

Studies by Gomer et al. [34] of HpD photoradiation effects on Chinese 
hamster ovary (CHO) cells showed no mutagenic activity above backround 
levels. This suggests that nuclear damage after HpD PDT might be relatively less 
pronounced than cytotoxic effects occurring elsewhere in the cell. 

The site of photodynamic destruction of tumor in vivo has been ascribed to 
both direct cytotoxicity on tumor cells and indirect effects, possibly resulting 
from damage to vessels supplying the tumor. Tochner et al. [35] sterilized an 
ascitic murine ovarian carcinoma implanted in the peritoneal cavity of mice, 
using HpD and light introduced into the peritoneal cavity. As the tumor cells in 
this model were essentially in a suspension of ascites fluid and not vascularized, 
the cytotoxic effects of PDT appear to have been directly upon tumor cells them­
selves. 

Data from Henderson et al. [29] with both EMT-6 and RIF murine tumors in 
vivo and in vitro suggested that mechanisms other than direct effects on tumor 
cells might be responsible for the cytotoxicity seen with PDT. Their work in­
cluded a number of interesting observations. The RIF line was more sensitive to 
PDT in vitro than was the EMT-6 line. In vivo, however, a light dose of 200 
J/cm2 controlled 100% of subcutaneously implanted EMT-6 tumors in contrast 
to 13% of the RIF tumors. When tumors were treated with the same light dose 
in vivo and then immediately explanted, tumor cell clonogenicity in vitro was 
surprisingly found to be nearly the same as in untreated controls. If explantation 
and plating were delayed for varying lengths of time from 1 to 24 h, tumor cell 
death occurred rapidly and progressively, indicating that tumor cell damage was 
expressed only if the cells remained exposed to the in situ environment after 
treatment. This suggested that other host-related factors, such as photodynamic 
effects on vasculature, are involved in tumor cell death in vivo. 

Work by Star et al [36] with tumors sandwiched in transparent observation 
chambers showed that blood vessels in the tumor began to empty, with blan­
ching of the tumor, about 10-15 min after PDT. Blood flow returned if the initial 
PDT was not too extensive; however, in cases where illumination was continued 
for long periods, circulation would slow, ultimately stop, and be followed by 
diffuse hemorrhage. 

Skin lesions in patients treated with PDT show pronounced vascular changes 
[37]. Treated lesions manifest a predictable series of visible changes and wheal 
formation within the 1st h after therapy. Lesions will then go on to display a 
purplish discoloration within the next few hours, which gives the tissue a con­
tused or purpuric appearance. Necrosis and eschar formation in areas of treated 
tumor will then appear over a period of several days to weeks, depending on the 
dose delivered and the size of the area treated. Laser Doppler blood flow 
measurements show dramatic increases in blood flow in the region of treated 
tumor during therapy, with subsequent decreases in blood flow over the next 
1-24 h to a level usually below that seen in tumor and approximating that seen in 
normal tissue. Residual pulsatile tumor blood flow has been demonstrated in all 
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of the cases measured, even in tissues where subsequent necrosis has occurred. 
The light doses employed in the treatment of patients have been generally three 
to fivefold lower than those used in experimental work with murine tumors, 
which may account for some of the differences observed in vascular responses to 
PDT. Laser Doppler blood flow measurements with subcutaneously implanted 
RIF tumors in the mouse are currently in progress to compare vascular re­
sponses with those observed in patients. Interestingly, blood flow will increase in 
nonilluminated areas adjacent to treatment fields, suggesting the release and 
diffusion of vasoactive mediators from the treated areas of these patients [37]. 

Preclinical trials of PDT in animal models included work in several anatomic 
sites. Jocham et al. [38] looked at the effects of PDT on the Brown-Pearce carci­
noma transplanted into the urinary bladder of rabbits. They noted that HpD was 
preferentially taken up and retained by the tumor. In additon, they were able to 
destroy tumor without excessive damage to normal urothelium. 

Hayata et al. [39] studied methylcholanthrene-induced tumors in canine 
bronchi. Six of seven animals showed fluorescence of HpD at the tumor sites. 
Three animals were treated with HpD activated by red light delivered fiber­
optically through the bronchoscope; cytologic or pathologic complete responses 
were seen in all of the animals at follow-up times to 6 months. Normal tissue 
showed no macroscopic changes; histologically, only slight degeneration and ex­
foliation of columnar cells were observed. Light alone, without HpD, showed no 
effect on the tumors. 

Increased fluorescence has been seen after intravenous injection of HpD in 
amelanotic melanoma transplanted in the rabbit choroid compared with un­
involved choroid [40]. Gomer et al. [41] evaluated acute normal ocular tissue 
toxicity following single photodynamic treatments with HpD and red light directed 
through the pupil and onto 1 cm2 of the retina. They were able to demonstrate 
ocular damage in the form of retinal edema, detachment, and necrosis at 
clinically relevant doses of HpD and light. The damage, while limited to the 
illuminated area in all but the highest doses of light and HpD, nevertheless 
underscores the need for careful light delivery in this setting. 

Douglass et al. [42] looked at intra-abdominal treatment of rabbits in whom 
the Brown-Pearce tumor had been implanted into bowel, liver, pancreas, or 
bladder. Upon illumination of the peritoneal cavity with ultraviolet light after 
HpD injection, fluorescence was generally seen only in the tumor implants. 
Tumor necrosis was seen after treatment of the tumors with red light at doses of 
30 J/cm2 or greater. Illumination with red light below energies of 144 J/cm2 pro­
duced little normal tissue damage. 

The toxicity of the intravenous HpD alone, without light, has been assessed in 
Swiss HaleR (White albino) mice, with LDso values of 275 mg/kg at 24 hand 230 
mg/kg (male) or 180 mg/kg (female) at 14 days [43]. HpD at these doses pro­
duced degenerative changes in hepatic, renal, splenic, and thymic tissue. These 
doses are well above the 10 mg/kg often used in experimental mice work examin­
ing the efficacy of PDT. The dose used for human trials has been up to 5 mg/kg 
HpD or up to 2.5 mg/kg of the more active dihematoporphyrin ethers prepara­
tion. 

The LDso of these porphyrins in mice was considerably lower when the ani-
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mals were also treated with full-spectrum xenon light at relatively high energies 
(108 J/cm2) to the entire dorsal surface [43]. The LDso was 7.5 mg/kg for the 
HpD and 4 mg/kg for the dihematoporphyrin ethers. Death was considered 
secondary to a shock syndrome. When similar studies were performed in rats 
with hematoporphyrin doses of 20 mg/kg, no deaths occurred, suggesting a rela­
tionship to relative surface area exposure. 

Clinical Experience with PDT 

The clinical experience to date with PDT has been accumulated using either the 
HpD or the more active preparation, the dihematoporphyrin ethers (DHE). 
HpD is no longer commercially available in the United States, while the DHE 
preparation is currently available only as an investigational drug. The first sys­
tematic use of PDT in the clinic was at Roswell Park beginning in 1976 by the 
group led by Dougherty [44]. Their initial efforts were with cutaneous and sub­
cutaneous malignancies. Since that time, several thousand patients have been 
treated worldwide for a variety of malignancies involving various sites. The 
majority of these patients had relapsed after or refused conventional treatment. 

When reviewing the treatment reports available in the literature, it must be 
remembered that PDT is a local treatment modality. As such, its impact on the 
overall disease process will be most important when only localized disease is 
present. In patients with systemic disease or disease not encompassed in the 
phototherapy field, PDT can only be expected to yield local palliation. For pa­
tients with localized disease, PDT will only have potential curative results if the 
photosensitizer concentration and light energy are sufficient to sterilize tumor. 
Light delivery can be optimized in lesions of minimal thickness or lesions which 
can be interstitially implanted with light-diffusing needles. It is not surprising 
that investigators have shown particular interest in PDT for lesions involving 
skin, carcinoma in situ of the urinary bladder, endobronchial tumors, and tumors 
of the head and neck. 

The greatest number of patients reported on have had malignancies involving 
the skin-primarily recurrent metastatic breast carcinoma-but patients with 
basal cell carcinomas, squamous cell carcinomas, malignant melanomas, mycosis 
fungoides, and Kaposi's sarcomas have also been treated [44-47]. Patients have 
received HpD by intravenous injection and have then been treated with red 
light, generally 72-96 h after injection. Patients have been treated with external 
surface illumination, interstitial implantation for larger lesions, or some com­
bination thereof. Most patients had disease that had not been controlled by prior 
surgery, chemotherapy, and/or ionizing radiation. As many patients had ad­
vanced disease in other sites as well, the aim of treatment was generally control 
of a local disease problem. 

Although investigators have used different criteria to judge response, it is 
clear that complete responses have been obtained even in heavily pretreated 
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areas. All reporting investigators have remarked upon the differential response 
seen between tumor and adjacent normal tissue within the light field. At light 
doses from 20-72 J/cm2 that may produce necrosis and control of tumor, normal 
skill will become erythematous and might later show some transient hyperpig­
mentation, but it will otherwise tolerate therapy. Treatment appears to be effec­
tive to a depth ranging from 0.2 to 1.0 cm, depending on the dose delivered, 
concentration of sensitizer injected, and mode of light delivery. Investigators 
report complete response rates generally greater than 20% and up to 80% [43]. 

Several factors are important, however, in determining acute tolerance of 
treatment, anticipated response rate, and cosmetic outcome. Treatment of small 
nodules is generally well tolerated, with minimal or no patient discomfort un­
less high-power intensities are employed and thermal effects occur. Treatment of 
large, ulcerated areas of tumor even at relatively low doses (e.g., 20 J/cm2) and 
moderate-power intensities can result in moderate to severe discomfort requir­
ing narcotics for control; furthermore, thick eschars may form in such fields. 
While such eschars can be managed with dressing changes and enzymatic de­
bridement, they may require weeks before granulation and healing is completed. 

The skin of patients with inflammatory breast carcinomas recurring diffusely 
in dermal lymphatics is quite sensitive to photoradiation. Although the depth of 
tumor in such cases may not be great, ulceration and breakdown will occur in the 
often extensive areas infiltrated by tumor. Unfortunately, this may occur at 
doses insufficient for tumor control. With tumor extensively permeating lympha­
tics, tumor outside the treatment field or too deep for the range of light pene­
tration may also reseed the treated area. The literature suggests that patients 
who have received doxorubicin and prior irradiation to a given area may show 
increased normal tissue sensitivity to photoradiation [43]. 

In the primary skin tumors, PDT appears most effective with basal cell carci­
nomas, yielding good cosmetic results and durable complete responses in over 
80% of cases [45, 46]. Complete responses have been seen for up to 4 years [45]. 
Squamous cell lesions, either skin primaries of head and neck lesions recurring 
in the skin, appear less responsive [46]. Pigmented melanomas are almost 
completely unresponsive to PDT because of extremely efficient light absorption 
by melanin. Unpigmented lesions, however, can be effectively controlled by 
photoradiation. Control of Kaposi's sarcomas up to 3 cm in diameter has been 
reported [47]. 

The best results for cutaneous and subcutaneous lesions will be seen in rel­
atively small (less than 2 cm), discrete lesions. For primary nonmelanotic skin 
cancers, PDT may prove to be curative in appropriately selected cases. Most 
cutaneous or subcutaneous lesions thicker than 0.5 cm will probably need sever­
al external treatments or treatment by interstitial technique. In most patients 
with extensive, recurrent disease for which other therapy has failed, photoradia­
tion alone will not likely prove to be curative. It may, however, be of significant 
palliative benefit, particularly if some reduction in tumor volume can be 
achieved with surgery, radiation, or chemotherapy. 

Wile et al. [48] reported on 21 patients with head and neck tumors recurrent 
in the primary site who were treated with HpD and red light. The majority had 

105 



squamous cell carcinomas that had been refractory to conventional therapy. 
Complete responses were seen in 6 patients (29%), and partial responses were 
sen in 11 patients (52%). The complete responses were durable in four of the six 
cases at follow-up times from 8 to 18 months. They occurred in two patients with 
tongue lesions, one with a soft palate lesion, and one with a nasopharyngeal 
lesion. In ten patients with regional head and neck cancer recurrences in soft 
tissues, results were less favorable: two complete responses and three partial 
responses were seen. In these patients, however, tumor would often recur at the 
margins of the treated field; the overall course of the patients' disease did not 
appear substantially altered by PDT. 

Takata and Imakiire [49] reported on six cases of squamous carcinomas in­
volving larynx, oropharynx, or tongue treated with PDT. They noted significant 
necrosis of tumor in each of the cases, but pathologic examination of biopsy and 
surgical specimens revealed nests of viable tumor deep beneath the mucosal 
surface, suggesting inadequate light delivery and dose inhomogeneity. They 
noted no deleterious effects on surrounding normal tissues, although localized 
edema was seen after the procedure, suggesting that tracheostomy for airway 
protection might be indicated in the case of laryngeal lesions. 

One potential use of phototherapy in the head and neck might be for detec­
tion and treatment of carcinoma in situ. In such a setting, one is able to obtain 
optimal light distribution because of the minimal thickness of disease. One could 
hope to deliver effective local therapy with minimal normal tissue side effects. 

In view of the grim prognosis with high-grade ,gliomas, there has been some 
interest in PDT for these tumors, Diamond et al. [6] reported on the inactivation 
of glioma cells in tissue culture with hematoporphyrin and light, as well as signif­
icant destruction of gliomas transplanted subcutaneously in rats. HpD, which is 
protein bound in serum, does not cross the normal blood-brain barrier [6]. Laws 
et al [50] from the Mayo Clinic reported a phase I feasibility study with photo­
radiation for the treatment of malignant brain tumors. All patients were felt to 
be surgically incurable, and conventional therapy had failed. Patients had gross 
recurrent tumor at the time of treatment. Five patients were studied, four of 
whom had primary brain tumors and one of whom had a metastatic lesion. After 
HpD administration, they inserted a single quartz fiber into the tumor, using 
stereotactic technique, and delivered 810 J of 630 nm red light. The patients 
appeared to tolerate treatment well. Computerized tomography (CT) scans in 
two of the patients demonstrated a transient decrease in either the size of the 
mass or resultant mass effect after the procedure. Needle aspiration specimens 
of tumor showed fluorescence under blue light; normal brain in the biopsy speci­
mens did not fluoresce. 

Preliminary results with treatment of brain tumors have also been reported by 
McCulloch et al. [51] Patients received HpD 48 h prior to radical excision of 
tumor. Examination of frozen section specimens under blue light. showed 
fluorescence in four of nine glioblastomas and three of three metastases ex­
amined. Red light was delivered at operation to the surgical bed. Postoperative­
ly, patients with high-grade glioblastomas also received whole-brain irradiation. 
Definitive conclusions about results of treatment are difficult. Three of the nine 

106 



glioblastoma patients were alive after treatment, two without evidence of dis­
ease at 35 and 42 months. The investigators did note more prominent cerebral 
edema following PDT and hence preferred to resect tumor to leave a cavity into 
which swollen brain could expand. They also noted no apparent effect on the 
efficacy or side effects of the subsequent radiotherapy. 

PDT for malignant intracranial lesions is thus under study. Clearly, to be 
effective, adequate light will need to be delivered to malignant tissue in which 
HpD is localized. The HpD does appear to reach central nervous system lesions. 
The more challenging problem appears to be homogeneous delivery of light to 
the volume of tissue infiltrated by tumor, which often extends beyond the limits 
of grossly evident tumor. The combination of resection with subsequent delivery 
of light to the tumor bed and the use of an interstitial array of light sources are 
both potential approaches to this problem which require further investigation. 

Another potential central nervous system application for PDT might be for 
the treatment of meningeal disease. Generally, such disease presents as thin 
plaques of tumor on the meninges that could be effectively treated by red, or 
even less penetrating green light, which also activates the HpD. Light delivery 
in this setting would represent a technical challenge that would need to be 
addressed in appropriate animal models. The optimum mode for photosensi­
tizer delivery-in particular, whether intrathecal administration is possible and 
whether it offers any advantage compared with intravenous administration­
would also need to be studied. 

Photo radiation has been attempted for control of choroidal malignant mela­
noma, a tumor managed traditionally by enucleation but treated on an investiga­
tional basis in recent years by laser photocoagulation, trans-scleral diathermy, 
local radiation with scleral plaques, and external proton beam irradiation. Bruce 
[52] reported on 11 patients treated after intravenous administration of HpD 
with red light delivered transcorneally, trans-sclerally, or via a combination of 
these approaches. Changes in the appearance of tumor masses were noted with­
in minutes of exposure to light. In particular, there was blanching of the tumor, 
with the concomitant development of edema and pinpoint hemorrhages in over­
lying retina. The adjacent uninvolved retina did not appear to be affected by these 
changes. Post-treatment fluorescein angiograms showed dramatic reductions in 
the vascular supply to tumor. A reduction in tumor size was seen in all patients 
who were 5 months or longer post-treatment, with volume decreases initially 
identified at 10-12 weeks after therapy. The final appearance of the tumor was 
that of a large chorioretinal scar. Follow-up times in this series were still under a 
year, so long-term results are pending. Post-treatment complications included 
some degree of transient chemosis, iritis, and lid swelling in all patients. Exuda­
tive retinal detachment worsened or developed in 9 of the 11 patients, appearing 
usually within 3 days of treatment. Detachments were more extensive in patients 
with larger tumors. The detachment resolved within 6 weeks in six of the nine 
cases. Other changes noted included choroidal detachment, cataract, vitreous 
hemorrhage, vitreous inflammatory reaction, and reduced visual acuity. The re­
duction in visual acuity occurred where tumor or retinal detachment involved 
the macula. 
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Bruce [52] used high-energy densities, generally above 1500 J/cm2 and rang­
ing from 293 to 6800 J/cm2 for treatment. There is no comment about the rela­
tive degree of pigmentation in the lesions treated. Melanin is an efficient 
absorber of red light, so that high-energy densities must be used if sufficient 
light is to reach the deepest portions of tumor. These light doses will, however, 
increase the risk of damage to uninvolved normal tissue. Indeed, Murphree and 
Gomer [53] concluded after treatment of eight choroidal melanomas with PDT 
that pigmented melanomas of even modest height would not be adequately 
treated by conventional PDT alone. Hence, careful follow-up reports on pa­
tients treated in this fashion will need to be seen. 

Photodynamic destruction of retinoblastoma cells in vitro has also been re­
ported [54]. Moreover, eyes of athymic mice containing human retinoblastoma 
have been shown to retain higher concentrations of [3H] HpD that control eyes 
[55]. In vivo work has demonstrated regression of human retinoblastoma in the 
nude mouse after PDT [56] Murphree and Gomer [53] noted favorable response 
of individual nodules of retinoblastoma to PDT, but continued vitreous spread 
of disease was limiting the effectiveness of this modality in their initial group 
of pediatric patients. 

The earliest reported clinical use of HpD was for fluorescence detection of 
endobronchial tumor [57]. Several groups have more recently reported on the 
effective use of PDT for either palliative or potentially curative treatment of 
endobronchial tumors. Balchum [58] reported on palliative PDT for 35 patients 
with obstructive tumors of the tracheobronchial tree. HpD was administered 
intravenously, and then red light was delivered to the lesions via the brocho­
scope, using either surface illumination or insertion of an optical fiber into the 
lesion. Patients would undergo a "clean-up" bronchoscopy within 2-3 days of 
treatment in order to remove tumor debris. The majority of lesions treated were 
primary bronchogenic tumors, but several endobronchial metastases from other 
sites and one benign fibrous mass were also treated. Of the 34 patients with 
endobronchial cancer, 33 had a complete opening-up of the bronchial lumen to 
its full extent, with no visible residual endobronchial tumor remaining after one 
or two photodynamic treatments. Reaeration of the lung on chest X-rays was 
seen 1-3 days following the clean-up bronchoscopy in the four patients having 
atelectasis of a lung or lobe. Bronchial inflammation after PDT was minimal, 
and mucosal edema seldom occurred. 

Complications included pneumothorax in two patients within 5 days of treat­
ment. Pulmonary hemorrhage led to death in four patients at 4-5 weeks after 
phototherapy. All had large necrotic tumors in the main stem bronchus. In two 
of these patients, autopsy was performed, revealing necrosis of tumor in the 
medial aspect of the main stem bronchus and of tumor in the adjacent mediast­
num. As tumor necrosis was seen on bronchoscopy in these patients prior to 
phototherapy, it is not clear whether the treatment or the extent of tumor was 
responsible for the subsequent hemorrhage. 

The group at the Mayo Clinic reported on treatment results in 38 patients 
with 40 tumors involving the tracheobronchial tree [59] All patients had under­
gone previous pulmonary resection for another lung cancer or were considered 
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inoperable for medical or technical reasons. In addition, these patients had been 
rejected for or had failed to respond to conventional therapy with irradiation 
and chemotherapy. Patients were treated with 630-nm red light by either surface 
or interstitial illumination. They were followed with bronchoscopies at 3- to 6-
month intervals after treatment for at least 2 years after documentation of a 
complete response, classified as no evident tumor on a chest roentgenogram, 
bronchoscopy, and bronchoscopic biopsies and washings. Complete responses 
were seen in 14 lesions in 13 patients, requiring one treatment in nine cases and 
two treatments in five cases. Eleven of the complete responses were maintained 
at follow-up periods ranging from 3 to 53 months, with a median of 29 months. 
Three of the lesions recurred at 9, 12, and 35 months. Of note, all of the tumors 
that showed a complete response were less than 2 cm2 in surface area and 
radiographically occult, having been discovered on bronchoscopy. This indicates 
that use of this modality for curative treatment of lung lesions may be limited to 
carefully selected cases. 

The Mayo Clinic group also noted massive hemoptysis in three patients with 
large obstructing tumors within weeks of phototherapy. Pulmonary compromise 
was also seen in two patients unable to clear necrotic debris after PDT; bron­
choscopy was required to ultimately do so. 

Hayata et al. [60] reported on the treatment of eight cases of early, centrally 
located squamous carcinomas of the lung with phototherapy. These cases were 
all diagnosed by bronchoscopy. Five cases were treated with PDT alone, while in 
the three remaining patients, surgical resection was performed after photo­
therapy. A complete response endoscopically and histologically/cytological was 
obtained in the five nonresected cases. These patients remained disease free at 
11-36 months after treatment. Ofthe three patients in whom resection was per­
formed, one had a complete histologic response. The other two had complete 
disappearance of their lesion by endoscopic examination, but residual micro­
scopic tumor was seen in the pathologic specimen, thought to be secondary to 
inadequate light delivery to the deepest portions of the tumor. These results 
again suggest possible benefit for the treatment of early or superificiallesions in 
the bronchus. 

PDT has been attempted for both cure and palliation of esophageal malignan­
cies. In the United States, where the disease most often presents in the advanced 
stages with both bulky tumor and adjacent involvement, investigators have re­
ported palliation of esophageal obstruction by locally advanced lesions. In Japan 
and China, where mass screening clinics have been able to detect early 
esophageal carcinomas, PDT has been attempted with curative intent. 

McCaughan et al. [61] reported on the treatment of seven patients with severe 
or complete obstruction of the esophagus by squamous carcinoma, adenocarci­
noma, or melanoma. Patients received intravenously administered HpD, fol­
lowed by the delivery of red light from an argon/dye laser coupled to an optical 
fiber passed through a flexible esophagoscope. All of the tumors responded, and 
swallowing was improved for up to 11 months. Side effects of treatment were 
relatively minimal and included cutaneous photosensitivity; esophagitis, which 
was controllable with antacids and codeine, for several days; expectoration of 
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necrotic tumor for approximately 1 week; and edema that could require esopha­
goscopy and dilatation 1-2 weeks after treatment. Because of the advanced na­
ture of their cases, survival was not affected. 

Aida and Hirashima [62] treated four patients with superficial carcinomas of 
the esophagus and five patients with more advanced disease. Of the five patients 
with early lesions, two had endoscopically complete responses and remained 
disease free at 1 and 2 years after treatment. The other two patients went on to 
surgical resection and were found to have residual tumor cells in portions of the 
tumor felt to have been inadequately illuminated. Their advanced cases showed 
partial responses. 

Hayata et al. [63] in Japan have also treated 16 cases of early-stage gastric 
carcinoma. Four patients were treated by PDT alone because of medical inoper­
ability or refusal of surgery, while the other 12 went on to resection after PDT. 
Complete disappearance with endoscopic visualization was obtained in all four 
patients treated with PDT alone. One patient remained disease free at 30 
months, disease recurred in one patient at 27 months and was retreated, and two 
of the patients died with recurrence of disease at 5 and 13 months respectively. 
Of the 12 patients who went on to resection after PDT, there was no evidence of 
tumor in the operative specimen in five. The seven patients with residual disease 
in the resected specimen, however, remained disease free at 8-43 months after 
surgery. Complications included epigastric pain and ulcer formation that was 
amenable to medical management. 

PDT may thus have some applicability in early-stage gastric cancer for 
patients who cannot undergo curative surgery. Because of the difficulty in diag­
nosing early-stage cases and the propensity of gastric carcinomas to metastasize 
to adjacent lymph nodes, however, PDT for most gastric cancers will probably 
be limited to palliation of medically inoperable cases. 

Photodynamic treatment of 11 patients with colorectal tumors recurring in 
the pelvis has been reported by Herrera et al. [64] Control of recurrence was 
obtained in only one patient, although control of chronic pelvic pain was 
achieved in five patients. 

One frequent recurrence pattern in patients with gastric cancers, pancreatic 
carcinomas, and retroperitoneal sarcomas who have undergone intraoperative 
radiation therapy at the National Cancer Institute (NCI) as a component of their 
oncologic management has been diffuse intraperitoneal dissemination of tumor 
(T.J. Kinsella, W. Sindelar, and E.G. Glatstein, personal communication). For 
such patients, PDT at the time of operation, with light delivery via a diffusing 
medium instilled into the peritoneal cavity, may be technically possible. If such 
treatment can be accomplished with acceptable morbidity, it might offer an 
improvement in disease control in the abdomen. 

The first reported PDT in a patient was in 1976 for transitional cell carcinoma 
of the bladder. Kelly and Snell [8] described destruction of tumor in the sub­
sequent cystectomy specimen only in sites that had been illuminated. Subsequent 
reports on treatment of urothelial malignancies have appeared, and active inves­
tigation in this area continues. 

Benson et al. [65] from the Mayo Clinic were able to demonstrate localization 
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of HpD in transitional cell carcinoma in situ and severely dysplastic epithelium 
in the urinary bladder after intravenous administration and subsequent illumina­
tion of the bladder with violet light. Their observations were confirmed at histo­
logic examination after cystectomy. The only false-positive uptake appeared in 
healing biopsy sites. 

The Mayo Clinic group [66] initially reported biposy-proven complete tumor 
responses in four patients with recurrent, previously treated transitional cell car­
cinomas of the bladder that were focally illuminated using optical fibers intro­
duced through the cystoscope after intravenous HpD injection. Disease did, 
however, later recur in other sites in the bladder which had not been illumi­
nated. Hence, the group switched to using a modified optical fiber with a spherical 
diffusing bulb in order to illuminate the entire bladder [67]. They have recently 
reported on treatment in this fashion of 14 patients with diffuse, recurrent carci­
noma in situ who had refused cystectomy. Initially using a dose of 50 J/cm2 to the 
entire bladder for the first five patients, they noted severe bladder irritability. 
After scaling the dose back to 20 J/cm2, treatment was better tolerated. In ten 
patients with carcinoma in situ alone, biopsy and urinary cytology at follow-up 
examination 3 months after treatment showed complete disappearance of 
tumor. Two patients with both carcinoma in situ and papillary noninvasive 
lesions were noted to have disappearance of the former but persistence of the 
later. Of these 12 patients, 3 subsequently developed focal disease at 6-9 months 
after treatment. Two patients who had focal invasive carcinoma in addition to 
their in situ disease had persistent invasive disease after PDT, although their in 
situ disease was controlled. They went on to receive cystectomy. 

Experience with treatment of transitional cell carcinoma of the bladder has 
also been reported by two groups from Japan [68, 69]. These patients had super­
ficial bladder tumors (primarily papillary noninvasive or with invasion limited to 
the lamina propria), which had generally recurred after previous surgery or 
radiotherapy. They were able to achieve complete responses in 50%-75% of the 
lesions treated, with the highest complete remission rate in tumors smaller than 
1 cm. 

PDT has been attempted in cases of gynecologic cancer recurring in the vagi­
na or skin after conventional treatment. Rettenmaier et al. [70] reported treating 
nine lesions in six patients with HpD and red light. They were able to obtain 
complete responses in two lesions and partial responses in four others. The only 
toxicity noted was cutaneous photosensitivity. 

Corti et al. [71] treated seven patients with vaginal recurrences of carcinoma 
of the cervix, endometrium, or rectum. They achieved five complete responses 
and two partial responses. They reported no treatment-related morbidity. 

Tochner et al. [35] were able to control an experimental murine ovarian 
ascites tumor in 17 of 20 animals using intraperitoneally administered HpD and 
four intraperitoneal light treatments. On the basis of these experimental 
findings, several groups have proposed trying to treat patients with minimal­
thickness intraperitoneal tumor using PDT [35, 72]. Patients presenting with 
advanced ovarian carcinoma (stages III and IV) are recognized to have an un­
favorable prognosis, with one recent series reporting a 5-year survival rate of 
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only 15 % after surgery and combination chemotherapy [74]. The only patient 
who were long-term survivors were those in whom therapy was able to produce a 
complete clinical response or a complete pathologic response at the time of a 
second-look laparotomy. Patients who have residual disease in the abdomen at 
the time of second-look laparotomy might benefit from intraperitoneal PDT, if 
adequate light delivery with acceptable morbidity can be achieved. 

Summary 

PDT represents another potential modality in the treatment of human malignan­
cy. Photoactivated hematoporphyrins have definite antitumor activity in both in 
vitro and in vivo experimental systems. Much of the early clinical work has in­
volved treatment of patients with advanced, recurrent disease who have not re­
sponded to conventional therapy. Because encouraging responses with accept­
able toxicity have been obtained in these patients, active investigation continues 
and is aimed at defining the most appropriate sites and applications for the tech­
nique. Because of the limited depth of light penetration in tissue, the most prom­
ising sites may be those where there is limited thickness of tumor, such as in 
superficial skin lesions or carcinomas in situ involving the aero digestive tract, 
bronchial tree, or genitourinary tract. Other potential uses include those where 
PDT could be combined with surgical or chemotherapeutic debulking, such as 
pleural mesothelioma or advanced-stage ovarian cancer. Whether PDT can be 
of benefit in surgical cases where the margins of resection are close is an interest­
ing but speculative notion at the present time. 

Clinical trials with hematoporphyrin PDT in the above-mentioned sites are in 
progress. Laboratory work to better understand the hematoporphyrin photo­
sensitizer and its mechanism of action also continues, as well as investigation 
into alternative photosensitizers with potentially improved tumor localization, 
less cutaneous photosensitivity, and absorption peaks at deeper-penetrating 
wavelengths of light. Attempts at measurement of singlet oxygen, if successful, 
will permit the development of more meaningful dosimetry in order to correlate 
tumor and normal tissue response with measured levels of the purported cyto­
toxic agent. These and other developments in the fields of PDT will hopefully 
improve therapy for patients with cancer. 
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6. Very High Dose Therapy in Lymphomas and 
Solid Tumors 
T. Philip and R. Pinkerton 

Introduction 

Allogenic bone marrow transplantation is now a major treatment in hematology 
both for severe aplastic anemia and following intensive chemoradiotherapy reg­
imens for chronic myeloid leukemia, high-risk acute lymphoblastic leukemia, 
and acute myeloid leukemia. It is also the sole therapy available in some severe 
combined immunodeficiencies and genetic defects. In the leukemias-with the 
exception of the graft-versus-Ieukemia effect, and unlike the other conditions 
mentioned-the use of marrow transplantation is not therapeutic per se, but 
simply a method by which high-dose, often curative therapy can be given with­
out regard to marrow toxicity. Applying the same principle to lymphoma and 
solid tumors has allowed the selection of the most active agents for use in com­
binations, at doses limited only by extramedullary toxicity. However, the avail­
ability of HLA- and DR-matched allograft is limited by the lack of a matched 
sibling marrow for three-quarters of all patients, and there is a high incidence of 
lethal graft-versus-host disease in patients aged over 35 years. Other options are 
to use either autologous grafts or mismatched allografts. At present, autologous 
bone marrow transplantation (ABMT) is clearly the alternative of choice. 
ABMT is currently used either to shorten the period of aplasia after nonablative 
high-dose chemotherapy or as a rescue after massive, presumptively lethal 
myeloablative chemotherapy, often with total body irradiation (TBI). The 
successful use of ABMT in adults was first described by McFarland [1] in 1959, 
and in children by Clifford in 1961 [2]. 

Because of clear success in leukemias-with a reported 50% cure rate for 
patients receiving grafts in first remission [3]-the use of very high dose therapy 
in lymphoma and solid tumors has been studied by several teams since 1970 [4]. 
The use of the dose-effect relationship rather than bone marrow transplantation 
is the major objective of these studies, which have been undertaken in a wide 
variety of tumors [5] and therefore have potential application to a large number 
of patients. Some of the currently published studies of very high dose therapy for 
malignant lymphoma or neuroblastoma are very promising, whereas others­
mainly in drug-resistant solid tumors-are associated with substantial morbidity 
and mortality, leaving open many questions about the appropriateness of these 
forms of therapy [4]. In this contribution, we will review and summarize clinical 
studies involving very high dose chemotherapy, emphasizing future directions of 
research in this area. 
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Dose-Response Relationship of Tumor with Chemoradiotherapy 

Size of dose, frequency of administration, and combination with other agents are 
important contributory factors for drug efficacy. The theories postulated by 
Goldie and Coldman in the past decade have contributed largely to a rational 
explanation for many of the phenomena seen in clinical practice, and to pos­
sible strategies to optimize the effectiveness of chemotherapy. They suggest that 
the probability of a tumor developing a drug-resistant clone follows Poisson's 
law and is an inherent feature of any cell population capable of spontaneous 
mutation. The appearance of resistance is therefore independent of prior drug 
exposure and relates simply to the nature of the population dynamics [6-8]. 
Thus, a large tumor with a high growth fraction and rapid cell turnover is statisti­
cally more likely to develop subpopulations that are drug resistant; moreover, as 
the tumor grows, this likelihood increases. This is consistent with the observa­
tion that, in general, tumor bulk is a prognostic feature, and despite an often 
initially impressive clinical response, disease progression occurs even while the 
tumor is still under treatment. These observations could be used as an argument 
for early debulking surgery, although it must be emphasized that the log reduc­
tion in tumor cell mass with surgery is generally minimal. The Goldie-Coldman 
arguments are consistent with the curability of some tumors by delayed surgery, 
where the residual, chemoresistant mass is excised. Moreover, they provide 
strong support for a multimodality approach in most tumors, with combinations 
of chemotherapy, radiotherapy, and surgery. Very high dose therapy, according 
to this theory, should be applied in a situation of minimal residual disease [7]; 
this finding is in agreement with other theories of the dose-effect relationship, 
such as those of Norton and Simon [9, 10]. 

The Goldie-Coldman hypothesis has recently led to the application of alter­
nating noncross-resistant drug regimens, with the aim of maximizing tumor cell 
kill by the introduction of regimens directed against different subpopulations 
within the tumor. Inherent in this strategy is also the minimization of delay be­
tween courses of therapy to prevent either reemergence of a partially treated 
population or the development of new resistant clones [8]. The excellent review 
by Frei and Canellos provides a basis for the development of this concept of the 
dose-effect relationship [11]. It must be emphasized that in most cases the doses 
used in clinical practice reflect the limitations imposed by toxicity rather than the 
maximum antitumor activity of the drugs. Animal studies must, therefore, be 
viewed with some caution when considering the extrapolation of dose-effect 
observations to humans. With this proviso, it is clear that many useful and stimu­
lating data have come from animal studies, which have been extensively re­
viewed by Brock and Schneider [12]. Schabel has also demonstrated the linear 
dose-effect relationship with several agents using the Ridgway sarcoma model in 
dogs and with this model has illustrated the supraadditive effect of some drug 
combinations [13]. The problem of converting response into cure in these mod­
els has also been addressed, and again, the application of dose escalation with 
either single agents or combinations of drugs has been shown to make this possi­
ble [14]. 
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Fresh human tumor xenograft studies have similarly been used to demonstrate 
a clear dose-effect relationship [15]: melphalan, for example, has been studied 
using a rhabdomyosarcoma xenograft. These studies provide useful models to 
compare with experience in clinical practice [15]. The additional major limita­
tion to effectiveness with dose escalation is the heterogeneity of response within 
tumors and between individuals [13]. The latter may be explicable to some ex­
tent by differences in the pharmacokinetic or metabolic handling of the drug, 
and where possible, this must be taken into consideration for each patient. 
However, heterogeneity within the tumor population, as demonstrated by the 
variable response to the same therapy in xenografts in syngeneic animals, re­
mains an important factor [13]. 

Autologous bone marrow rescue following intensive cytoreductive regimens 
has eliminated the primary dose-limiting toxicity of most antineoplastic drugs, 
namely myelosuppression. This has permitted drug doses to be increased three­
to ten fold above those used without marrow rescue [16]. There are, however, 
several theoretical problems still to be resolved in devising massive therapy pro­
tocols. These include determining the effects of extending the time of exposure 
to a given drug after increasing its absolute concentration [4, 16], and investigat­
ing the possible interaction of drugs and irradiation. The choice of agents at high 
doses has been based either on the known responsiveness of particular tumors at 
conventional doses of on theoretical considerations. To date, it has not proved 
possible to use in vitro clonogenic assays to select drug combinations, although 
specific resistance in vivo may in some cases be accurately predicted from these 
studies [17]. Recent data from the laboratory of van Hoff are of considerable 
interest in this regard [18], and such laboratory investigations in vitro will con­
tinue to play an important role in indicating the potential value of new drug 
combinations [17]. 

In addition to marrow toxicity, the drugs used in high-dose regimens fre­
quently produce toxicities in other organs, particularly the oral mucosa and 
gastrointestinal tract, which share with the bone marrow a rapid cellular proli­
feration on rate [4]. Also of note are cardiomyopathy (cyclophosphamide and 
doxorubicin); pneumonitis [carmustine (BCNU), lomustine, and melphalan]; liver 
toxicity, predominantly venoocclusive disease (carmustine, cyclophosphamide, 
lomustine, thioguanine, and busulfan); urological toxicity and acute renal failure 
(cyclophosphamide and melphalan) and hemorrhagic cystitis (cyclophospha­
mide); and encephalic complications such as leukoencephalopathy (carmustine, 
lomustine, methotrexate, and TBI), lethargy (all of the drugs mentioned), and 
seizures (melphalan and BCNU). Other toxic syndromes observed include 
hemolytic-uremic syndrome and Moschcowitz's disease [4]. The problems of 
age and of other preexisting diseases are obviously also very important in prac­
tice. More pertinently, the extent of initial disease and the nature and compli­
cations of previous chemotherapy must be taken into account in anticipating 
treatment-related complications after massive therapy. This has been ex­
emplified by the observation that when one moves from phase II studies in 
patients who have received prior intensive and prolonged therapy to phase III 
studies of patients in first complete remission (CR), a marked reduction in 
morbidity occurs [4]. 
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Table I. Phase 1111 dose escalation studies with or without autologous bone marrow transplantation 
(ABMT) in solid tumors and lymphomas 

Maximum tolerated dose 

Without With Dose effecta 

Usual dose ABMT ABMT at maximum 
Drug (mg/m2) (mg/m2) (mg/m2) tolerated dose 

Cyclophosphamide 500 8000 8000 15 
Etoposide (VP16) 300 2100 3000 10 
BCNU 200 600 1250 6 
Melphalan 40 100 200 5 
Cis-platinum 100 250 250 >2.5 
Carboplatinum 400 1000 2000 5 
Mitomycin C 10 40 90 9 
Thiotepa 30 240 1100 38 
Aziridinyl-benzoquinone 20 150 7 
Methotrexate 500 20000 40 
Cytosine arabinoside 500 20000 40 

a Times the usual dose. 

Phase 1111 Studies of Very High Dose Chemotherapy 

As shown in Table 1, a linear dose-effect relationship has been demonstrated 
without bone marrow support for methotrexate (40 times the usual dose) [19], 
cytosine arabinoside (40 times the usual dose) [20], and cis-platinum [21]. The 
real significance (in terms of a dose effect) of doubling the dose is not always 
clear because ofthe binding ofthe metabolites to serum protein [21]. With bone 
marrow support, a clear dose effect was reported for cyclophosphamide, etopo­
side, mitomycin C, melphalan, aziridinylbenzoquinone (AZQ), BCNU, and 
amsacrine (AMSA), as extensively reviewed recently by Appelbaum and Buck­
ner [22]. It has to be noted that for cyclophosphamide, etoposide, and mitomy­
cin C, autologous marrow reinfusion has little to contribute, at least when the 
single drug is used [22], whereas with agents such as melphalan, AZQ, and 
BCNU, ABMT limits the period of marrow suppression [22]. The multiagent 
regimen phase II studies have been reviewed by Appelbaum and Buckner [22] 
and Pinkerton et al. [4]. 

Conditioning regimens such as BACT (BCNU, aracytosine, cyclophosphamide, 
thioguanine), BEAM (BCNU, etoposide, aracytosine, melphalan), and CBV 
[cyclophosphamide, BCNU, etoposide (VP16)] are very extensively used with 
ABMT to reduce the duration of aplasia [4]. One of the major achievements 
with lymphomas was to show that even in progressive disease, clear responses 
were observed with these protocols using the dose-effect relationship. As with 
the animal experiments, this dose-related response was usually insufficient to 
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produce cure in advanced disease, whereas in relapsed patients with less aggres­
sive disease, response and cure may be observed [4, 14]. In heavily pretreated 
patients, recent studies from Boston have shown rapid and complete responses 
resembling those of lymphomas and solid tumors [5, 23]. These studies, consid­
ered together with the animal and human lymphoma models, suggest that cure 
may be possible if high-dose therapy is applied earlier in the course of evolution 
of solid tumors. 

Role of Total Body Irradiation 

The feasibility of TBI was first demonstrated when it was used for marrow abla­
tion in conditioning regimens for leukemia. Many conventional treatment regi­
mens which utilize local irradiation take advantage of the radiosensitivity of 
most solid tumors and lymphomas, and it is a logical step, therefore, to study the 
efficacy of this treatment modality as systemic therapy. Early studies with either 
hemicorporeal irradiation or low-dose, hyperfractionated TBI evaluated its 
effectiveness in high-risk patients [24]. The necessity of TBI in massive therapy 
regimens for solid tumors remains an area of debate. There is an understandable 
reluctance to use such therapy in young childen because of the considerable 
early, and as yet ill-defined long-term, toxicity. Similary, the advantages of frac­
tionated TBI remain controversial: although pulmonary toxicity is reduced [25], 
the relative cytotoxic effect in tumors with shouldered response curves remains 
to be clarified. Alternative strategies to TBI are further intensification of multi­
ple chemotherapy and the use of double autografts [26, 27]. Although the long­
term consequences of high-dose alkylating agents should also be taken into 
account [28], these treatment regimens are being used in cases where the likeli­
hood of cure with conventional treatment is minimal, and choice is thus limited. 
Such considerations are, however, of considerable importance if the indications 
for massive therapy are broadened to include its use as a consolidation treatment 
in first CR. 

Definition of Patients' Status at Autologous Bone Marrow 
Transplantation 

Most of the time, previous therapy is not clearly reported in the world literature; 
however, this is obviously a major problem when comparing the results of diffe­
rent series. Confusion is also frequent between first CR and subsequent CR, and 
between first partial remission (PR, primarily refractory patients) and subse­
quent PR (patients with sensitive relapses). The relevant information should be 
clearly stated if possible in future reports in this area. 
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Fig. 1. Disease-free survival rate for 42 patients with non-Hodgkin malignant lymphoma. (From 
Philip et aI., Lancet 1984) 

Very High Dose Therapy in Lymphomas 

A retrospective study of data from the France Autogreffe study group and inves­
tigators in London was performed in July 1983 [29-31], and reviews of the world 
literature were published by Appelbaum et al. in 1985 [32] and by Singer and 
Goldstone in 1986 [33]. From these data-as shown, for example, in Fig. 1-
several conclusions can be drawn. Patients with true resistant relapses (i.e., pa­
tients whose disease is still progressing at the time of the ABMT) will usually not 
be cured by massive therapy. Responses were observed in 73% of the cases in 
Lyon, but as shown in Fig. 1, only 1 of 16 patients is still alive 4 years post­
ABMT (i.e., 6%). In patients with nonresistant relapses (i.e., all other patients, 
excluding those with stable disease and those with a minor response on a rescue 
protocol), long-term survival appeared to be achieved in approximately half of 
the cases. Our initial data, for example, concerned 15 of 19 patients in the group 
with nonresistant relapses who had relapsed on therapy (i.e., clearly a group 
with a very bad prognosis). These data showed that there is no difference in 
outcome between patients who achieved PR or CR prior to ABMT if CR is 
obtained after ABMT (Fig. 1). We concluded that patients in relapse have to be 
separated into two groups: those with resistant relapses (patients with progres­
sive or stable disease or a minor response on salvage chemotherapy) and those 
with nonresistant or sensitive relapses (patients achieving a partial or complete 
response within the first two courses of salvage chemotherapy). Two major cri­
ticisms have been levelled at this retrospective study: the inclusion of both adults 
(two-thirds) and children (one-third) and the analysis of the mixture of histologies 

124 



100 

90 

z 80 
c 
III 
III 70 
:c .., 
"" 60 
z 

• ..: 50 

w 
:: 40 
f­
IX 

3 30 
x 
::> 
u 20 

10 

r-~--~~~--__ ~~ ______ ~ __ ~ ______ ~ADUlTS 
L-~~~~~~--~~L-----~~~------~All 

)3 26 39 
110NTHS 

52 65 

Fig. 2. Disease-free survival rate for children (n = 60) and adults (n = 52), all of whom had non­
Hodgkin lymphoma and underwent autologous bone marrow transplantation in European Bone 
Marrow Transplantation Group trials (data compiled January 1984). (From [34)) 

as a single group. Our series included a high proportion of childhood non­
Hodgkin lymphoma (NHL) of the Burkitt (BL) type (of 42 cases, 12 were BL, 15 
intermediate-, and 15 high-grade non-BL). 

As shown in Figs. 2, 3, a European study by Goldstone [34] later concluded 
that no statistical difference was observed either between adults and children 
(Fig. 2) or between BL and non-BL (Fig. 3). The concept of resistant (RR) and 
sensitive relapse (SR) has been subsequently confirmed in a review of 42 cases of 
BL in France [35], a review of 42 cases of adult diffuse lymphoma from France 
and England [29], and a review of 39 cases of NHL from Houston and Omaha 
[36]. 

In 1986, data from bone marrow transplant centers in Europe and America 
were pooled to determine the outcome of ABMT in adult patients with relapsed 
diffuse intermediate- or high-grade NHL (excluding BL), and to identify the 
prognostic significance of response to therapy preceding the bone marrow 
transplant procedure [37]. The patients were treated with either high-dose che­
motherapy alone (61 patients) or high-dose chemotherapy plus TBI (39 pa­
tients). The median age was 35 years, and the median Karnofsky performance 
score was 80%. Of these patients, 34 had progressive disease that was primarily 
refractory to chemotherapy (i.e., they never achieved CR), while 66 achieved 
CR with primary chemotherapy but later relapsed. After receiving further che­
motherapy (salvage) at traditional doses, 22 patients had no response or disease 
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Fig. 3. Results of autologous bone marrow transplantation in patients with Burkitt's (n = 28) and 
non-Burkitt lymphoma (n = 84), as reported by the European Bone Marrow Transplantation Group. 
P=0.4341 

progression (i.e., RR), and 44 patients responded partially or completely (i.e., 
SR). 

The actuarial 2-year disease-free survival rate for the entire group was 20%, 
with the last death at 31 months and a median observation time of 33 months 
(Fig. 4). Disease-free survival was significantly related to previous response to 
chemotherapy. The two-year disease-free survival rate was 0% in the no-CR 
group, 14% in the RR group, and 38% in the SR group (Fig. 5). In patients who 
had achieved CR with initial chemotherapy, the disease-free survival rate after 
ABMT was superior to that in patients never achieving CR (Fig. 6). Patients 
with SR had a better disease-free survival rate than patients with RR. Outcome 
was not affected by treatment regimen and histologic grade. Whether relapse 
occurred on or off therapy was not of significance to survival either, but the 
probability of responding to salvage therapy was significantly higher for those 
patients who relapsed off therapy. In conclusion, it appears that prior response 
to chemotherapy is an important prognostic variable in patients with 
intermediate- or high-grade NHL undergoing ABMT [37]. 

There remains the question of whether cures can be obtained with conven­
tional salvage regimens without ABMT, as there are reports of occasional long­
term survivors after relapses treated with MIME (methyl gag, ifosfamide, 
methotrexate, etoposide) or D HAP (dexamethasone, aracytosine, platinum) [38-
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41] (W.S. Velasquez 1986, personal communication). A randomized study is 
now in progress to compare conventional and high-dose treatment modalities 
[42]. Several conclusions can however be drawn from the literature. The re­
sponse rate after high-dose therapy and ABMT (72% achieving CR or PR) in 
the group of patients who have never reached CR and whose disease is progres­
sing on conventional salvage therapy is a clear argument in favor of the dose­
effect relationship in NHL and in favor of investigating ABMT procedures [37]. 
The significantly better survival rate achieved when patients are still responding 
to conventional rescue prior to ABMT suggests that conventional rescue and 
high-dose therapy with ABMT are complementary procedures. Their combina­
tion in a group of relapsed patients who previously reached CR may be synergis­
tic, and it led to the achievement of a survival rate of at least 40% [42]. The 
difference between MIME or DHAP and AMBT-with an overall expected 
survival rate in relapsing patients of approximately 5% versus 20%-40%­
cannot however be used definitively in support of transplantation because of 
selection bias (patients with better performance status, no marrow or CNS in­
volvement, and minimal disease being selected for BMT programs). As an 
example, the response rate of 44 of 66 patients (66%) in our recent data for 
adults indicates a large selection bias, considering that the maximum expected 
response rate with MIME would be in the range of 40%-50% in such a group 
of patients [37]. 

Several questions are still unclear and cannot be answered on the basis of the 
world literature review [33]. These concern the role of TBI, the role of involved 
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field radiotherapy before or after ABMT, the indication for purging procedures 
(see M.C. Favrot, this volume), and whether allogenic marrow should be used if 
available (despite no difference being observed in the Seattle experience [32]). 
In our study of ABMT in adult lymphoma [37], 39 patients received a TBI­
containing regimen, whereas the other 61 did not. The two groups are compara­
ble for the number of primarily refractory cases, histology, and bulk disease. 
The actuarial survival rate at 2 years is 20% in both groups. In the group with 
primarily refractory disease (no CR) and resistant relapses, response rates are 
identical with and without TBI (68% versus 72%). Also, 75% of the relapses 
were isolated and occurred primarily at the site of initial lymphoma involvement 
prior to the salvage therapy, indicating that local control is a major factor. In­
volved field radiotherapy (15-20 G) has been advocated by Phillips et al. [43, 
44], following a nonrandomized comparative study favoring this strategy. 

In all the published series with ABMT, patients with marrow involvement 
were excluded, and marrow relapses were not a major problem following 
ABMT. It is impossible to distinguish relapse due to failure to eradicate the 
tumor and relapse due to reinfused tumor cells. However, experience with 
allogenic marrow transplantation suggests that failure of the preparative regi­
men is at present responsible for the majority of relapses [32, 23]. Encouraging 
results have been reported with marrow purging in adult patients with B-cell 
NHL (see Favrot, this volume), and we would advocate that this issue be evalu­
ated in a comparative study [42]. (If non-TBI-containing regimens are used, it is 
possible that spontaneous marrow recovery could occur, and intensification 
therapy without ABMT is thus also a possible alternative.) 

The current status of ABMT as used in the treatment of pediatric lympho­
mas has been extensively reviewed [4, 45], and the general conclusions are com­
parable to those for adults, as pointed out in an early report by our group [29]. 
The indications for very high dose therapy in BL are in our opinion restricted in 
1987 to 20% of patients and should be divided in to two groups: 

1. Massive therapy and ABMT are currently the best treatment for BL in PR 
after initial induction therapy or in relapse where patients are still responding 
to rescue protocols. The only question which remains unclear is whether the 
high efficacy of second-line rescue protocols will still be observed when re­
lapses follow more aggressive initial therapy [45]. 

2. Massive therapy and ABMT is still an experimental treatment for BL with 
initial CNS involvement, a group for which results remain disappointing with 
conventional regimens. Preliminary results, however, are quite promising (10 
of 15 patients are currently free of disease in the Lyon experience; T. Philip 
etal. unpublished data). 

Massive therapy regimens such as BACT or BEAM are clearly not able to 
cure patients with progressive disease. For this group of patients, new phase II 
studies are urgently needed and should be carried out through a multicenter 
cooperative trial. These studies could be based on conventional chemotherapy 
regimens tested without ABMT to determine whether a dose-effect relationship 
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can improve the results. New massive therapy combinations-including high­
dose cisdichloroaminoplatinum (CDDP), melphalan, ifosfamide, BCNU, ara­
cytosine, and high-dose methotrexate-should be explored. Combinations of 
various alkylating agents, as proposed by the Baltimore group, may also be a 
useful avenue to explore [46]. The role of TBI remains unclear in BL despite 
results reported in other lymphomas [47]. However, it is clear that such phase II 
studies will be the basis of any future progress in BL with either conventional or 
massive therapy regimens. 

The role of very high dose therapy in lymphoblastic lymphoma in children 
and young adults is less clear than in BL. However, results in relapsed patients 
with cyclophosphamide and TBI appear to be superior to those with non-TBI­
containing regimens [33]. This kind of therapy is indicated most clearly in the 
groups of patients who relapse with tumors still sensitive to rescue protocols. 
However, patients with initial CNS disease and leukemic presentations with a 
very high number of circulating blast cells are also good candidates for these 
programs. 

The role of very high dose therapy in Hodgkin's disease was recently exten­
sively reviewed by Canellos [48] and Phillips and Reece [49], and it appears that 
in approximately half of all patients with advanced Hodgkin's disease resistant to 
conventional chemotherapy, remission can be achieved with existing intensive 
therapy regimens and ABMT. It also appears that regimens including TBI are 
not better than non-TBI-containing regimens. The best results reported are with 
the CBV programs initially described by Spitzer et al. from M.D. Anderson 
Hospital [50, 51]. These results are similar to those in early studies in NHLs, and 
this area is probably one of the most promising for the future. 

Very High Dose Therapy in Pediatric Solid Tumors 

We will mainly summarize the current status of the very high dose therapy pro­
grams in rhabdomyosarcoma, Ewing's sarcoma, and neuroblastoma and de­
scribe the preliminary results in other tumors. 

Rhabdomyosarcoma 

Phase II studies of children with relapsed or resistant rhabdomyosarcoma have 
demonstrated a high response rate to high-dose melphalan with autologous 
marrow rescue (greater than 90%), confirming data obtained from an animal 
xenograft model system [15]. The duration of response was, however, almost 
invariably brief, with few long-term survivors (V. Postmus, personal com­
munication; J. Jacobsen, personal communication). Therefore, it seemed 
appropriate to build on the basis of melphalan, and we elected to study the value 
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of TBI in such patients [4]. In addition, because the long-term survival rate in 
children with stage IV disease remains poor, massive therapy might be consi­
dered for use as consolidation treatment once CR has been achieved. To date, 
nine patients have been treated in Lyon: six patients, all of whom were in first 
CR at the time of massive therapy, remain disease free. Follow-up in these cases 
is, however, short (median 20 months). There was one therapy-related death, 
but apart from infection and one case of hepatic dysfunction, the massive ther­
apy was, in general, well tolerated. Clearly, it is too early to draw any firm 
conclusions about the value of such a procedure or the need to purge the marrow 
(five of the nine patients were purged with Asta-Z). It would appear that, as in 
most other tumors, one course of massive therapy, even including TBI, is unlike­
ly to salvage patients with progressive or ressistant disease [4,16,52]; however, 
its role in the consolidation of remission in patients unlikely to be cured by 
conventional therapy is worthy of further evaluation on a multicenter basis. 

The use of double procedures in rhabdomyosarcoma is also being studied in 
the current International Society of Paediatric Oncology (SlOP) trial. Stage IV 
patients who achieve CR after chemotherapy alone are randomized (in certain 
major centers) to receive vincristine, BCNU, and melphalan with ABMT 
(purged with the drug Asta-Z), followed after 3-4 months by procarbazine, 
VP16, and cyclophosphamide. A similar approach is taken for patients less than 
5 years old with stage WIll parameningeal disease, who do not receive high-dose 
cranial irradiation. Interesting results have also come from the current National 
Cancer Institute (NCI) program [53], which includes selected cases with very 
bad prognosis (relapses, initial stage IV). A combination of vincristine, acti­
nomycin, cyclophosphamide, and doxorubicin (Adriamycin) (VACA) followed 
by TBI (8 Gy, two fractions) has produced a 45% long-term survival rate (1 year 
median follow-up). The response rate in evaluable patients for this study was 
93%. In other soft tissue sarcomas, results are less encouraging [54, 55]. 

Ewing's Sarcoma 

Promising preliminary results were obtained by Cornbleet et al. [56] using 
melphalan as a single agent for Ewing's sarcoma. In a review of 35 cases, the 
European Bone Marrow Transplant (EBMT) group in 1984 achieved a similar 
response rate of 66% in evaluable patients [57]. However, as shown in Fig. 7, the 
general pattern of outcome seen in patients after massive therapy for lymphoma 
is also observed with this solid tumor [57]. The results are good for patients 
receiving grafts in CR (80% survival at 12 months), reasonably good for relapsed 
patients still responding to a rescue protocol, and very poor-despite a high 
response rate-for patients receiving grafts with progressive disease. The NCI's 
experience is again probably one of the largest at this time: using the V ACA 
massive therapy regimen and TBI (8 Gy, two fractions), Miser has reported 26 
of 57 selected very bad prognosis patients to be in continuous remission at 2 
years of follow-up [53]. 
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Fig. 7. Results of autologous bone marrow transplantation performed in 34 patients with Ewing's 
sarcoma in Europe: bad-risk patients (A), treated in complete remission (n = 11); patients with 
nonresistant partial remission or relapses (B; n = 13); and patients with resistant relapses (C; 
n = 10). (European Bone Marrow Transplantation Group review 1984, unpublished data) 

Other Tumors 

Using a prolonged (21-day) massive therapy regimen (including high-dose 
methotrexate, vincnstme, cyclophosphamide, doxorubicin, dacarbazine, 
melphalan, and high-dose cis-platinum), Miser [53] reported 12 of 24 relapsed 
osteosarcoma patients to have no evidence of disease (NED) with a median 
follow-up of 6.5 years. Only fifteen patients, however, had received chemo­
therapy prior to the rescue protocol [53]. 

Because of the high cure rate in Wilms' tumour, massive therapy is rarely 
considered. There remain, however, those with stage IV disease or those with 
unfavorable histology in whom survival is less assured with conventional regi­
mens. Early results from the Royal Marsden group, using high-dose melphalan 
alone, demonstrated responses in each of 6 patients with relapsed disease 
and two long-term survivors A. Barrett, personal communication). Such an 
approach may thus be of value as a consolidation procedure in high-risk patients. 

Using high-dose melphalan and VP16 in malignant germ cell tumors 
(MGCT), responses have been described in patients resistant to cis-platinum­
containing regimens [58]. Baumgartner et al. [59] have reported the use of vin­
cristine, doxorubicin, high-dose cyclophosphamide, and single-fraction TBI in 
3 patients with stage IV MGCT. Although responses were seen in the 2 
cases resistant to conventional chemotherapy, the only survivor (27 months) re­
ceived a graft in CR. 

ABMT has also been used in stage IV retinoblastoma, although there are 
insufficient data to comment on its value [60]. 
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Neuroblastoma 

Because of the limited availability of matched related donors in this very young 
group of patients, experience with autologous marrow is greater than with 
allogenic transplanation. Moreover, unlike leukemia, neuroblastoma only in­
volves the bone marrow secondarily, and the marrow may be cleared of tumor 
by effective chemotherapy prior to marrow harvest. Various purging techniques 
have been developed which, in vitro, are capable of removing residual tumor 
cells from marrow. The need for such purging procedures in practice remains a 
contentious issue, as the clonogenic potential of reinfused neuroblastoma cells 
is difficult to demonstrate (see M.C. Favrot and T. Philip, this volume). The 
main limiting effect in the use of megatherapy procedures remains the ability of 
such therapy to ablate the malignant cell population completely. It is difficult to 
summarize the state of the art due to the lack of published data; however, at the 
recent Houston Autologous Bone Marrow Transplantation meeting, all the 
major groups working in this area reported current results [61-64]. 

In relapsed, highly selected patients, a 20% progression-free survival rate at 2 
years was reported when TBI was used in the conditioning regimen; no 
progression-free survivors were reported when a non-TBI-containing regimen 
was used [61, 62]. With or without TBI, with single- or double-graft procedures, 
a 35%-40% progression-free survival rate at 2 years was reported in patients 
receiving grafts in first CR [61-64]. No advantage was shown in this group for 
the TBI-containing regimen; indeed, the mortality is higher (20% versus 10%). 
Of the patients treated by the Lyon-Marseille-Curie group with grafts in first PR 
and a TBI-containing regimen, 20% are alive and progression free at 2 years. It 
is clear that in all studies, no plateau has yet been reached on the curves after 2 
years. 

The timing of relapse post-BMT (i.e., between 3 and 12 months postgraft for 
the majority of the cases) has kindled interest in the concept of a double-graft 
procedure in this disease. Selected patients in PR after induction therapy re­
ceived a double graft without TBI; there were no survivors at 2 years (0. Hart­
mann, personal communication). The Lyon-Marseille-Curie group have early 
data for relapsed patients using a double graft, with TBI being included in the 
second conditioning regimen; there were some survivors at 2 years [61]. 

Phase II studies with these high-dose regimens have been encouraging, 
although their construction has to a large extent been empirical. An exception to 
this is high-dose melphalan. The European Neuroblastoma Study Group 
(ENSG) has carried out a prospective randomized study in stage III and IV 
patients who achieved at least partial remission after a standardized, cis­
platinum-containing induction regimen. There was a significant advantage for 
the melphalan group in terms of both median survival and the duration of 
progression-free survival. This provides a rational basis for the inclusion of this 
agent at high doses in future protocols [65]. TBI is still included in many sched­
ules because of in vitro radiosensitivity data and early clinical experience [66]. 
However, because of concern about the contribution of this modality to both 
short- and long-term morbidity, its inclusion requires prospective evaluation. It 
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is possible that the substitution of other drugs at high doses might provide a 
higher therapeutic index [67]. 

Very High Dose Therapy for Solid Tumors in Adults 

A number of phase II studies of high-dose single-agent therapy with ABMT 
have been carried out or are in progress in patients with solid tumors. From the 
extensive review by Appelbaum and Buckner [22], some facts are clear. BCNU 
at doses of approximately 800-1500 mg/m2 produces a good response rate in 
melanoma (45% response, 16% CR), lung cancer (46% response, no CR), brain 
cancer (44% response, 7% CR), and sarcoma (75% response, no CR) [22]. 
Melphalan at doses of 140-200 mg/m2 has also been reported to produce good 
response rates in melanoma (74% response, 31% CR), neuroblastoma (70% 
response, 50% CR), Ewing's sarcoma (80% response, 20% CR), germ cell tumor 
(67% response, 17% CR), ovarian carcinoma (56% response, 14% CR), breast 
cancer (67% response, mostly CR), and colon carcinoma (56% response, 14% 
CR) [22]. VP16 at doses of 1500-2100 mg/m2 also showed good response rates in 
germ cell cancer (83% response, 16% CR), small-cell lung cancer (85% re­
sponse, 31 % CR), and brain cancer (50% response, no CR). CyClophosphamide 
at 1500-2000 mg/m2 was also shown to be effective in small-cell lung cancer 
(84% response, 56% CR), ovarian carcinoma (75% response, mostly CR), and 
testicular cancer (60% response, no CR) [22]. 

Studies of high-dose combinations have been reviewed by Antman et al. [5] 
but are still in their early days and are a direct continuation of the phase I dose 
escalation studies. These schedules mainly use combinations of alkylating agents 
[23], as first proposed in leukemia by the Baltimore group [46]. The STAMP 1 
and 2 programs (Solid Tumor Autologous Marrow Program) from Boston are 
very encouraging because rapid CR was observed; this result is similar to the 
early experience in lymphomas with very high dose therapy in resistant patients. 
These protocols, the first to achieve such rapid CR in advanced solid tumors, are 
very promising in spite of the short duration of the responses [5, 23, 68]. 
Although most of these regimens have no proven clinical benefit in end-stage 
disease, the high response rate may provide important leads for the development 
of new combinations to be used in a setting of minimal residual disease [68]. 

Small-Cell Lung Cancer 

The study by Humblet et al. from the Ludwig Institute in Brussels is of particular 
note because after standard induction treatment, patients with small-cell lung 
cancer were randomized to a further course of chemotherapy at conventional 
dosage versus late intensification with autologous marrow support [69]. In the 
ABMT arm, the CR rate increased from 39% before randomization to 79%. 
Median relapse-free survival after randomization was 68 versus 55 weeks in 
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favor of consolidation. The conclusion is that very high dose therapy results in a 
significant increase in the CR rate and a significant increase in the relapse-free 
survival, but with no major improvement in the overal survival [69]. In another 
study by Farha et al. [70] at M.D. Anderson Hospital in Texas, untreated pa­
tients initially received high-dose therapy followed by marrow rescue. Patients 
then received prophylactic cranial irradiation and four courses of the same drugs 
at standard dosage, followed by radiotherapy to the primary tumor. All patients 
responded (54% completely), with a median time to treatment failure and a 
median survival of 41 and 56 weeks, respectively. 

Souhami et al. at the University College Hospital in London treated 25 newly 
diagnosed patients with high-dose cyclophosphamide and radiotherapy to 
the primary site [71]. Of these patients, 56% attained CR, with a median 
duration of 43 weeks and a median survival of 69 weeks. These results are com­
parable to those of a standard regimen for small-cell lung cancer but were 
obtained with a single treatment. 

Spitzer et al. at M.D. Anderson Hospital have studied 32 patients with un­
treated, limited small-cell lung cancer. The patients received three cycles of 
induction therapy, followed by two courses of intensification with ABMT [72]. 
Of the 13 patients who were in CR at the time of transplant, 5 remain disease 
free at 4 or more years, whereas only one of nine partial responders before 
transplant remains disease free. Contrasts between reports are found in the 
relapse pattern. In Humblet's patients, relapse occurred mainly in the primary 
site, while relapses were mainly systemic in Spitzer's patients. This difference 
may stem from the absence of thoracic irradiation in Humblet's study. 

Melanoma 

The relatively promising results in small-cell lung cancer contrast with those for 
the chemotherapy-resistant tumor melanoma. A significant CR rate for high­
dose melphalan is first seen at doses of 180 mg/m2• There appears to be a dose­
response relationship in the study by Lazarus et al. [73] of doses of 180 and 225 
mg/m2 ; however, in a larger study by Cornbleet et al., patients treated with 
260mg/m2 melphalan achieved only an 8% CR rate, with a 43% response rate 
overall [74]. Melphalan or BCNU at standard doses produces responses in 
10%-20% of patients. When these drugs are given at high doses with ABMT, 
response rates of 40%-65% occur, and a significant percentage of CRs is 
observed. High-dose chemotherapy without BMT in melanoma was also recent­
ly reported by the Baltimore group [75]. 

Germ Cell Tumor 

Most patients with newly diagnosed metastatic testicular cancer respond readily 
to curative standard-dose regimens. The few in whom multiple regimens fail, 
and who are therefore eligible for ABMT studies, represent an extensively 
treated group with refractory tumors. Of 13 patients treated at M.D. Anderson 
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Hospital with 4500 mg/m2 CPA and 600 mg/m2 VPI6, 7 responded (4 complete­
ly); however, the responses were quite short, with the time to treatment failure 
ranging from 1 to 5 months [76]. Of ten patients treated at the University of 
California at Los Angeles with high dose cyclophosphamide, VPI6, and melpha­
lan, five died of toxicity. One patient obtained CR and is alive at 6 years [77]. 
Wolff reported on 11 patients treated with high-dose VP16 (2400 mg/m2), with a 
90% response rate (lO%CR), including 4 of 5 patients in whom standard-dose 
VP16 had failed [78]. However, the median time to treatment failure was again 
short-2 months. Biron from Lyon also reported on 15 cases of refractory 
tumors treated with VP16 and melphalan followed by ABMT [58]. Responses 
were observed in 9 of 15 patients (60%), but only 2 achieved CR, and there were 
no disease-free survivors at 2 years. Similar results in refractory tumors were 
reported by o. Postmus and J. Pico (personal communication). 

Better regimens will have to be developed for testicular cancer, where pa­
tients at high risk should be identified sufficiently early to evaluate high-dose 
therapy when drug resistance is less likely and tumor burden is lower. In Lyon, 
for example, five patients were selected because they had not achieved CR 
after four courses of vinblastine, actimomycin D, bleomycin cisplatinum 
(V ABCDDP). They all received a combination of VPI6, CDDP, and ifosfamide 
with ABMT. Of these 5 patients, 4 are alive disease free 6-18 months 
post-ABMT (unpublished data). Comparable results have been obtained in Vil­
lejuif, France, with a very similar approach (1. Pico, personal communication). 
Very recently, data for 64 ABMT recipients with germ cell tumors were col­
lected by the participants of the EBMTG. Of these patients, 35 had refractory 
disease after cis-platinum therapy, 21 responded to the conditioning regimen, 
and 3 are alive disease free at 2 years. Eight patients with sensitive relapses and 
21 in first PR or CR were also selected according to classical bad-prognosis 
criteria. Of these 29, 15 are still alive disease free with more than 12 months' 
follow-up (EBMTG, unpublished results collected by J. Pi co ). 

Breast Cancer 

Eder et al. [23] have reported on a total of 18 patients treated with the STAMP 
1 protocol at both the phase I and phase II protocol doses. There were six com­
plete and eight partial responses, and the median time to treatment failure was 
4.7 months. In a review of the ABMT literature on breast cancer, Stewart [79] 
reported on the first 5 patients treated with a Seattle protocol, consisting of 
high dose cyclophosphamide and TBI, for patients in whom standard treatment 
had failed. Two of the five patients responded completely, but the follow-up was 
too short for comment. At M.D. Anderson Hospital, 16 patients have been 
treated with 750 mg/m2 AMSA. Two partial responses were obtained, and 
mucositis was dose limiting [79]. Gisselbrecht also reported on ten cases of in­
flammatory breast cancer in first CR (six cases) or after relapse (four cases). He 
observed three complete and seven partial responses. Six patients are still dis­
ease free, with a median follow-up of 8 months [80]. There is general agreement 
on the following indications for early intensification with ABMT in breast can-
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cer: estrogen-receptor-negative, inflammatory, metastatic cases at diagnosis and 
more than ten involved lymph nodes at surgery, including positive internal mam­
mary nodes. 

Brain Tumors 

Virtually all of the larger series of ABMT for brain tumors have included high­
dose BCNU. Hilderbrand et al. from Brussels reported on the first group of 
seven patients treated with lomustine (CCNU) but observed no responses by 
computed tomography of the brain [81]. Of 20 patients treated with 1050 mg/m2 

BCNU and 60 Gy whole-brain radiotherapy, 85% were still alive between 1 and 
28 months later [82]. In a study reported by Phillips et al., in which a dose of 
1200 mg/m2 BCNU was used, 2 of 27 patients who previously failed to respond 
were disease free at >3.5 years, but 6 of 12 patients treated adjuvantly were 
disease free between 7 and 59 months later [83, 84]. Perren et al. [85] also re­
ported very promising results in highgrade gliomas, using high-dose BCNU prior 
to radiotherapy and very early after surgery. Perren reported that 11 of 67 pa­
tients with grade IV gliomas were alive disease free 26-84 months postdiagnosis. 
In Biron's report on 45 patients, the results are similar, but the follow-up is short 
(12 months). These studies are at least a promising start; however, toxicity was 
substantial, with the development of BCNU-associated pulmonary fibrosis and 
hepatic necrosis [83, 84]. The role of high-dose BCNU and whole-brain 
radiotherapy has been incompletely assessed but seems promising. 

Ovarian Carcinoma 

There is agreement to explore very high dose therapy in patients with residual 
disease at second-look surgery. Using melphalan alone or in combination, 
D. Maraninchi reported 5 complete responses in 11 patients, with a median 
duration of 6 months (personal communication). Using high dose cyclophospha­
mide and TBI, N. Marty reported 7 of 13 patients to be disease free, but none of 
the survivors had been followed up for 2 years (personal communication). Using 
high dose cyclophosphamide and VP16, V. Mulmer also reported 3 of 4 patients 
to be disease free with a short follow-up. The American experience, recently 
reviewed by Antman, is comparable [5]. 

Future Prospects for Very High Dose Therapy in Lymphomas 
and Solid Tumors 

Studies of experimental tumor systems in vitro and in vivo have demonstrated 
clearly that the ability to kill tumor cells is directly related to the dose of radio­
or chemotherapeutic agents [11]. Goldie and Coldmann [6, 8] and Norton and 
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Simon [9, 10] have also shown, with others [4], that minimal residual disease 
provides the best opportunity for the dose-effect relationship to be explored. 
Results obtained in human models of very high dose therapy, with or without 
ABMT, for leukemia are consistent with these theoretical assumptions [4]. Be­
cause of the success of BMT in the treatment of leukemia, there has been in­
creased interest in the possible application of marrow transplantation in NHL; 
here, too, definite success can be found in the literature. Lymphoma is on the 
borderline between leukemia and solid tumors, and this model is thus encourag­
ing for oncologists. 

However, several questions still remain with regard to solid tumors. In the 
majority of phase II studies, impressive response rates are observed in progres­
sive disease resistant to conventional drug doses; thus, there is clinical confirma­
tion of a dose-effect relationship in the solid tumors. However, the majority of 
these responses are incomplete, whereas for leukemia and lymphoma they are 
usually complete, even in resistant disease. It appears that the best combinations 
of drugs for solid tumors have yet to be found. In this context, the recent report 
from Boston of rapid achievement of CR in breast cancer with the STAMP 
program may provide a significant lead [5]. 

Because of the contamination of autologous marrow by malignant cells (see 
M.C. Favrot, this volume), the question whether these regimens can be explored 
without ABMT is open [4]. If TBI is not included in a conditioning regimen, this 
question is a realistic one because there is clear evidence that many protocols of 
this kind are not completely ablative [4]. 

A final question was well summarized by Hryniuk in a recent review [52]: 

Dose the single treatment of A mg which requires marrow rescue really have an advantage over A/2 
mg (half the dose intensity) administered twice (to give the equivalent amount of drug) with the two 
treatments separated by the minimum number of weeks required for spontaneous unassisted marrow 
recovery? Or any advantage over A/3 mg (one third the dose intensity) administered three times but 
separated by the same time intervals as A/2 mg? Or over A/4 mg administered four times etc ... Is 
more better? Probably. But does it have to be administered all at once? 

These questions still leave room for the use of very high dose therapy in 
future solid tumor therapy, but the place and role of ABMT, which is merely a 
means of lessening severe marrow toxicity, will be dependent upon the answers 
to these questions. 
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7. Allogeneic Marrow Transplantation for Malignancy 
-Current Problems and Prospects for Improvement* 
F .R. Appelbaum 

Introduction 

For many patients with hematologic malignancies, allogeneic marrow trans­
plantation offers either the best or the only chance for cure, and for this reason it 
has become a widely used form of therapy. However, the procedure as currently 
employed has only limited effectiveness: many patients die from complications 
of the procedure, and in many others the disease recurs, despite transplantation. 
Further, a considerable number of patients for whom transplantation would be 
indicated cannot receive the treatment because they lack an appropriate donor. 
In this chapter, the current role of allogeneic marrow transplantation in the treat­
ment of malignant disease and the major problems which limit the effectiveness 
of this procedure are reviewed. Major emphasis will be given to ways in which 
these problems are being addressed or might be addressed in the future. 

Role of Allogeneic Marrow Transplantation for Malignancy 

The following represents a brief review of the current role of allogeneic marrow 
transplantation for malignant disease, based primarily on data obtained in 
Seattle over the last decade. In these studies, we have generally used a trans­
plant-preparative regiment consisting of 60 mg/kg cyclophosphamide (CY) per 
day for 2 days, followed by total body irradiation (TBI) delivered as either 10 Gy 
in a single fraction or 12-15.75 Gy fractionated over 6 or 7 days. Most of the 
results, unless otherwise stated, refer to the use of human leukocyte antigen 
(HLA)-matched family member donors and the use posttransplant of metho­
trexate (MTX), cyclosporine, or a combination of the two as graft-versus-host 
disease (GVHD) prophylaxis. Several other reviews of marrow transplantation 
have recently been published [1-4]. 

'This investigation was supported by PHS Grant Numbers CA 18029, CA 15704, CA 18105, 
awarded by the National Cancer Institute, Department of Health and Human Services. 
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Clinical Results in Acute Nonlymphocytic Leukemia 

Recurrent Form 

Between 1970 and 1975, 54 patients with end-stage refractory acute nonlym­
phocytic leukemia (ANL) received transplants from HLA-identical siblings, and 
six are living and well 11-15 years after grafting, with no further antileukemic 
therapy [5]. The actual relapse rate was approximately 65%. Since publication of 
this result, a substantial number of patients with recurrent ANL (132) have re­
ceived transplants in first resistant relapse, second remission, or untreated first 
relapse [6]. At 3 years, the survival rate was equally good for those transplanted 
in untreated first relapse (34%) and those transplanted in second remission 
(34 % ). That these two are equal argues that patients should not necessarily be 
reinduced prior to transplantation since getting the patient into second remission 
is of no apparent advantage, and since some patients may die during the 
attempt. The results of treatment both at untreated first relapse and in second 
remission are better than those of treatment in resistant first relapse (24%). 
Taken together, these results argue that the best time for transplantation, if not 
in first remission, is as soon as possible after first relapse. This observation in 
turn provides a strong rationale for the development of sensitive markers­
either cytogenetic, immunologic, or biochemical-to detect early relapse. 

First Remission 

Based on the premise that patients in first remission are healthier and therefore 
better able to withstand transplantation-and that they should have a decreased 
tumor burden, which is perhaps less drug resistant-19 patients received trans­
plants in first remission. Of these patients, 10 remain alive and well now more 
than 7 years after transplantation [7]. By 1986, 231 patients with ANL in first 
remission had been transplanted in Seattle, and 49% ± 3% were alive at 3 years 
after transplantation [6]. Age was a predictor of success, with approximately 
70% of patients aged under 20 years surviving, as opposed to 40%-45% of those 
aged over 20; there was little difference in those aged 20-30,30-40, and 40-50. 

Role of Allogeneic Marrow Transplantation in the Treatment of ANL 

A major clinical question is whether patients with ANL in first remission should 
receive transplants straightaway or whether one should follow them closely and 
perform transplantation at the first moment of relapse. A number of chemother­
apy regimens can cure a proportion of adults with ANL. Our experience in 74 
patients with ANL given high-dose cytosine arabinoside consolidation is that 
34% will be alive 3 years from treatment [8]. Among the 66% in whom such 
therapy is predicated to fail, it may be possible to cure 30% with transplantation 
at first relapse. The combined rate of cure of 34% with chemotherapy and an 
additional 30% of the remainder (19.8%) would be close to 50%, and therefore 
similar to that for transplantation in first remission. This argument does not take 
into account the fact that the chemotherapy curve has yet to show a clear 
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plateau, and that past rates of cure with conventional chemotherapy have been 
in the range of 20%-25%. Further, transplantation will not be feasible in those 
patients who die during chemotherapy or acquire medical problems which 
prohibit transplantation, such as chronic liver disease or deep-seated fungal 
infections. To determine which approach is superior-transplantation in first 
remission or transplantation at first relapse-a prospective comparative trial 
would be required. 

There have been a number of prospective studies comparing the outcome of 
conventional chemotherapy with that of allogeneic marrow transplantation. In 
each of these studies, transplantation showed either a statistically significant 
advantage or an advantage that did not quite reach statistical significance [9-11]. 
These studies did not answer (nor were they intended to) the question whether 
transplantation should be performed in first remission rather than at first relapse 
since the chemotherapy group was composed of patients without matched donors, 
in whom, therefore, transplantation could not be performed at first relapse. 
Rather, these studies were designed to compare in a prospective manner the 
outcome of chemotherapy and that of transplantation in like groups of patients, 
taking care to remove, as much as possible, any selection bias in each treatment 
group. Since transplantation showed an advantage, the stage has been set for 
attempting to answer the second question, i.e., whether there is an advantage to 
transplantation in first remission versus transplantation at first relapse. 

Allogeneic Versus Autologous Transplantation 

Recent results of autologous transplantation for ANL in both first and second 
remission demonstrate remarkably good outcomes; up to 45% of patients were 
alive and in remission 2 years after autologous transplantation in first remission, 
and up to 40% were alive and in remission in a small group of patients who 
received autologous marrow transplants for ANL in second remission [12, 13]. 
These results have been obtained both with marrow treated in vitro with agents 
designed to remove clonogenic tumor cells and with untreated marrow. As un­
likely as it might seem, current results support the proposition that, at least in 
some cases, either the marrow in a patient who is in remission but destined to 
relapse without transplantation must contain insufficient tumor cells to lead to 
disease recurrence or, after the transplant, some active phenomenon (perhaps 
autoimmune-like) must lead to the elimination of residual tumor. No matter what 
the mechanism of action may be, these results-albeit obtained in relatively 
small, possibly highly selected patient populations-are sufficiently encouraging 
to raise the question whether autologous or allogeneic transplantation for ANL 
is superior. Autologous transplantation has the obvious advantage of avoiding 
GVHD and its complications. Allogeneic transplantation has the advantage 
of almost certainly having a lower relapse rate post-transplant, both because 
autologous marrow must lead to relapse in some cases and because autologous 
marrow lacks a graft-versus-tumor effect. This latter effect, based on the results 
of twin and T-cell-depleted marrow transplant studies, may be substantial. 

In view of these considerations, we and others have begun a three-arm 
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prospective study of allogeneic transplantation versus autologous transplanta­
tion versus continued chemotherapy for patients with ANL in first remission. 
Those randomized to conventional chemotherapy will have the option of trans­
plantation at first relapse. Within the setting of autologous transplantation, there 
remain a number of important questions concerning different methods of in vitro 
marrow treatment, including their relative safety and effectiveness. 

Clinical Results in Acute Lymphocytic Leukemia 

Outcome of Transplantation 

The results of marrow transplantation for acute lymphocytic leukemia (ALL) 
are similar to those in ANL: a small but definite percentage of patients with 
end-stage disease can be cured, and the percentage increases when transplanta­
tion is carried out earlier in the patient's course. The results obtained in Seattle 
and those reported by the International Bone Marrow Transplant Registry 
(IBMTR) show that survival at 3 years post-transplant is approximately 15%-
20% for patients with advanced disease, 30%-35% for patients in second remis­
sion, and 35%-45% for patients in first remission [3, 5, 14-16]. The actuarial 
chance of relapse is high for all three groups, being approximately 70%, 50% 
and 35% respectively. 

Role of Marrow Transplantation in the Treatment of ALL 

Since marrow transplantation is the only form of therapy that can cure patients 
with drug-resistant disease, there is little argument that it should be performed 
in such patients if at all possible. A prospective study of marrow transplantation 
versus continued chemotherapy for patients with ALL in second remission de­
monstrated a clear advantage to transplantation [17]. Possible exceptions to this 
conclusion are patients who relapse off therapy after a long disease-free interval: 
such patients may do as well with subsequent chemotherapy as with transplanta­
tion [18]. There has not been a prospective study comparing the outcome of 
marrow transplantation for ALL in first remission with that of either chemo­
therapy alone or chemotherapy plus transplantation at first relapse. In fact, the 
improved outcome of contemporary chemotherapy programs for normal-risk 
children, and more recently for adults as well, makes it difficult to justify such 
a trial [19, 20]. There are, however, patients will ALL at high risk for relapse 
following conventional chemotherapy (such as those with Philadelphia chromo­
some-positive ALL). That such patients would benefit from transplantation in 
first remission is an (as yet) unproven but testable hypothesis. 

Allogeneic Versus Autologous Transplantation 

Many reports document long-term disease-free survival in a proportion of 
patients treated for ALL in second or subsequent remission with high-dose 
chemoradiotherapy followed by autologous marrow transplantation [20]. The 
arguments about which form of therapy (allogeneic or autologous) is superior 
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for patients with ALL parallel those already raised for ANL: autologous 
transplantation is safer, but allogeneic transplantation will result in fewer 
post-transplant relapses. There has not yet been a direct comparison of these 
two approaches in a prospective controlled trial. 

Clinical Results in Chronic Myelogenous Leukemia 

Outcome of Transplantation 

Results in Seattle and those reported by the IBMTR and others demonstrate 
long-term survival in 49%-56% of transplant patients treated during chronic 
phase chronic myelogenous leukemia (CML) , 15%-28% of those treated during 
accelerated phase, and 14%-16% of those treated in blast crisis [3, 21, 22]. The 
actuarial probability of relapse was 12%-20% for transplant patients treated in 
chronic phase, 40%-56% for those treated in accelerated phase, and 50%-75% 
for those treated in blast crisis. 

Role of Transplantation in the Treatment of CML 

There is no other curative approach for CML at this time; therefore, in any 
patient aged less than 50 with CML and an available donor, transplantation 
should probably be performed. The major question is one of timing: marrow 
transplantation during chronic phase offers the greatest possibility of cure but 
carries a risk of early death from transplant-related complications. Delaying 
transplantation may result in disease progression and therefore a poorer out­
come of transplantation. Even if the disease does not progress, data from the 
Seattle series suggest that transplant results are best if carried out within 1 year 
of diagnosis [21]. In the end, the timing of transplantation for patients with CML 
is both a medical and a philosophical decision. 

Marrow Transplantation for Malignant Lymphoma 

Between July 1970 and January 1985, 100 patients with recurrent malignant lym­
phoma were treated in Seattle with CY, TBI, and marrow transplantation [23]. 
The actuarial disease-free survival rate at 5 years was 22%, with a 60% probabil­
ity of relapse. In this initial experience and in subsequent studies, transplant 
patients treated in either first relapse or second remission did significantly better, 
with a 2-year disease-free survival rule of 42% and a probability of relapse of 
41 % [24]. Disease histology (Hodgkin's disease, high-grade non-Hodgkin's 
lymphoma, or intermediate-grade non-Hodgkin's lymphoma) has so far not 
been predictive of outcome, nor has source of marrow (autologous, allogeneic, 
or syngeneic). There has not yet been a formal comparison of marrow trans­
plantation with other forms of salvage therapy. However, the results obtained 
with marrow transplantation for recurrent malignant lymphoma, especially 
those in early relapse, are better than the reported .results of almost any salvage 
chemotherapy program [25]. 

147 



Transplantation for Pre leukemia 

Although occasional patients with preleukemic syndromes respond to low-dose 
cytosine arabinoside or other interventions, there is no therapy with curative 
potential for this group of diseases except for marrow transplantation [26]. Re­
cent reports suggest that more than 50% of patients with de novo preleukemia 
can achieve long-term disease-free survival following allogeneic marrow trans­
plantation [27, 28]. Results in secondary preleukemia, although very prelimin­
ary, are not as encouraging, but some long-term disease-free survivors have 
been reported [28]. 

Other Hematologic Malignancies 

Although published series so far consist of only a few case reports or very small 
series, so that accurate statistics are lacking, long-term disease-free survival has 
been seen following marrow transplantation for a number of other hematologic 
malignancies, indicating a possible role for this approach in myeloma, myelo­
sclerosis, hairy-cell leukemia, and histiocytic medullary retriculosis [29-32]. 

Solid Tumors 

In the case of hematologic malignancies, the results of allogeneic marrow trans­
plantation set the stage for experiments using autologous marrow. In the treat­
ment of solid tumors, where marrow involvement is less common, the situation 
is reversed. Thus, most transplants for solid tumors have been performed with 
autologous marrow, and allogeneic marrow transplantation would only be ex­
plored in the event that these results become encouraging; so far, unfortunately, 
this has not been the case. Although substantial response rates have been seen in 
tumors generally considered to be unresponsive or minimally responsive to con­
ventional therapy, these responses have generally been short and incomplete, 
and their extent does not yet justify the toxicities expected with allogeneic trans­
plantation. An important exception is the case of metastatic neuroblastoma, 
where long-term disease-free survival and probable cure has been achieved in a 
definite proportion of patients with otherwise incurable disease following either 
autologous or allogeneic marrow transplantation [33]. 

The Problem of Disease Recurrence 

Definition 

For almost every category of disease mentioned in the above review, the major 
reason for failure of the transplant procedure is disease recurrence. The term 
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"disease recurrence" means the reappearance of the original malignant cell 
population as determined by DNA markers, and it implies that the transplant 
regimen was unable to eradicate the original malignant clone [34]. While prob­
ably more than 95% of cases of relapse following transplantation are of this type, 
recurrence of malignancy which appears morphologically identical to the origin­
alleukemia has occasionally been seen in cells of donor rather than host origin 
[35, 36]. The mechanism accounting for this phenomenon is unknow, but its 
existence suggests that the immediate cellular milieu is important. The process 
could involve transfection of DNA between cells. Further investigation of these 
unusual relapses is likely to yield important insights concerning leukemic causa­
tion. Also, occasional cases of immunoblastic lymphosarcoma in cells of donor 
origin have been seen [37]. These cases have been associated with Epstein-Barr 
viral genomes within the tumor cell DNA and have generally occurred in very 
immunosuppressed patients with advanced GVHD [36]. Again, investigation 
of these cases will probably provide important information concerning the 
sequence of events involved in viral oncogenesis. The vast majority of disease 
recurrences, however, are due to regrowth of the original malignant clone, and it 
is this form of recurrence which must be diminished if substantial progress is to 
be made in the utility of allogeneic marrow transplantation. 

Methods to Lessen Post-Transplant Relapse Rates 

Earlier Transplantation 

As noted in each of the diseases reviewed above, transplantation earlier in the 
disease course results in less post-transplant relapse. However, early trans­
plantation is not always the answer. Some patients have refractory disease at 
diagnosis. For others (ALL and many categories of lymphoma), transplantation 
in first remission is not indicated or chosen by the physican and patient. Even 
with transplantation in first remission, the post-transplant relapse rates remain 
unacceptably high. Therefore, other methods of lessening post-transplant re­
lapse rates are needed. 

Better Chemotherapy 

The preparative regimen most commonly used until now has been a combination 
of CY and TBI. There is no reason to believe that CY is the best single agent to 
combine with TBI, and several phase II studies of other single agents combined 
with TBI have been published, including VP-16 and high-dose cytosine arabino­
side [K Blume 1987, personal communication; 38, 39] The results to date have 
suggested a possible advantage with these newer regimens. Since combination 
chemotherapy is, in general, more effective than single-agent chemotherapy in 
conventional treatment trials, combination chemotherapy with TBI may well be 
more effective than single-agent therapy with TBI as a transplant-preparative 
regimen; several studies addressing this hypothesis are under way. 
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Better External Beam Irradiation 

The initial form of TBI used for marrow transplantation was single-dose TBI 
delivered by dual cobalt sources at around 0.07 cGy/min. In 1982, Thomas et al. 
[40] published the results of a prospective randomized trial for patients with 
ANL in first remission, which demonstrated that the survival rate in patients 
given TBI in six daily fractions of 2-cGy each was superior to that in patients 
given a single dose of 10 Gy TBI. Fractionated TBI was better tolerated and 
resulted in fewer long-term complications than single-dose TBI, but it did not 
alter the post-transplant relapse rate. Surprisingly, this study remains the only 
prospective randomized trial comparing two different TBI regimens. Investiga­
tors at the Memorial Sloan Kettering Cancer Center have treated patients with 
ALL in second and subsequent remission using hyperfractionated TBI followed 
by CY and have published results which appear superior to those achieved in 
Seattle [41]. Whether this possible improvement is due to the use of hyperfrac­
tionated TBI as opposed to daily fractionation or to the ordering of TBI and CY 
is unknown, but both possibilities deserve attention. Some patients who relapse 
following marrow transplantation do so at sites of previous bulk disease. This 
type of relapse is most commonly seen in transplant patients treated for malig­
nant lymphoma and suggests that the addition of local boost radiotherapy to the 
preparative regimen might be of benefit for these patients. Whether boost 
radiotherapy is best given before or after transplant and whether it can con­
tribute to improved survival is as yet unknown. Studies by Phillips et al. [42] 
suggest that pretransplant boost radiotherapy can be given with relative safety 
and may contribute to improved survival for patients with Hodgkin's disease, 
but that it does not clearly benefit patients with other diagnoses. An idea similar 
in concept to boost radiotherapy is to shield organs where lethal toxicities are 
most commonly seen; for example, in patients with a low risk of relapse post­
transplant (e.g., preleukemia), where the most common reason for failure is 
interstitial pneumonia, a small amount of lung shielding might prove to be of 
benefit. 

Antibody-Isotope Conjugates 

The use of either boost radiotherapy or shielding is designed to increase the dose 
of radiotherapy to the tumor and limit the dose to potential sites of toxicity. A 
possibly more effective way of achieving the goal of directed radiotherapy is to 
link radioisotopes to monoclonal antibodies and use the antibodies to target 
radiotherapy to the tumor site. Unlabelled monoclonal antibodies reactive with 
tumor-associated antigens have been shown to concentrate on tumor cells 
following in vivo administration [43-46]. However, the use of unlabelled 
antibodies as a treatment for malignancy has met with only limited therapeutic 
success for two major reasons: some tumor cells lack the target antigen and 
are therefore unaffected by the antibody, and further, even when coated with 
antibody, many tumor cells persist because the host lacks effector mechanisms 
for eliminating the antibody-coated tumor cell [47]. Attaching a radioisotope to 
the antibody should overcome these limitations since the cytotoxic effects of 
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radiation do not depend on host effector mechanism, and antigen-negative 
cells in proximity to antibody-coated targets may also be killed. 

The use of antibody-isotope conjugates as a transplant-preparative regimen 
has just begun to be explored. We have shown in a canine model that marrow 
is very accessible to antibody targeting: within 1 h of the administration of a 
radio labelled antibody directed toward marrow progenitor cells, the amount of 
isotope in the marrow compared with that in any other organ achieves a ratio of 
5: lor more [48]. We have further shown that antibody-isotope conjugates can 
be used in dogs to ablate marrow prior to autologous transplantation without 
adversely affecting subsequent engraftment. These experiments have set the 
stage for the application of this technique as part of the treatment regimen for 
patients with ALL, ANL, CML, or diseases originating in the marrow. We have 
also shown that lymph nodes can be targeted, albeit not as easily as marrow [49]. 
An initial patient with nodular, poorly differentiated lymphocytic lymphoma 
resistant to standard chemotherapy-whose tumor also failed to respond to an 
infusion of unlabelled anti-idiotype antibody-has recently been treated in 
Seattle with the same anti-idiotype antibody labelled with l31J followed by 
autologous marrow transplantation. This patient achieved a complete response 
and remains disease free at 6 months [50]. 

A large number of questions pertain to this sort of approach. For example, 
the optimal kind of target antigen is unknown. Is it better to target a true tumor­
specific antigen (if such, apart from idiotype, exist) or to target a differentiation 
antigen which includes not only the tumor but surrounding normal tissue in the 
area of the tumor (marrow for leukemia and lymph nodes for lymphoma)? Are 
whole antibodies or antibody fragments better? What antibody dose and infu­
sion schedule is optimal? Which, among the many available isotopes, will prove 
best, and how can these isotopes be best linked to the antibody? The list of 
additional unanswered important questions is long, but the available animal data 
and preliminary results in patients are sufficiently encouraging to suggest that 
this general approach of using antibody-isotope conjugates as part of the marrow 
transplant regimen will be increasingly investigated over the next several years. 

Bone-Seeking Isotopes 

A unique feature of marrow is its close proximity to bone. Microscopy of bone 
marrow biopsy samples shows that marrow cells are rarely if ever more than a 
millimeter or two away from bony trabeculae. There exist substances which have 
an enormous capacity to target bone and which are therefore used as bone­
scanning agents. By attaching a {3-emitting (i.e., radiation of low penetration) 
isotope to such substances, it should be possible to deliver very localized radio­
therapy to the marrow space, thereby increasing the dose to the tumor cells 
in ANL, ALL, CML, or preleukemia, without significantly radiating any other 
organ. An ideal isotope for this purpose would deposit the majority of its energy 
locally (within 1 or 2 mm) and would have a weak 'Y component to allow for 
accurate scanning. In addition, the isotope should have a short half-life to permit 
subsequent marrow engraftment. We have begun animal studies with such a 
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compound 153samarium EDTMP), and the early results are very encouraging; 
ratios of radioactivity in marrow to that in any other organ of at least 20: 1 can be 
achieved, and marrow ablation accomplished without toxicity to any other 
organ. The ultimate application of this approach will probably be in combination 
with other systemic therapies (such as combination chemotherapy with or with­
out additional TBI) in order to achieve adequate immunosuppression and treat 
extrameduallary disease. 

Adoptive Immunotherapy 

Several observations demonstrate that there is almost certainly a graft-versus­
tumor effect following allogeneic transplantation for hematologic malignancies. 
Relapse rates following syngeneic transplants are higher than those following 
allogeneic transplants [1, 51]. Among allogeneic transplant recipients, those who 
developed clinically significant GVHD have a lower incidence of relapse than 
those without GVHD [52-4]. Further, recipients of T-cell-depleted marrow 
have a higher incidence of disease recurrence than recipients of unmanipulated 
marrow [55]. All of these observations demonstrate that in addition to immuno­
logically reacting against its new host, the transplanted marrow also reacts 
against the host's tumor. Moreover, the tumor may be the most sensitive target 
of all. 

To date, it has been difficult to take advantage of the lesser incidence of 
recurrent leukemia in patients with GVHD since this advantage has been offset 
by a greater probability of other causes of death. However, evidence from 
studies in rodent transplant models suggest that the allogeneic graft-versus­
leukemia effect can be distinguished in some cases from GVHD [56,57]. These 
effects (graft-versus-leukemia and GVHD) may be distinguishable in two ways; 
either by differences in target antigens or by differences in the type of effector 
cells. The graft-versus-host reaction is probably directed against many different 
antigens, some of which are relatively tissue specific; hence, GVHD may involve 
isolated organs. This implies that there is a population of donor effector cells 
with relative specificity either for the tumor itself or for the host tissue in which 
the tumor arose. If those cells with relative specificity for tumor or the tissue 
from which the tumor developed could be isolated, cloned, and expanded in 
vitro, these cells could be administered to the patient after transplantation in an 
attempt to augment the antitumor effects of the transplant procedure. Alterna­
tively, it may be possible to separate those cells responsible for tumor eradica­
tion from those contributing to GVHD simply on the basis of T-cell phenotype. 
Rodent experiments suggest that class I-restricted cytotoxic T cells contribute to 
GVHD, but not to tumor eradication, while the reverse is true for class 11-
restricted T cells. 

While the technique of specific adoptive immunotherapy has only just begun 
to be applied clinically in humans, the observation of a graft-versus-tumor effect 
following allogeneic marrow transplantation supports the approach. Further, 
murine studies show that with interleukin-2 (IL-2), T cells sensitized to tumor 
antigens can be expanded in vitro and then infused, resulting in eradication of 
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established tumor [58, 59]. Thus, the requirements for the application of this 
approach already exist. 

Establishment of Stable Chimerism 

Inherent in the concept of successful allogeneic transplantation is the require­
ment for stable engraftment without the development of clinically significant 
GVHD. 

Stable Engraftment 

Problem of Graft Rejection 

Over the last decade, most allogeneic transplants for malignancy were per­
formed using HLA-matched donors, preparative regimens employing TBI, and 
unmanipulated marrow. In this situation, stable engraftment was almost always 
achieved, and graft rejection was very uncommon, occuring in less than 1 % of 
cases. Two developments have changed this circumstance. First, the use of 
donors who are not completely matched has increased the incidence of graft 
rejection. In Seattle, we have seen failure of stable engraftment in less than 1 % 
of matched donor-recipient pairs, in approximately 5% of donor-recipient pairs 
mismatched for a single antigen (A, B, or D), and in 15%-20% of two-antigen 
mismatched pairs [60]. A second development which has led to more graft rejec­
tion is the use of marrow depleted of T cells. While T-cell depletion has convinc­
ingly resulted in less GVHD, this has been at the cost of an increase in graft 
rejection in most studies [61]. Presumably, one target of donor T cells are cells of 
host origin responsible for residual host immunity. Without T cells in the mar­
row inoculum, there is, in some cases, sufficient recovery of host immunity to 
reject the transplanted marrow. This immunologic recovery would not occur 
were T cells left in the transplanted marrow to react with host cells. Some have 
suggested that graft failure following T-cell depletion results because T cells are 
required for stem-cell growth. This is unlikely since graft failure has not been 
seen following autologous transplantation for T-cell lymphoma, where T-cell 
depletion has been used in an effort to remove possible tumor cells. 

The population of host cells responsible for graft rejection may depend upon 
the particular clinical situation. For example, canine studies suggest that in the 
situation of untransfused mismatched donor-recipient pairs, a non-T-cell Ia­
positive population of host cells is responsible [62]. On the other hand, in the 
situation of matched recipients specifically sensitized to their donor via previous 
transfusions, host T cells are at least partly responsible for graft rejection [63]. 
Understanding the mechanisms of graft rejection is of obvious importance in 
designing ways to overcome the problem. 
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Methods to Prevent Graft Rejection 

One obvious way to overcome the problem of graft rejection is to increase the 
immunosuppressive effects of the preparative regimen in order to remove the 
population of host cells responsible for rejection. Initial attempts have involved 
either additional chemotherapy (such as cytosine arabinoside) or more TBI in the 
preparative regimen. The results to date suggest that these modifications result 
in a decrease in the incidence of graft rejection but an increase in transplant­
related toxicities and no obvious survival advantage [64]. Adding relatively 
small doses of total lymphoid irradiation (TU) to the preparative regimen is be­
ing explored and again has decreased, but has not totally eliminated, the prob­
lem of graft rejection with either T-cell-depleted or mismatched marrow [65]. 

Several investigators are now studying the effects of adding to the preparative 
regimen antibodies directed against those cells thought to be responsible for 
graft rejection. In a canine model, we showed that the addition to the prepara­
tive regimen of either an anti-Ia antibody or an antibody raised against radiation­
resistant marrow cells allowed engraftment in mismatched dogs in a setting 
where, without antibody, graft rejection was virtually always seen [62, 66]. Simi­
larly, in dogs, anti-T-cell antibodies were partially successful in facilitating 
engraftment in sensitized matched marrow recipients [63]. However, even in 
carefully constructed animal models, unmodified antibodies have only limited 
effectiveness. Methods to increase the effectiveness of these agents may involve 
labelling antibodies with either toxins or isotopes. In this regard, the issues 
already alluded to in "Antibody-isotope conjugates" will pertain. 

It may also be possible to decrease the incidence of graft rejection by specific 
manipulations of donor marrow. It is as yet unknown if those cells within donor 
marrow responsible for promoting engraftment are identical to those responsible 
for the development of GVHD. If not, it may be possible to deplete marrow of 
only certain populations of T cells to prevent GVHD and to leave behind or 
even enrich for other populations to promote engraftment. Another approach 
being explored is to incubate marrow with growth factors in vitro before trans­
plantation in order to promote engraftment. Preliminary work in rodent models 
reported by Blazar et al. [67] suggests that incubation of T-cell-depleted mar­
row with granulocyte/macrophage colony-stimulating factor (GM-CSF) prior to 
transplant allowed engraftment across an MHC barrier, where unincubated 
marrow failed to engraft. Similarly, it may be possible to use such growth 
factors in vivo post transplant to promote proliferation of the donor graft with­
out encouraging the proliferation of host immune cells. 

Graft-Versus-Host Disease 

Along with the problem of disease recurrence, GVHD is the major limitation 
of allogeneic marrow transplantation. Although the mortality due directly to 
GVHD in many studies is low (often around 5%-10% for matched donor­
recipient pairs), the impact of GVHD is far greater than is implied by this figure 
since it contributes to death ascribed to other causes, such as infection, inter-
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stitial pneumonia, or liver disease. Among 231 transplant patients with ANL 
treated in first remission in Seattle, the diagnosis of clinically significant GVHD 
was associated with a 250% increase in mortality [6]. 

GVHD is thought to be the result of the reaction of alloreactive T cells trans­
ferred with the marrow, or developing from it, against target cells of the geneti­
cally different host. Clinically, GVHD can be separated into two distinct syn­
dromes, acute GVHD and chronic GVHD, the manifestations of which have 
been the subject of several reviews [68-70]. The incidence of acute GVHD is 
dependent upon many factors, the most obvious of which are the age of the 
patient, the degree of histocompatibility between donor and recipient, and the 
form of GVHD prophylaxis used. Among HLA-matched donor-recipient pairs 
given standard methotrexate (MTX) or cyclosporine post-transplant, the inci­
dence of clinically significant GVHD has been approximately 40% [71, 72]. 

A number of approaches have been taken to reduce the impact of GVHD on 
the outcome of marrow transplantation. Many studies have addressed the use of 
immunosuppressive drugs post-transplant. The combination of MTX and cyclos­
porine or cyclosporine and prednisone is superior to either MTX or cyclosporine 
used alone [73-75]. Whether triple therapy (MTX cyclosporine, and predni­
sone) will further improve outcome is currently being tested. New immunosup­
pressive agents are currently undergoing testing in animal models [76]. Carrying 
out transplantation within laminar airflow isolation is another technique which 
appears able to reduce the incidence of acute GVHD [77]. 

A method to avoid GVHD, already alluded to, which holds great promise is 
T-cell depletion of donor marrow. A number of techniques to remove T cells 
have been developed, including the use of antibodies plus complement, 
antibody-toxin conjugates, antibodies coupled to magnetic beads, and lectin 
agglutinins [61, 78, 79]. There is no convincing evidence that anyone of these 
techniques is superior to the others. To date, available evidence suggests that all 
of the techniques are capable of removing the large majority of T cells from 
donor marrow (usually in excess of 99%), but until it is known exactly how 
many, and which, T cells should be removed, it will remain difficult to choose 
among these methods since they may vary in efficiency and in the particular 
populations of T cells removed. Importantly, all these techniques appear cap­
able of substantially reducing the incidence of GVHD. However, all are also 
associated with a substantial increase in the incidence of graft rejection, even in 
the setting of HLA-matched donor-recipient pairs. The problem is even worse in 
the setting of mismatched transplants, where graft rejection rates of 30%-50% 
have been seen following the use of T-cell-depleted marrow. Since most graft 
rejections result in death, there are no studies which yet demonstrate improved 
survival with the use of T-cell-depleted marrow grafts. However, the markedly 
decreased incidence of GVHD seen with T-cell depletion suggests that the tech­
nique has great promise in eliminating the problem of GVHD if the problem of 
graft rejection can be overcome. As already discussed in "Methods to prevent 
graft rejection," this will probably require the development of preparative 
regimens with greater and more specific immunosuppressive effects but without 
increased toxicity. In this regard, the use of antibody-isotope or antibody-toxin 
conjugates holds great promise. 
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Expansion of the Donor Pool 

Only 35%-40% of patients have HLA-identical family members available to 
serve as donors, a fact which obviously limits the applicability of allogeneic mar­
row transplantation. It may be possible to expand the donor pool in a variety of 
ways, including the use of mismatched family member donors, or matched (or 
mismatched) unrelated donors. Available data show that with currently avail­
able techniques for GVHD prophylaxis, the use of mismatched donors is associ­
ated with an increase is GVHD [60]. This increase is not necessarily prohibitive, 
however. Patients receiving transplants from family member donors mismatched 
at a single antigen have more GVHD than matched patients but survive equally 
well. Patients mismatched for two or more antigens have both more GVHD and 
poorer survival than matched patients. It may be possible to improve the results 
of mismatched transplants by selecting only certain mismatches. Experience 
gained in platelet transfusions, for example, suggests that there are certain anti­
gen pairs which resemble each other more closely than other antigen pairs and 
are therefore said to be cross-reactive. It is possible that mismatched transplants 
between such cross-reactive groups may fare better than other mismatched 
transplants. The ability to predict the extent of GVHD prior to transplantation 
should also allow for more effective selection of mismatched donors. Certain 
donor-associated factors have been shown to be predictive of the development 
of GVHD in matched donor-recipient pairs (donor sex and the presence of cer­
tain HLA alleles in the donor), and recently an in vitro test possibly predictive of 
GVHD has been described by Vogelsang et al. [80]. However, even in the best 
of circumstances, the use of mismatched marrow carries with it a high risk of 
clinically significant GVHD, and the routine use of mismatched marrow will 
require the development of better techniques of GVHD prevention. 

Some patients have received transplants from matched unrelated donors and 
have achieved prolonged disease-free survival. However, the number is as 
yet too small to allow conclusions about how much GVHD will be seen in this 
circumstance and how it will influence survival. Almost certainly, the results will 
not be as good as with matched family members. However, as methods of 
GVHD prophylaxis improve, the use of unrelated donors will almost certainly 
increase. In anticipation of this increased use, the federal government is support­
ing the development of a national marrow donor registry involving more than 
50 centers and including 50000-80000 potential donors. The establishment 
of such a pool has raised many questions. Are we really ready to rush head­
long into this venture until more preliminary work is done? Should the gov­
ernment pay for the registry or should the charge go to those who use it? What 
degree of donor risk is acceptable? How will potential donors be protected from 
coercion? Should cadaveric marrow be routinely harvested and cryo-preserved? 
All of these questions will doubtless demand answers in the near future. At 
present, the results of transplants using unrelated donors are probably not 
encouraging enough to recommend this approach as standard therapy, but as 
GVHD prophylaxis measures improve,the increased use of unrelated donors 
is inevitable. 
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Alternative Sources of Hematopoietic Stem Cells 

The vast majority of allogeneic transplants have used hematopoietic stem cells 
harvested from marrow. At least two other sources of hematopoietic stem cells 
exist: the peripheral blood and fetal liver. Animal and now human studies have 
shown that autologous peripheral blood stem cells can be used to restore hema­
topoiesis following otherwise lethal TBI. However, peripheral blood stem cells 
have not, so far, been used for human allogeneic transplantation because 
peripheral blood has a far higher concentration of mature T cells and far fewer 
stem cells than marrow, a situation which favors the development of GVHD 
while, at the same time, making complete engraftment more difficult. Recently, 
Chang et al. [81] reported successful engraftment using autologous marrow cul­
tured in vitro for 10 days. As our understanding of cell separation techniques 
and growth factors increases, one can imagine the day when only a small amount 
of marrow or purified peripheral blood will suffice to establish cultures in which 
the desired cells can be expanded in preparation for hematopoietic cell trans­
plantation. 

Another source of hematopoietic stem cells is fetal liver. In mammalian 
ontogeny, the liver is the primary hematopoietic organ for some time. Fetal liver 
cells are rich in hematopoietic stem cells while containing few T cells, and in 
animal studies they have been used to restore hematopoiesis without severe 
GVHD [82]. Some children with severe combined immunodeficiency have 
apparently been cured by fetal liver-cell infusions [83]. However, there is as yet 
scanty evidence that enduring complete chimerism can be achieved in adults 
treated for either aplastic anemia or leukemia with standard transplant­
preparative regimens followed by fetal liver-cell infusions [84]. 

Other Transplant-Related Toxicities 

While the two major problems of allogeneic marrow transplantation are estab­
lishment of stable chimerism and eradication of the malignant disease, other 
substantial problems exist. These can generally be divided into those toxicities 
due to the preparative regimen and those secondary to infectious complications. 

Preparative Regimen-Related Toxicities 

A number of patients die due to toxicities directly related to the preparative 
regimen, such as severe mucositis, veno-occlusive disease of the liver, acute 
myocarditis, and idiopathic interstitial pneumonia. As more intensive prepara­
tive regimens are explored in efforts to eradicate resistant disease or provide 
greater immunosuppression to prevent rejection of T-cell-depleted marrow, it is 
likely that the incidence of these toxicities will, if anything, increase. The precise 
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incidence, at present, of life-threatening and fatal toxicities in each organ system, 
which can be directly related to the preparative regimen, is difficult to judge by 
reviewing published literature, in part because no consistent grading system for 
regimen-related toxicity has been applied. Recently, we have published such a 
grading system and have used it to retrospectively analyze the results of more 
than 100 HLA-matched allogeneic transplants following a preparative regimen 
of CY and 12 Gy fractionated TBI [85, 86]. A 10% incidence of grade III 
(life-threatening) or grade IV (fatal) toxicity directly related to the preparative 
regimen was seen. 

The precise mechanisms leading to these toxicities are not, for the most part, 
understood, nor is it understood why severe or fatal toxicities are seen in one 
patient and minimal toxicity is seen in another. Understanding the mechanisms 
of specific organ toxicity might allow for the development of specific protective 
measures, as, for example, the use of mesna to protect the bladder from the 
toxicity of high-dose CY without interfering with its antitumor or immunosup­
pressive effects. Understanding the differences in individual patient sensitivities 
is important since these differences presumably reflect genetically determined 
or acquired differences in drug metabolism, target cell sensitivity, or repair 
mechanisms, which might be measurable pretransplant. This would allow for the 
development of more individualized preparative regimens. 

Infectious Complications 

Nearly all patients develop granulocytopenia and fever during the first 2 or 3 
weeks post-transplant, and in about one-third of the patients positive blood cul­
tures are found. Gram-positive organisms predominate (about 20% of cases), 
but gram-negative organisms (10%) and fungi (2%-5%) are also seen. Based on 
this spectrum of organisms, patients with fever and granulocytopenia have in the 
past been treated in Seattle with an empiric regimen consisting of an aminogly­
coside, an antipseudomonal penicillin, and vancomycin. More recently, renal 
dysfunction has become a more common problem because of the use of cyclos­
porine and amphotericin, and therefore a double J3-lactam regimen has been 
employed. Granulocytopenic patients who after 6 or 7 days do not respond to 
antibiotics are treated with amphotericin B, especially if they have two or more 
surveillance sites positive for fungus. Prophylactic granulocyte transfusions can 
prevent early infections but have not been shown to affect survival. Similarly, 
laminar airflow isolation reduces the incidence of infection but has been shown 
to improve survival only in transplant patients treated for aplastic anemia, but 
not for leukemia. For patients receiving transplants from HLA-matched donors, 
the risk of death due to infection during the early granulocytopenic period using 
current methods of supportive care is low-approximately 5%. This incidence 
is probably higher when mismatched donor-recipient pairs are considered. 

The most important infections occurring in the interval between successful 
engraftment and day 100 post-transplant are viral or protozoan. Approximately 
75% of patients with detectable antibody to cytomegalovirus (CMV) pre trans­
plant have some evidence of CMV activation post-transplant. Often activation is 
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asymptomatic and manifested only by a rise in antibody titer or viral excretion in 
the urine. Sometimes, CMV can cause hepatitis, fever with marrow suppression, 
or a gastrointestinal syndrome associated with nausea, vomiting, and abdominal 
pain. The most serious result of CMV activation is CMV pneumonia, which 
occurs in roughly 15% of patients and has a case mortality of about 85%. Pri­
mary CMV infection can be prevented in CMV-seronegative patients by the exclu­
sive use of CMV-screened seronegative blood products. In this regard, it may be 
important to consider using CMV-negative blood products for CMV-negative 
patients during initial chemotherapy so that they may remain CMV negative 
when referred for transplantation. Immunoprophylaxis using CMV-immune glo­
bulin has also been reported to be of use in CMV-negative patients. There is, 
however, no proven effective therapy for established CMV infection, although 
trials with a new antiviral agent, dihydroxymethylethoxymethylguanine 
(D HPG), are encouraging [87, 88]. If these studies continue to show activity, the 
prophylactic use of DHPG against CMV activation should be considered. We 
have recently found that moderate doses of DHPG are tolerable in the immedi­
ate post-transplant period (F.R. Appelbaum, unpublished work). Another 
approach to the prevention of CMV infection may prove to be the use of adop­
tive immunotherapy. If one can isolate and expand T cells from the donor which 
are specific for CMV-infected targets, it might be possible to infuse these cells 
during the post-transplant period to provide the patient with specific immunity 
to CMV infection. 

Many other infectious complications-such as herpes simplex infection, 
Pneumocystis carinii pneumonia, or late infections with herpes zoster-are less 
of a problem now that specific forms of therapy have been applied. The use of 
systemic acyclovir early in the post-transplant period prevents herpes simplex. 
Similarly, the use of prophylactic trimethoprim sulfamethoxazole can prevent 
the development of Pneumocystis carinii. Early treatment of herpes zoster after 
the transplant with acyclovir or vidarabine can usually limit this complication. 

Further reduction in the incidence of bacterial, fungal, and viral infections 
post-transplant might be possible if more rapid myeloid and lymphoid recovery 
were achieved. The isolation and now production of various proteins which 
stimulate cell growth both in vitro and in vivo-such as GM-CSF, G-CSF, and 
IL-3-may provide a way to speed lymphohematopoietic recovery post­
transplant. 

It is not the purpose of this chapter to review the large area of infectious 
complications in the immunosuppressed patient since many other excellent re­
views have recently been prepared, and the reader is referred to these [89, 90]. 

Integration of Marrow Transplantation into the Therapeutic Plan 

Unfortunately, little has been done to integrate marrow transplantation into the 
overall treatment plan for most patients with hematologic malignancies. Rather, 
patients are usually treated with standard chemotherapeutic regimens, and at 
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some moment the physician or the patient decides that transplantation is war­
ranted, and the patient is referred for the procedure. This approach ignores at 
least two considerations which may prove to be of importance to the patient: 
first, there is the issue of timing, and second, there is the question of how initial 
chemotherapy or radiotherapy may influence subsequent salvage transplant 
approaches. 

Consider, for example, the situation of a 40-year-old man with a newly 
diagnosed high-grade lymphoma. If one decides that the best time to perform 
transplantation in this patient is at first relapse and that chemotherapy should be 
used initially in the hope of achieving ail. enduring remission, then at the very 
least, while the patient is being treated with chemotherapy, either an HLA­
identical family member should be identified or the patient's marrow should be 
stored, so that transplantation could be carried out without delay in the event of 
a relapse. Further consideration should be given to the type of initial therapy the 
patient is given. For example, adding chest radiotherapy to his initial treatment 
regimen might increase his chance of cure by a few percentage points but recude 
his chance of being successfully treated with transplantation, were he to relapse, 
since a higher incidence of fatal interstitial pneumonia has been observed post­
transplant in patients with a history of prior chest radiotherapy [23]. With the 
availability of marrow transplant regimens with curative potential both for pa­
tients in first remission and for those at first relapse, the question how best to 
integrate transplantation into the patient's treatment plan requires more atten­
tion. In this way, the best overall strategy, with the highest chance for survival of 
the patient, can be identified. 
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8. Regional Therapies 
A. Surbone and C.E. Myers 

Introduction 

Regional drug delivery represents an approach to increase the selectivity of anti­
neoplastic drugs for tumor versus normal tissues. The rationale is to increase the 
drug concentration at the target site and to reduce it at sites where toxicity 
occurs. Moreover, some tumors grow in specific body compartments which are 
not always easily penetrated by drugs administered systemically, e.g., the 
cerebro-spinal fluid (CSF) in meningeal carcinomatosis and the peritoneal cavity 
in ovarian and gastrointestinal (GI) malignancies. Regional delivery has 
appeared promising in several clinical situations, and we will review here the 
results of clinical trials for the main methods of regional drug administration: 
intra-arterial (IA), intraperitoneal (IP), intrathecal (IT), and intravesical. We 
will also briefly discuss the local approach to third-space accumulations. 

As the aim of this book is to describe new directions in cancer treatment, we 
will focus on the recent advances in regional drug delivery, including the use of 
biological response modifiers and of monoclonal antibodies, and we will specu­
late on future prospects. We believe that major improvements in cancer treat­
ment will be the result of the rational design of new drugs and optimization of 
their administration. For this reason, we will stress the principles behind region­
al drug delivery that enable us to increase our ability to both predict and 
achieve positive clinical results. 

Several factors have to be taken into consideration: anatomical (the degree of 
drug penetration is based on the actual tissue exposure to the drug, which varies 
with different routes of administration and with different tumor types), technical 
(feasibility and complications of regional delivery), and pharmacological. While 
we will consider the anatomical and technical variables for each regional delivery 
mode, we will treat separately those pharmacological concepts that appear rel­
evant to a better understanding and design of regional drug therapy in general. 
It will become clear from the analysis of the clinical data that major considera­
tion should be given to appropriate patient selection, in order to improve the 
results and to avoid the administration of complex treatments to patients who 
are not likely to benefit from them. 
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Essential Pharmacological Concepts 

For regional chemotherapy to be effective, it is necessary that a) the drug is 
active against the particular tumor type; b) systemic toxicity rather than local 
toxicity is considered the limiting factor to clinical efficacy; c) the drug has a high 
total body clearance relative to the clearance of drug from the local region to the 
systemic circulation; d) the drug does not require metabolic activation at a site 
different from the target tissue; and e) preferably, the drug should be inactivated 
at the target site or by intervening tissue, so that a very low systemic dose is 
delivered. 

The main pharmacological concepts relevant to regional drug therapy are: 

1. Pharmacokinetics and pharmacodynamics. Once a drug enters the body, it is 
distributed and eliminated, so that different concentrations are reached 
in different body compartments. Pharmacokinetics is the study of the 
distribution-elimination phase and deals with concentrations and time. The 
study of drug effects is the subject of pharmacodynamics, which therefore 
deals with efficacy and toxicity. 

2. Dose-response. Both efficacy and toxicity are related to the concentrations 
achieved at different sites, which in turn depend on the dose administered. It 
is often assumed that an increase in dose (and therefore in concentration at 
the target site) invariably leads to an increase in efficacy. However, the rela­
tionship between dose and response is not linear: this means that on the 
concentration-response curve there is a critical level where the maximum 
drug effect has been reached, and beyond which even major increases in drug 
concentration will produce only minimal differences in efficacy. In cancer 
chemotherapy, we most often deal with situations where we expect to achieve 
substantial improvements in tumor cell kill by increasing the dose. However, 
due to the lack of selectivity and of rescue methods available, dose incre­
ments invariably lead to systemic toxicity, which becomes dose limiting. The 
rationale for regional drug delivery is to increase the concentration at the 
target site, while minimizing increases in systemic drug concentrations. A 
knowledge of the dose-response curve for the drug selected would be ex­
tremely useful in predicting the efficacy of regional delivery. 

3. Basic pharmacokinetic considerations. Systemic and tissue drug exposure are 
inversely proportional to the total body clearance. Total body clearance 
occurs through three different mechanisms: metabolism, excretion, and irre­
versible binding. With the regional delivery mode, the regional exchange rate 
is the other determinant of target tissue exposure. For conventional che­
motherapeutic agents, it can be estimated as 1 mllmin for the IT route, 10 
mllmin for the IP route, and 100-1500 mllmin for the IA route. The ratio of 
the target site concentration to the systemic concentration gives the selectiv­
ity for regional delivery. To increase this ratio, it would be necessary to slow 
the regional exchange rate and to reduce the systemic delivery. The latter 
could be achieved in the case of a drug metabolized or eliminated by the 

167 



tissue that receives it locally, so that a first-pass effect would prevent it from 
reaching the systemic circulation, e.g., S-fluorouracial (SFU) and fluorodeox­
yuridine (FUDR) given via the hepatic artery. It is clear that once the drug 
has left its target tissue and has entered the systemic circulation, it then be­
haves as an IV administered drug. 

4. Basic drug characteristics. Theoretically, the entire advantage of regional 
drug delivery should be obtained at the first encounter of drug with its target. 
Therefore, in the IA route, the selection of a phase-specific drug would be 
suboptimal due to the short treatment time. A non-phase-specific drug, 
such as an alkylating agent, would be preferable. Phase-specific drugs could 
be used when continuous infusion is technically feasible. As previously men­
tioned, the local tissue toxicity must be minimal, and the drug must not re­
quire any metabolic activation outside the site of administration. 

Clinical Applications 

From the previous paragraphs, it would appear very easy to predict the clinical 
outcome of each regional drug delivery protocol. Unfortunately, many other 
factors (anatomical, technical, and host-tumor interactions) need to be evalu­
ated; moreover, the principles stated above cannot be considered separately. 
We will give here two examples of clinical situations: 

1. Doxorubicin. There is evidence of a dose-response curve for this drug, and 
before undertaking a phase I IP trial [1], we calculated that the IP route 
should convert an incurable tumor into a tumor with an appreciable cure rate. 
The clinical phase I trial confirmed the expected concentration advantage. It 
also showed that this could indeed translate into better therapeutic efficacy, 
as there is a much higher doxorubicin concentration in tumor cells after IP 
administration, than after administration of the same dose IV. However, 
doxorubicin produced severe chemical peritonitis even at low doses, and it 
therefore proved not to be of clinical value as a drug for IP use. 

2. 5FU. Most of the time, we assume linear pharmacokinetics for every drug, 
but this is not always true. In fact, when a saturable process takes place 
(enzymatic degradation, binding, etc.), the relationship between drug con­
centration and regional clearance cases to be linear. This is the case with IP 
administration of SFU because of its enzymatic degradation in the liver. The 
result is that as the drug dose increases, the liver clearance and total body 
clearance of the drug drop. The effect of this nonlinear pharmacokinetics is 
that if the total body clearance drops, the ratio of total body to peritoneal 
clearance diminishes. This, in turn, leads to a decrease in the pharmacologi­
cal advantage for IP chemotherapy. 

These two examples are not meant to discourage regional delivery. However, 
increased efforts should be made to carry out both careful preclinical evaluation 
and careful monitoring of pharmacokinetics during the clinical trial. 
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Fig. 1. Methotrexate (MTX) levels in 10-5 

plasma (e) and peritoneal fluid (6) in a 
patient with ovarian cancer following IV 
treatment with 20 mg/kg methotrexate 
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Malignant Effusions 

Direct instillation of cytotoxic agents has been used initially to control malignant 
effusions. We will not describe here in detail the experience in this field, as it is 
already part of the standard management of cancer at this site. Both cytotoxic 
agents (bleomycin, thiotepa, mechlorethamine, 5FU, doxorubicin, and cis­
platinum) and radioactive isotopes (198Au and 32P) have been utilized, after an 
attempt to drain the third-space fluid collection, for pleural, peritoneal, and 
pericardial malignant effusions. The response rate varies from 30% to 60%. 

The problem of third-space fluid accumulation has been one of the conceptual 
bases for the development of regional drug delivery. In fact, the rationale behind 
intracavitary therapy arose as a consequence of research on the impact of large 
peritoneal fluid accumulations on the pharmacokinetics of IV administered 
drugs. Chabner and Young [2] showed that when methotrexate (MTX) is admin­
istered IV to patients with a large amount of ascites, the blood levels are sus­
tained for much longer than usual. MTX penetrates the peritoneal cavity, and 
then the large volume of drug-containing fluid acts as a reservoir, metering drug 
to the plasma during the terminal phase of drug clearance (Fig. 1). The analysis 
of this phenomenon revealed that the peritoneum acted as a diffusion barrier, 
and that the peritoneal clearance of a drug was much lower than its plasma 
clearance (5 mllmin vs 120 ml/min for MTX). This immediately suggested that if 
a drug was directly instilled into the peritoneal cavity, the peritoneal drug con­
centrations should be much higher than those in plasma. 
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Fig. 2. A two-compartment model of the relationship between intraperitoneal drug and systemic 
drug levels. V D and Cp represent the volume of distribution and the plasma concentration of the 
drug, respectively, Vand C represent the volume and drug concentration in the peritoneal fluid; PA, 
peritoneal clearance; k, total-body clearance 

IP Therapy 

Two very common malignancies, ovarian and colon carcinoma, tend to remain 
confined to or to recur in the abdominal cavity. Other GI tumors and occasional­
ly breast cancer also spread to the peritoneum and to the intra-abdominal 
organs. Ovarian cancer is the most frequent cause of death from gynecologic 
malignancy and represents the fourth most frequent cause of death in women in 
the United States of America. Colon cancer represents the second most frequent 
cause of death from cancer in the United States, affecting both sexes, and having 
an incidence in the USA of approximately 120000 new cases a year. The results 
of systemic therapy in these diseases are still not satisfactory, and therefore a 
major attempt has been made to improve drug efficacy through regional deliv­
ery. The basic pharmacokinetic model for IP therapy will be described here in de­
tail; this model also applies to all other routes of regional drug delivery (Fig. 2). 

Pharmacokinetics 

The peritoneal fluid is a compartment which can be characterized by its volume 
and the contained drug. The whole-body compartment is also characterized by a 
volume and a concentration [3]. The exchange between these two compartments 
is defined by the product of the permeability between them and their area of 
contact. Since neither the area of contact nor the permeability can be deter­
mined in a clinical situation, the process of exchange must be expressed as a 
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clearance value in milliliters per minute. The total-body clearance represents the 
rate (k) at which the drug is removed from this two-compartment system. From 
this model, it is possible to derive a series of equations. The two-compartment 
model can be expressed as follows: 

CpfCtb = [R(PA) + k]/PA, (1) 

where Cp and Ctb are drug concentrations in peritoneal fluid and total body 
(plasma), respectively; PA is the peritoneal clearance (in milliliters per minute); 
k is the total-body clearance; and R is a factor required to account for protein 
binding. The equation applies also to the area under the concentration curve 
(AUC). In the case of IP administration-where, for anticancer drugs, k is much 
higher than PA, and protein binding is geneally not important-Eq. 1 can be 
further simplified to Eq. 2: 

(2) 

where Cp and Ctb are the concentrations in the peritoneum and in the body, and 
Cltb and Clp are the clearances in the total body and in the peritoneum, respec­
tively. This explains why an ideal drug should have rapid total-body clearance 
and very slow regional clearance, as previously mentioned. Also, the total-body 
clearance of the ideal drug should not be affected by the dose (e.g., the drug 
clearance should not decrease as a result of saturable enzymatic degradation). If 
this were so, the pharmacological advantage of IP therapy would also decline as 
a function of the dose. 

In order to make use of Eq. 2, the values of drug clearance from the body and 
from the peritoneum should be known. Generally, the total-body clearance is 
determined during phase I and phase II studies for all drugs. Determination of 
the peritoneal clearance is based mostly on the molecular weight and on the lipid 
solubility of the drug. In fact, the passage of drugs across the peritoneum occurs 
either through intercellular or through intracellular pores. The first is dependent 
upon the size or molecular weight, while the second depends on the lipid solubil­
ity (Fig. 3, Table 1). Initially, this relationship had been established in the peri­
toneal dialysis literature for naturally occurring substances such as glucose, 
creatinine, and urea. Now, extensive data also exist for the antineoplastic drugs, 
due to the fact that the results obtained for them in animal models can be reli­
ably applied to humans. 

As can be appreciated from Table 1, lipid-soluble drugs cross the peritoneum 
at a much more rapid rate than would be estimated from their molecular weight 
(e.g., hexamethylmelamine); clearly, these lipid-soluble drugs would not be 
ideal for IP delivery, as they would leave the cavity at too fast a rate. 

Table 2 shows that the pharmacokinetic model proposed here has been used 
successfully to predict the behavior of MIX, 5-FU, cytosine arabinoside (Ara-C), 
and cis-platinum given IP. As an example, we will show how calculations were 
done in the case of MTX, taking into account that for this drug, saturable clear­
ance and protein binding do not represent a significant problem. MTX total­
body clearance is 113 ml/min, and its peritoneal clearance is 5.1 ml/min. The 
pharmacological advantage for IP administration, or ratio of IP to IV drug 
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Fig. 3. The relationship between molecular weight and peritoneal clearance for a range of natural 
compounds and drugs in humans (00) and rats (e). Rat data scaled according to (body weight)07 

concentration after regional administration, would be (S.l + 113)/S.1 = 23 (or, 
simplified, 113/S.1 = 22). This calculation is an excellent estimate of the actual 
results published after clinical trials [4]. Generally, the peritoneal clearance of 
most antineoplastic drugs is below 30 mlimin, as they are commonly water­
soluble and with molecular weights between 100 and 1000. For these same 
reasons, their total-body clearances are usually equal to or greater than the 
glomerular clearance (higher than 100 mlimin). From this is follows that the 
pharmacological advantage for most cancer drugs after IP administration is at 
least three fold, and it can be several thousandfold for a drug such as cytosine 
arabinoside. 

For most drugs used in the treatment of ovarian cancer, as previously men­
tioned, the ratio of the AVC (ratio of total drug exposure for the peritoneal 
cavity to that for the plasma) is now known: 6 for carboplatinum (CBDCA), 12 
for cis-platinum, 6S for melphalan and Etoposide (VP-16), 92 for MTX, and 
400-2S00 for SFV. This pharmacology gives the clinician considerable flexibility 
in the clinical use of IP therapy. Peak drug levels that would never be tolerated 
systemically can be achieved by single bolus infusions, while high IP drug levels 
can be maintained for prolonged periods using repeated exchange dialysis (very 
high MTX levels have been maintained for more than 100 h, with systemic leuco­
vorin rescue). 

Once an advantage in the AVC ratio has been established for the peritoneal 
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Table 1. Absorption of drug from rat peritoneum over a 1 h period 

Absorption Molecular weight 
Drug (%) (daJtons) 

Asparaginase 9.0 133000 
Bleomycin 12.7 1400 
Actinomycin D 21.0 1256 
Doxorubicin 10.9 544 
Dichloromethotrexate 25.6 540 
Methotrexate 15.0 472 
Phenylalanine mustard 25.0 323 
Chlorambucil 69.2 304 
Cis-diammine-dichloroplatinum 24.6 300 
Cyclophosphamide 37.0 261 
Cytosine Arabinoside 29.5 243 
Hexamethylmelamine 91.7 210 
Thiotepa 74.4 188 
5-Fluorouracil 28.4 130 

Table 2. The pharmacological advantage of IP drug administration 

Reference Drug 

Speyer et al. [14] 5FU 
Gyves et al. 5FU 
Demicheli et al. 5FU 
Ozols et al. [1] Doxorubicin 
Howell et al. [19] Cis-DDP 
Casper et al. [20] Cis-DDP 
Jones et al. [4] Methotrexate 
Howell et al. [13] Methotrexate 

aRatio of AUC or peak drug levels, range or mean. 
5FU, 5-tluorouracil 

K(Heptane) 

0.19 
0.002 
0.23 

0.002 
0.001 
0.1 
0.01 

<0.001 
0.2 
0.006 

11.2 
0.2 
0.09 

Advantagea 

111-898 
550-7852 
120-1350 

474 
21 
30 

18-36 
92 

cavity for a given drug, it is necessary to consider the distribution of the drug 
within the peritoneal cavity, for ideally there should be an even exposure of the 
entire peritoneal surface to the drug-containing fluid. Then, the degree of drug 
penetration into the tumor mass has to be considered, and finally, one must 
examine the factors that govern drug egress from the peritoneum. 

IP Drug Distribution 

Peritoneography [5] has proven that intra-abdominal seeding of cancer cells de­
pends on the flow of ascitic fluid and is determined by peritoneal reflections and 
recesses, by gravity, and by subdiaphragmatic pressure. The commonest sites of 
metastatic implants are the pouch of Douglas at the rectosigmoid level, the right 
lower quadrant at the end of the small mesentery, the left lower quadrant along 
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the superior border of the sigmoid mesocolon and colon, and the right paracolic 
gutter lateral to the cecum and ascending colon. The success of IP therapy re­
quires that the entire peritoneal surface be bathed in the drug-containing fluid. 
This is often very difficult in a clinical situation, where patients have generally 
had multiple surgery and have tumor deposits, as previously described, which 
plaster bowel, mesentery, and abdominal wall together. There is experimental 
evidence that the IP pressures affect the plasma-peritoneum exchanges, and that 
a large IP volume of fluid would permit the maintenance of higher concentra­
tions in the cavity [6]. Based on the above considerations, several authors [7, 8] 
have studied the distribution of the fluid in order to determine the amount of 
drug-containing fluid which is necessary to achieve an adequate drug distribu­
tion. The use of 40-80 ml meglumine diatrizoate (Hypaque) in 2 liters of dialysis 
fluid allowed a good and almost complete visualization of the distribution of the 
fluid in the peritoneal cavity and of the tumor masses. Thus, 1.8-2.0 liters is the 
volume now accepted as sufficient to distend the abdominal cavity and obtain an 
even fluid distribution. Such an amount of fluid is also well tolerated by most 
patients. 

The mechanisms of drug egress from the peritoneal cavity can be summarized 
as follows. The visceral peritoneum drains into the portal vein, and therefore 
from 30% to 70% of the instilled drug goes to the liver, while the parietal peri­
toneum drains into the inferior vena cava. In addition, there is direct binding to 
tissues, IP metabolism, and absorption via lymphatics. 

Tumor Penetration 

The penetration of the tumor mass is affected by distribution within the peri­
toneum, by diffusion into the tumor mass, and by drug removal via the tumor 
capillaries. The diffusivity of a drug is a function of its molecular weight, and so 
is the capillary permeability. However, the capillary permeability falls off more 
rapidly than the diffusion as a function of molecular weight. As a result, capillary 
removal is the major factor limiting the depth of penetration, and in the molecu­
lar weight range of most conventional antineoplastic drugs, the penetration is 
constant. 

The depth of penetration has been estimated in experimental [9] and clinical 
trials [10]. As an example, the human data on doxorubicin confirmed the ex­
perimental evidence that this drug does not penetrate for more than six to eight 
cell layers. Other studies [11] have shown that cis-platinum tissue levels are high­
er for the first 3 mm from the peritoneal surface when the drug is given IP 
instead of IV. It therefore becomes extremely important to clearly define the 
subsets of patients who will benefit from IP drug therapy, and it will be evident 
from the review of clinical trials that absence of bulky disease is an advan­
tage. On the other hand, it also becomes necessary to explore new agents, select­
ing those which are more likely to penetrate deeper, such as protein-sized agents 
of molecular weight higher than 15000 daltons. It should also be borne in mind 
that the tumor is exposed not only to the IP drug but also the IV drug concentra-
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tion, and this could result in a therapeutic benefit. An additional factor is that 
most carcinomatous tumor masses lack lymphatic drainage. While this removes 
the lymphatics as a potential route of drug egress from the tumor, it also means 
that proteins such as albumin, which leak from the capillaries into the tumor, 
will tend to accumulate. As a result, the pressure within the tumor mass will 
increase. This is one of the major forces which decrease tumor blood flow. One 
consequence of this increased pressure gradient across the tumor mass is that 
there will be bulk flow from the tumor center towards its exterior. This bulk flow 
will tend to lessen the ability of drugs and proteins administered IP to penetrate 
the tumor mass. 

Drug Delivery 

Before reviewing the clinical results, we will briefly consider some of the tech­
nical aspects of IP delivery. The vast bulk of experience comes from peri­
toneal dialysis, and the problems encountered in cancer chemotherapy are not 
substantially different. In the rare instances of protocols requiring only a single 
instillation every few weeks, it might be sufficient to insert an 18-gauge needle 
percutaneously. However, most of the clinical trials now use repeated instilla­
tions, and under these circumstances, the percutaneous approach carries too 
high a risk of bowel perforation and infection. Therefore, it is necessary to con­
sider indwelling catheters. The two main types are the Tenckhoff and the Port-a­
cath, with several variants. The Tenckhoff catheter system has been widely ap­
plied in the treatment of renal failure, and its efficacy has also been repeatedly 
proven in cancer chemotherapy. It can be inserted blindly or surgically (during 
peritoneoscopy or laparotomy). 

When considering the oncological experience, the most significant complica­
tions have been (a) pain associated with fluid instillation, (b) bacterial infections 
of the catheter and/or the peritoneum and, (c) failure to drain. The pain during 
fluid instillation is most often the result of stretching of adhesions, while the 
failure to drain is often due to fibrin plugs in the catheter and/or twisting of the 
catheter. The frequency of infections depends mostly on the skills of the medical 
and nursing staff and on appropriate patient training. All these problems have 
been encountered in the renal failure literature too, and information is available 
on how to manage these complications. It is generally true that early failures 
are due to lack of proper patient selection and surgical skills, while long-term 
failures are mostly due to infectious events and are heavily influenced by nursing 
care and patient instruction [12]. The same applies to oncological situations, but 
here the concept of proper patient selection becomes less clearly defined since 
often there are few remaining alternatives. Also, due to the immunosuppression 
consequent upon both the neoplasm and antineoplastic therapies, cancer pa­
tients are at higher risk of infections and of severe complications from infectious 
events. 

For these reasons, various catheters have been tried. Howell et al. l13] have 
used the Port-a-cath system, which is a subcutaneously implantable drug deliv-
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ery system. It offers the major advantage to the patient of not having a foreign 
object protruding from the abdomen and of not requiring any care during the 
intervals between therapies. This leads to a reduced risk of infections and sim­
plifies the issues of nursing care and patient education. However, drainage prob­
lems become magnified, and for protocols requiring repeated exchange dialysis, 
the Tenckhoff system is still preferred. Unfortunately, neither appears optimal, 
and better catheters need to be designed in order to decrease the complication 
rate. 

Clinical Studies 

Several phase I and phase II trials of IP therapy have been published for ovarian 
and colon cancer. In reviewing them, both the efficacy and the type of toxicity 
will be considered. The phase I trials of IP MTX [4, 13] showed dose-limiting 
toxicity to be bone marrow suppression, which could be controlled by the use of 
leucovorin rescue. For 5FU [14-16], the dose-limiting toxicities are bone 
marrow suppression and chemical peritonitis. For doxorubicin [1, 17], the dose­
limiting toxicity proved to be a form of serious and prolonged chemical peritoni­
tis. Cis-platinum [18-20] was limited by the systemic dose absorbed, which 
caused renal toxicity, nausea and vomiting, and neurotoxicity, but peritoneal 
irritation was not a significant problem. Various methods have been used to 
reduce the systemic toxicity of cis-platinum, and thiosulfate and hypertonic 
saline both appeared effective in reducing the degree of nephrotoxicity and 
allowing higher doses to be administered [19, 20]. Melphalan also was proven to 
have dose-limiting systemic rather than local toxicity [21]. CBDCA has dose­
limiting systemic toxicity, in the form of myelosuppression [22]. Vinblastine 
sulfate (Velban) had to be abandoned by the IP route because of the frequency 
of induction of paralytic ileus [23]. Ara-C was minimally toxic, both systemically 
and locally [24]. 

All the early clinical trials were done in cancer patients in whom numerous 
other therapies had already failed, but in spite of this, responses were observed. 
Of the ten patients treated with doxorubicin, three obtained an objective re­
sponse and two had reduction in ascites formation. 5FU produced only one re­
sponse (7%), but it was a complete remission which lasted for more than 3 years. 
The response rate to melphalan was similarly low (7%). No major activity was 
seen for MTX and Ara-C. The drug that appears most promising for IP therapy 
is cis-platinum. In a fairly large phase II trial, a 30% complete response rate has 
been reported in ovarian cancer patients previously treated with systemic cis­
platinum [25]. Pilot studies [26] are now being conducted to investigate the role 
of IP cis-platinum both as a first-line therapy in advanced disease and as 
adjuvant chemotherapy for early stages. The latter patients particularly could 
benefit from regional cis-platinum, as both the early trials and the phase II 
study have shown that the subset of patients most likely to benefit from IP 
therapy is the one with small-volume disease [27]. IP chemotherapy could 
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Fig. 4. Portal, systemic, and intraperitoneal drug levels in a patient treated with intraperitoneal SFU 
(4mM) measured at the start of a week of treatment (left) and at the end of treatment (right). The 
difference between the two sets of curves probably represents the effect of drug-induced peritonitis 
on peritoneal clearance 

therefore be used as a substitute for IP radioisotopes in early ovarian cancer, 
or after surgical debulking of advanced disease, or as a consolidation after 
systemic chemotherapy or abdominal radiotherapy [28]. 

In GI malignancies, IP 5FU has been used to achieve high IP and portal vein 
concentrations and could for this reason be considered as an alternative to hepa­
tic artery infusion for the control of liver metastasis [14, 29]. On the basis of the 
demonstration that high portal drug concentrations can be achieved (Fig. 4) and 
of the results of a subsequent randomized trial of IV versus IP 5-FU [30], which 
demonstrated that greater amounts of drug could be delivered by the IP route, it 
might be appropriate to investigate the role of IP 5-FU in patients at high risk of 
developing hepatic metastasis [31]. 
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New Developments 

The use of IP delivery to treat bulky disease is not irrational, but it should be 
done using different agents, with deeper penetration into the tumor mass. Biolog­
ical response modifiers and monoclonal antibodies have been tried, and part of 
the rationale behind their use is their high molecular weight [32-34]. In fact, 
protein-sized molecules (> 15000 daltons) leave the peritoneal cavity only 
through the lymphatics [35], and it is known that very often, tumors have no 
internal lymphatic drainage. As a consequence, the depth of penetration of 
protein-sized agents should not be as limited as for conventional chemother­
apeutic agents. For this to be true, sufficient time should be allowed for penetra­
tion. In fact, diffusion is a function of the square root of time (e.g., if a drug 
diffuses Ix in 1 h, it will diffuse 12x in 144 h), and a drug could take weeks to 
completely cross a 5- to lO-cm mass. As described above, this process will be 
slowed by bulk flow from the tumor center to its periphery. 

Radiolabeled monoclonal antibodies have been successfully used to localize 
tumor masses [36], after both IV and IP administration. The IP route appears to 
give better tumor detection, with more than 95% of the lesions identified in 
patients with pseudo myxoma peritonei [37], as confirmed by subsequent his­
tological evaluation. Several radio labeled antiovarian monoclonal antibodies 
have been used with some clinical activity in stage III ovarian cancer, and those 
studies are at present ongoing. We can expect in the future to improve the selec­
tion of the antibody [higher affinity for the target antigen; human rather than 
mouse origin; conjugation with different therapeutic isotopes; use of antibody 
fragments, e.g., lacking crystallizable fragment (Fc) regions which increase 
nonspecific binding and hepatosplenic uptake]. 

The use of liposome-encapsulated drugs could give pharmacological advan­
tages when administered IP, as the release from the peritoneum would be slow­
er, and the systemic concentrations reduced. In the future, the combination of 
such a form of drug therapy with monoclonal antibodies could possibly lead to 
increased therapeutic efficacy with minimal toxicity. 

Immunotherapy with both a- and ,},-interferon [38, 39] has been used in ad­
vanced ovarian cancer, and the pharmacokinetics resulted in high IP concentra­
tions after regional administration. Previous trials with Corynebacterium parvum 
[40] had documented some responses in patients with minimal residual disease. 

Recently, IP interleukin-2 and lymphokine-activated killer (LAK) cells have 
been studied in peritoneal carcinomatosis [41]. Toxicity has been observed both 
systemically and locally, but three partial responses have been obtained in 
patients with disease greater than 2 cm. This approach deserves further inves­
tigation. 

Other future possibilities are the development and use of systemic neutraliz­
ing agents to be administered concurrently with the IP therapy (such as IV leuco­
vorin and IP MTX, IV thiosulfate and IP cis-platinum) [42]; the use of agents 
that could enhance the uptake and the cytotoxicity of antineoplastic drugs (such 
as glutaminase in combination with melphalan) [43]; and finally, the design of 
IP combination chemotherapy [44, 45]. Other attempts (such as hypo- and/or 
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hyperthermia [46, 47]) have been made without major clinical impact. Again, 
new approaches should be designed on the basis of solid pharmacological and 
experimental rationale, rather than on continuing in the tradition of empirical 
clinical trials. 

IA Therapy 

The goal of IA infusion is the same as that of IP delivery: to increase the ther­
apeutic index of antineoplastic agents. The pharmacological principles are not 
different from those already discussed for the IP route [48], except for the fact 
that the blood flow becomes a major determinant of the AUC ratio. A blood 
flow of 100 mllmin is what we can expect in a small artery, while a large artery 
will probably have a flow of approximately 1000-1500 mllmin [49]. If we re­
peat, for IA delivery, the same basic calculations we used for IP MTX, we will 
see that with an approximate total-body clearance of 200 mllmin and a carotid 
flow of 300 mllmin, the ratio would be only 1.67. We can therefore say that the 
ideal drug for IA infusion should have a high clearance rate, e.g., carmustine 
(BCNU), and should be administered through a low-flow artery; this would re­
sult in the highest delivery advantage. 

For the IA route, possibly even more than for the IP route, the role of first­
pass effect is extemely important, as is the time when it occurs in relation to the 
tumor exposure. Drug metabolized in the site of administration will give a high 
pharmacological advantage (e.g., 5FU and FUDR in hepatic delivery). Another 
determinant is the anatomy of the tumor blood supply, which is variable, de­
pending on the histology, size, and location of the neoplastic mass. Mostly, IA 
therapy has been used for head and neck tumors, for sarcomas and melanomas 
of the extremities, and for liver perfusion. 

Drug Delivery 

The artery chosen for drug delivery can be reached in several ways (direct injec­
tion through a needle, direct catheterization, or indirect retrograde catheteriza­
tion through collaterals or distant vessels). The ideal situation would be to be 
able to drain all the drug from the vein, to avoid systemic exposure. This is the 
purpose of isolation-perfusion techniques [50], but a complete isolation of the 
target tissue is possible only in particular anatomical areas (e.g., limbs). In 
all other situations, there may be an advantage in the fact that the dilution in 
the systemic blood will lead to recirculation through the tumor vessels, but the 
systemic toxicity of the drug must also be considered. 

IA drugs should always be given at reduced doses, based not on the usual 
body surface, but on the volume of tissues supplied by the catheterized vessel. 
The local concentration should be maintained at a high level, and, during con-
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tinuous infusions, it appears better to reduce the infusion duration rather than 
the dose. The administration of 5FU and/or FUDR by intrahepatic infusion is a 
separate case, as these drugs are metabolized in the liver, and therefore the dose 
that reaches the systemic circulation is very low. 

All IA delivery techniques present some technical difficulties which can be 
summarized as follows: (a) those related to the catheter insertion (bleeding, 
perforation, and infections); (b) those related to the indwelling catheter (occlu­
sion, vessel wall trauma, breaking, dislocation, and infections); (c) those related 
to the drug (arteritis, cerebral complications from drugs infused into the com­
mon carotid during head and neck perfusion, chemical peritonitis in case of 
catheter dislocation during hepatic infusion); and (d) those related to possible 
associated procedures (bullous edema and functional impairment of the extremi­
ties due to hyperthermia during hyperthermic limb perfusion, and nerve paral­
ysis due to compression during the use of a tourniquet for extremity perfusion). 
Overall, these complications and technical problems amount to not more than 
10%-15% of cases and can be reduced if well-trained physicians and nurses are 
familiar with their early signs. Unlike what has been described for IP therapy, 
IA therapy generally utilizes drug combinations. Moreover, drugs are often 
given IA in preparation for local treatments (surgery and/or radiation therapy), 
and the radiosensitizer properties of some of them are used to enhance radiation 
efficacy. 

Clinical Studies 

As a general rule, IA delivery is mostly used (a) to obtain rapid regression of a 
tumor mass in order to convert an inoperable into a resectable tumor, (b) for 
analgesia and palliation of locally intractable pain, ( c) as a preparation for local 
treatment in a combined modality approach, and (d) for control of liver meta­
stases. 

More recently, portal vein infusion of 5FU, as a postsurgical adjuvant 
chemotherapy for colon cancer, has been pioneered by a British group [51] with 
encouraging results. Further studies are continuing. 

In head and neck tumors, the results have been encouraging, showing im­
proved survival and disease-free survival in patients with advanced disease 
treated with IA combination chemotherapy prior to surgery [52-54]. 

In sarcomas and melanomas of the extremities, combination chemotherapy 
has been used together with hyperthermia. As recently reported [55, 56], hyper­
thermic perfusion has shown activity both preoperatively in stage I melanoma 
and postoperatively in stage I-III, with increases in both survival and disease­
free survival. The results in sarcoma treatment [57-59] have been encouraging 
both in the multimodality approach to early stages and as an accepted palliation 
for advanced stages when pain cannot be controlled otherwise. Hyperthermia 
leads to the appearance of different toxicities (bullous edema and functional 
impairment), which can be severe but are generally transient. 
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Hepatic Infusion 

In the field of hepatic infusion, only 5-FU and FUDR have shown efficacy for 
the control of metastasis from colon cancer. The rationale behind the use of 
these two drugs is that (a) both have shown efficacy in GI malignancies; (b) both 
are inactivated by the liver, and therefore the systemic dose can be maintained 
at a very low level, while achieving high local concentrations; (c) different 
approaches can be utilized (intrahepatic artery or portal vein infusion) according 
to the size of the metastasis to be treated, as micro- or small metastases depend 
on the portal vein flow, while the bigger metastases are supplied by the hepatic 
artery; and (d) both could be useful as adjuvant therapy for patients at high risk 
of developing liver metastases. 

5-FU infusion through the portal vein as adjuvant therapy has been studied, 
as previously mentioned [51], in a large, randomized, placebo-controlled trial. 
There was a statistically significant survival advantage (p < 0.002) for the treated 
arm. The results of the Northern Californian Oncology Group randomized trial 
of IA versus IV FUDR treatment of established liver metastases have recently 
been reported [60]: responses were significantly higher and longer-lived in the 
IA arm. The main toxicity observed was biliary sclerosis, due to excessively high 
FUDR concentration. This was limited by subsequent dose reduction. In the IA 
arm, the dose-limiting toxicity was elevation of liver enzymes, while no systemic 
toxicity was observed. Some groups [61] have tried adjuvant constant arterial 
infusion of FUDR via a hepatic arterial infusion pump for treatment of com­
pletely resected colonic liver metastasis; in that small group of patients, no im­
pact on survival was seen, and significant morbidity was observed. As mentioned 
in the section on IP therapy, IP 5FU seems to produce hepatic artery concentra­
tions similar to those achieved by catheterization, and this approach could be 
used as a substitute for IA therapy in the future. 

Other Studies 

The use of IA therapy with degradable microspheres [62, 63] could increase drug 
levels in the region of capillaries, without a concomitant increment in overall 
liver drug levels; this could improve the therapeutic index. Another related 
experimental possibility is the use of combination chemotherapy together with 
gelfoam [64] to induce chemoembolization and tumor infarction; such studies 
are at present ongoing. 

IA therapy has also been used in other clinical situations-such as cervical 
and uterine carcinomas; kidney, bladder, and vesical tumors; nonoat-cell carci­
nomas of the lung; and brain neoplasia-with controversial results. The difficul­
ty of the problem can be appreciated if one focuses on the IA therapy for brain 
malignancies. A large phase III study [65] of malignant gliomas has been under­
taken, comparing IV with intracarotid BCNU in 283 randomized patients. A 
lack of therapeutic advantage was observed together with serious toxicity, such 
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as irreversible encephalopathy and visual loss ipsilateral to the infused carotid 
artery. Even if the toxic events could be decreased by reducing the drug dose, 
the analysis of the results led to discontinuation of the randomization. Also, 
studies have ben conducted to analyze the role of opening the blood-brain bar­
rier (BBB) with intracarotid mannitol, but the animal data indicate that the 
opening effect was almost totally restricted to the cortex, while no change was 
observed in the "blood-tumor barrier" [66]. We will discuss this concept further, 
but it is clear that such an attempt is unlikely to have any therapeutic efficacy. 

In conclusion, IA delivery appears promising for certain tumor types and 
patient subsets, and it needs to be investigated, together with other strategies, as 
a potential means of improving the therapeutic index [67]. 

IT Therapy 

The same compartment model as was described for IP and IA delivery can be 
applied to the administration of drugs into the CSF. When tumors spread to the 
leptomeninges or metastasize to the brain, the survival of untreated patients is 
less than 6 weeks. Chemotherapy is effective, alone or in combination with 
radiation therapy, but needs to be delivered regionally because of the presence 
of the BBB. 

Before discussing the technical aspects and the clinical results, it is important 
to briefly summarize what is known about the BBB. First, this terminology has 
been introduced because of the evidence that (a) water-soluble, ionized mole­
cules do not easily penetrate into the CSF after systemic administration and (b) 
the brain extracellular fluid is similar to the CSF rather than to that of the other 
tissues (e.g., it appears more like an ultrafiltrate than a transudate). There is an 
anatomical explanation for these phenomena: the endothelial cells of the brain 
capillaries are joined together by tight junctions and do not have the usual fenes­
trae; therefore, the BBB behaves as a lipid bilayer. There are two methods of 
predicting whether a drug will penetrate the BBB, which are respectively based 
on (a) the partition coefficient and (b) the diffusion 'coefficient. Also, the possi­
bility of carrier-mediated systems through the capillary membrance needs to be 
considered. When dealing with a lipid-soluble drug, its entry into the BBB will 
depend on the blood flow. It has been recently demonstrated by quantitative 
autoradiography that the blood flow is generally decreased in brain tumors, and 
that the possible disruption of the BBB (which in the past has been considered as 
a characteristic of brain tumors) is variable both in different tumors and in differ­
ent areas of the same neoplasia. This is to say that we should start thinking in 
terms of blood-tumor barrier rather than blood-brain barrier; this will probably 
help the development of more effective treatments. 

The first therapeutic success in this field was obtained with IT MTX in 1958 
[68], and it was followed by sporadic observations until a large study was 
conducted on 59 leukemic children [69, 70]. Since then, the survival of acute 
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leukemic children has dramatically improved due to the control of meningeal 
leukemia. 

Meningeal carcinomatosis is seen more and more frequently in solid tumors 
due to the improvement in survival that has been achieved with systemic ther­
apy. IT therapy has also proven its efficacy in meningeal involvement from solid 
tumors, and there are now some long-term survivors. Moreover, patients who 
die after treatment for meningeal carcinomatosis are usually seen to have mini­
mal eNS disease at autopsy, death being due to disseminated disease outside the 
meninges. This situation differs from that of meningeal involvement accompa­
nied by parenchymal metastasis because in the latter case the achievement of a 
complete response is much more difficult. The drug that has been most often 
studied and used by the IT route is MTX, and we will not review in detail the 
extensive literature on this subject, as it is now part of the standard oncological 
armamentarium [70-74]. However, we shall focus on some of the technical and 
pharmacokinetic aspects of IT MTX delivery, as their analysis can give impor­
tant insights relevant to the development of new strategies. 

First, MTX is known to have neurotoxicity due to its penetration across the 
BBB (almost 3% of a concomitant plasma level). Its neurotoxicity is enhanced 
when MTX is given IT. Indeed, when drugs are administered IT, adverse local 
effects represent the most worrisome toxicity. 

The obtainment of an even and adequate distribution also represents an 
important problem. Two routes of IT administration are available: by lumbar 
puncture (LP) and by ventricular reservoir (Ommaya). With the LP route, 
several factors contribute to the development of local toxicity and also to the 
failure to achieve an even distribution: (a) after an LP, the MTX concentrations 
in the ventricular eSF are variable and do not generally exceed 10% of the 
spinal eSF concentration [75]; (b) the concentration peak at the injection site is 
in the range lO-c 10-3 M, which is elevated and can lead to arachnoiditis [76]; 
and (c) LPs are complicated in 10% of cases by eSF leakage from the subarach­
noid space due to inappropriate needle positioning [77, 78], which predisposes 
to elevated local concentrations with possible unexpected toxicity, and to 
suboptimal MTX concentration at the ventricular level. On the other hand, the 
intraventricular route allows for stable concentrations to be achieved, and the 
difference between the concentrations obtained by the two routes has been com­
pared to the difference in plasma levels after an oral versus and IV dose of a drug 
[79]. However, Ommaya reservoir placement, if certainly advised for treatment 
and prophylaxis of meningeal leukemias in children, is not devoid of complica­
tions [80, 81] and represents a surgical intervention often refused by the patients. 
Despite the pharmacokinetic data, there is not yet definitive evidence of the 
superiority of the intraventricular route in terms of clinical results in solid tumors 
with leptomeningeal metastasis. 

These considerations make the choice between the two routes of administra­
tion very difficult when dealing with meningeal carcinomatosis in adults with 
solid tumors; in deciding, the clinician must weight the overall prognosis of the 
patient, taking into account other sites of disease. Practical considerations, such 
as the availability and expertise of a neurosurgical team, will also have to be 
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considered. From a theoretical point of view, the major advantages of the in­
traventricular route would be to allow a more uniform distribution and to reduce 
the peak concentration of a drug; in fact, it has been proven that toxicity is 
related to the concentration peak. Intraventricular reservoirs would allow the 
administration of a lower total dose (concentration x time theory [82] or of con­
tinuous infusions [83]. 

It should be borne in mind that (a) meningeal infiltration at the level of the 
arachnoid granulations may reduce CSF reabsorption and therefore enhances 
the risk of toxic phenomena due to an increased CSF drug concentration (this 
explains why IT administration of drugs results in more toxicity when used to 
treat established disease rather than for prophylaxis); (b) drugs such as MTX are 
reintroduced into the CSF by retograde diffusion from the brain tissue, and their 
clearance curve is biphasic [84]; (c) after CSF instillation of a drug, the penetra­
tion into the brain tissue does not exceed a few millimeters in depth [85-87]; (d) 
the concentration in the parenchyma relates to both space and time factors due 
to the presence of concentration gradients (in fact, the drug introduced by IT 
delivery is removed by the capillaries, and their distribution will greatly affect 
the depth of penetration into the parenchyma); and (e) the concomitant use of 
radiation therapy affects drug pharmacokinetics through damage to endothelial 
cells and in particular to the chorioid plexus (which leads to altered CSF turn­
over and decreased drug clearance) [88-91]. This last aspect needs further 
consideration. In fact, almost all studies have shown the superiority of clinical 
results obtained with combined modality rather than with either chemotherapy 
or radiotherapy alone. However, the combined modality approach invariably 
leads to CNS sequelae in the long-term survivors (e.g., leukoencephalopathy) 
[92-96]. The decision whether to use combined modality or to attempt single­
modality therapy, therefore, depends on the risk-benefit ratio and must also take 
into account the long-term prognosis. However, it must be stressed that the 
increase in delayed toxicity directly reflects the improvement in survival, and 
that the prognosis of untreated meningeal carcinomatosis is less than 6 weeks. 
Finally, all efforts should be made to design new therapies and less toxic prophy­
laxis [97]. 

The CNS toxic effects are not very different when agents other than MTX are 
used, even though the follow-up is still too limited in time to allow for definitive 
conclusions [98]. Clinical trials have been conducted with IT Ara-C [99, 100], 
thiotepa [101], and sequential drug combinations [102,103]. 

Given the lack of lymphatic drainage in the CNS and the presence of the 
BBB, a possible pharmacological and therapeutic advantage may be expected, 
as in the case of IP delivery, by the use of protein-sized agents. We would antici­
pate deeper penetration in the brain tissue, if enough time is allowed (see section 
on IP therapy). An immunotoxin (WTl-Ricin A chain) has been reported not to 
be toxic in rhesus monkeys [104]. It was administered via Ommaya reservoir, 
and cytocidal levels were achieved in both ventricular and lumbar CSF, while a 
significant level was not detected in serum. A CSF concentration exceeding 
the ID50 was maintained for more than 24 h. 1311 monoclonal antibodies have 
undergone a phase I trial ]105], with evidence of minimal toxicity and of clinical 
efficacy in that small group of patients. The antibody was injected via LP, after 
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scintigraphic evidence of an even spinal and ventricular distribution. The use of 
interleukin-2 and LAK cells is also under investigation [106]. 

In conclusion, the most important aspects to be considered in IT therapy are 
the local toxicity and the drug distribution; all efforts should be made to improve 
the present results and techniques. The use of monoclonal antibody, which 
allows for better definition of the target and possibly limits the toxicity, could be 
very promising. 

Intravesical Therapy 

For completeness, intravesical delivery should be mentioned, as it is a legitimate 
regional therapy. Its use has become standard, both for treatment of superficial 
bladder cancer and as an adjuvant to surgery. Chemotherapy (thiotepa, 
Mitomycin C, and doxorubicin) has been used, with responses ranging from 
30% to 60% in different studies [107]. Immunotherapy has been tried with bacil­
Ie Calmette-Guerin (BCG), which prevents the development of invasive carci­
nomas but has local toxicity [108], and also with a-interferon [109]. Monoclonal 
antibodies could be used in the future, possibly conjugated with highly potent 
toxins [110]. 

Conclusions 

Among the new approaches to cancer treatment, we believe that regional deliv­
ery is and will remain an important form of therapy. The rationale upon which 
regional therapy is based appears to be solid, namely to improve the therapeutic 
index of antitumor agents. We think that both drug sensitivity and drug resis­
tance have to be considered first when approaching the design of a new form of 
cancer treatment. Then, pharmacokinetic data need to be collected and properly 
interpreted, in order to avoid wasting resources. Finally, the technical aspects of 
regional delivery still warrant a major improvement. Just as for any other kind of 
therapy, the major goals must be a true improvement in patient survival and 
relapse-free survival and the minimization of toxicity. 
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9. Drug Resistance in Cancer 
s.p. Ivy, R.F. Ozols, and K.H. Cowan 

Introduction 

The impact of cancer chemotherapy on the survival of all cancer patients has 
been significant, most notably in younger patients. The list of diseases curable 
with chemotherapy includes acute lymphocytic leukemia, adult Hodgkin's dis­
ease, non-Hodgkin's lymphomas of adults and children, pediatric solid tumors, 
ovarian cancer, and testicular cancer in young males [1]. Other tumors, such 
as adult leukemias, breast cancer, and small-cell lung cancer, are highly respon­
sive to combination chemotherapy, but permanent remissions are achived in 
few of these patients. Unfortunately, these chemotherapy-responsive tumors 
will eventually reoccur in some patients. Although second remissions in patients 
with diseases such as Hodgkin's disease, acute leukemia, and testicular 
cancer can be achieved with salvage chemotherapy, relapses in most cancer 
patients are associated with development of drug resistance and lack of durable 
second remissions. Understanding the mechanisms involved in the development 
of clinical drug resistance is essential for the design of rational, effective salvage 
therapy. 

Why do tumors initially responsive to therapy relapse and subsequently 
become refractory to chemotherapy? Why do some tumors, particularly those of 
epithelial origin, appear to be resistant de novo? Recent studies have begun to 
unravel the molecular changes associated with the development of resistance to 
a number of specific antineoplastic agents. Indeed, some studies now suggest 
that the process of resistance to some antineoplastic agents may be related to 
more fundamental patterns of cellular response to toxins such as carcinogens. 
These studies have led to important insights into diagnosis and therapeutic 
approaches to overcoming clinical drug resistance in patients. 

Drug resistance is classified in three categories-inherent, acquired, and 
acute inducible. Tumors that are initially unresponsive to chemotherapy-such 
as colon cancer, nonsmall-cell lung cancer, and malignant melanoma-are 
inherently resistant. In contrast, recurrent tumors that are unresponsive to 
therapy following successful primary therapy are classified as exhibiting acquired 
resistance. Inducible resistance refers to biochemical changes that can be 
transiently induced in tumor or host cells, and which subsequently result in 
decreased cytotoxicity from antineoplastic agents. While inherent and acquired 
resistance are generally believed to be due to stable genetic changes in cells 
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(gene deletion, mutation, and amplification), acute inducible resistance is most 
probably a manifestation of rapidly reversible epigenetic changes in gene ex­
pression in cells. An example of inducible resistance is found in mouse bone 
marrow treated with various cytotoxic agents. Adams et al. [2] found that ani­
mals treated with agents such as cyclophosphamide are able to survive supralethal 
doses of the same agent given 7 days after the first priming dose. The time course 
of increased survival paralleled the increase in the levels of glutathione and 
gluathione transferase, suggesting that resistance is acutely inducible. 

This chapter will review some general principles involved in the development 
of drug resistance. Gene amplification and the phenomenon of multi drug resis­
tance, two important aspects of drug resistance, will be discussed in more detail. 

Pharmacologic Factors Associated with Resistance 

Before reviewing specific genetic and biochemical changes associated with anti­
neoplastic drug resistance, it is important to remember that there are a variety of 
pharmacologic factors which determine the overall clinical response to therapy: 

1. Drug bioavailability 
2. Drug metabolism 
3. Drug elimination 
4. Sanctuary sites (CNS, testes) 
5. Excessive host toxicity (prior therapy, age) 
6. Limited drug diffusion (mass size) 
7. Altered cell kinetics 
8. Increased salvage factors 

Many of these factors affect the actual concentration of drug delivered to the 
tumor. For example, many antineoplastic drugs, including 6-mercaptopurine, 
are poorly and erratically abosrbed following oral administration. Zimm et al. 
[3] found a fivefold variation in drug exposure following oral administration of 
6-mercaptopurine to patients with acute lymphoblastic leukemia. A similar wide 
range in bioavailability has been reported in patients receiving melphalan 
(LPAM) [4,5] and hexylmethylamine [6]. Thus, lack of a therapeutic response 
to these agents when given orally may relate to the inability to achieve effective 
cytocidal concentration of drug, and not to "resistant" mechanisms at the tumor 
cell level. 

Similarly, differences in the rate of drug metabolism or elimination in patients 
may markedly affect tumor cell exposure to drug and potentially limit the clinical 
response or the toxicity of these agents. Tumors present in sanctuary sites (CNS 
or testes), into which drug penetration is poor, are another example of ineffec­
tive drug delivery. Tumors in these sites may appear to be resistant to chemo­
therapy. Furthermore, patients who have had prior courses of chemotherapy 
or radiation therapy frequently develop increased toxicity during subsequent 
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cycles of salvage therapies and consequently may receive lower doses of therapy. 
Ineffective therapy may not represent a lack of tumor sensitivity to chemo­
therapy. 

In addition to the above examples, large tumor masses are often refractory to 
chemotherapy. There may be several reasons for this phenomenon, including 
limited drug diffusion into large masses, the presence of central areas of relative 
hypoxia (limiting the effectiveness of certain agents), increased concentrations 
of salvage nucleosides (bypassing the toxic mechanism of certain agents), and 
reduced cell fraction in more vulnerable phases of the growth cycle. Many of 
these factors influence the clinical response achieved by limiting the "effective" 
concentration of drug being delivered to tumor cells or the relative effectiveness 
of these agents once they have arrived at their targets. Thus, it is important to 
keep in mind that other factors, including pharmacokinetic considerations, are 
important determinants of clinical response. 

However, it is also apparent that while the factors discussed above may 
influence the response rate of a given tumor to cytotoxic therapy, stable genetic 
and biochemical changes in tumor cells seem to be responsible for much of the 
clinical resistance to antineoplastic agents. Goldie and Coldman [7] have pre­
sented a mathematical model which attempts to describe the emergence of drug 
resistance in tumors. Based on classical studies of the frequently of mutations in 
bacteria by Luria and Delbruck [8), the Goldie-Coldman model assumes that the 
major reason for clinical drug resistance is the selection of tumor cells with stable 
genetic mutations. Furthermore, the model proposes that the frequency of these 
genetic mutations is thus related to the total number of tumor cells and to the 
spontaneous mutation rate of these populations of cells. 

The Goldie-Coldman model has several important clinical implications. It 
supports the desirability of using combination chemotherapy regimens since the 
selection of multiply resistant tumor cells would be less frequent. Furthermore, 
early treatment of tumors with adjuvant or neoadjuvant chemotherapy would be 
best since the smallest tumors would have the highest probability of having the 
smallest number of drug-resistant cells. Noncross-resistant regimens should be 
given in an alternating schedule rather than sequentially to reduce the risk of 
selecting resistant cells. Finally, many of the cytotoxic drugs used in the treat­
men! of cancer are themselves mutagenic and may increase the frequency of 
spontaneous mutations, resulting in a drug-resistant phenotype. Less effective 
agents which are highly mutagenic should be eliminated from combination 
chemotherapy regimens. 

Mechanisms of Drug Resistance 

As alluded to previously, numerous drug-resistant cell lines have been isolated 
and used to characterize specific mechanisms involved in drug resistance. Some 
of the mechanisms associated with resistance to cytotoxic agents are shown in 
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Table 1. When considering the different mechanisms involved in drug resistance, 
several basic principles are important. For any drug or class of drugs, there often 
exists a variety of mechanisms by which a cell may become resistant. When these 
changes occur as isolated defects, the level of resistance may be relatively low. 
However, when cells are selected for higher levels of resistance, as is frequently 
the case in vitro, resistant cells often develop multiple alterations. Many 
mechanisms of resistance are specific for an individual drug or class of drugs. 
Resistance to antimetabolites, for example, does not generally result in cross­
resistance to other classes of antineoplastic drugs, such as anthracyclines. In 
contrast, cells selected for resistance to vinca alkaloids or anthracyclines fre­
quently develop cross-resistance to a wide variety of other agents that differ 
markedly not only in their structures but their apparent mechanisms of action 
[9]. This phenomenon has been referred to as multidrug resistance (MDR) or 
pleiotropic drug resistance. 

As shown in Table 1, changes in the rate of cellular uptake and accumulation 
appear to be associated with resistance to drug such as methotrexate (MTX), 
phenylalanine mustard, and nitrogen mustard. These defects are generally be­
lieved to involve specific changes in membrane transport systems. In the case of 
MTX, the decrease in drug uptake apparently involves changes in the folate 
transport system [10-14]. In phenylalanine mustard resistance [15], decreased 
uptake is believed to be due to a defect in an amino acid transport system [16]. 
Another class of resistant cells in which decreased drug accumulation occurs 
involves changes in drug efflux systems. This modification is one of the changes 
present in multidrug-resistant cells. Dano [17] and Skovsgaard [18] described 
decreased drug accumulation as a consistent finding in drug-resistant cells 
selected for vincristine or daunomycin resistance and provided evidence which 
suggested that this was the result of increased activity of an energy-dependent 
efflux pump. Using a colchicine-resistant Chinese hamster ovary (CHO) cell 
line, Juliano and Ling [19] demonstrated that enhanced efflux in these 
multidrug-resistant cells was associated with the overexpression of a high­
molecular-weight membrane protein (P170), which will be discussed below. 

Many antineoplastic drugs, particularly antimetabolites, are pro-drugs, which 
need to be converted to their active forms, often by phosphorylation, in tumor 
cells in order to exert their cytotoxicity. Resistance in vitro to pro-drugs such as 
cytosine arabinoside, 5-flurouracil (5-FU), 6-mercaptopurine, and 6-thioguanine 
is frequently associated with defects in the intracellular enzymes that activate 
these drugs (Table 1). Recent studies have also shown that alterations in the 
intracellular metabolism of MTX can also affect its cytotoxicity. In most cells, 
MTX undergoes conversion to a complex family of MTX polyglutamates that 
are formed by the addition of one to four glut amyl residues to the native drug 
(Fig. 1). Polyglutamation is accomplished through the same enzyme activity that 
converts folate cofactors to their polyglutamate forms. The importance of MTX 
poly glutamate formation is perhaps best illustrated by a human breast cancer 
cell line in which resistance to MTX was associated with diminished formation of 
MTX polyglutamyl derivatives [20]. This cell line is cross-resistant to other anti­
folates, such as aminopterin, which also undergoes intracellular conversion to 
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Table 1. Mechanisms of drug resistance 

Alterations in drug uptake 

Alterations in intracellular 
drug accumulation 

Decreased drug activation 

Increased metabolic 
inactivation 

Alterations in target proteins 

Alterations in cellular 
metabolism 

Alterations in cofactor levels 

Alterations in cellular repair 
mechanisms 

Increased levels of target 
proteins 

Drug 

Methotrexate 
Melphalan 
Mechlorethamine 
Doxorubicin 
Vinca alkaloids 
Actinomycin D 
Cytosine arabinoside 

5-Fluorouracil 

6-Mercaptopurine 

6-Thioguanine 
Methotrexate 

6-Mercaptopurine 
6-Thioguanine 
Cytosine arabinoside 
Alkylators 

Cis-platinum 
Methotrexate 
Steroid hormones 
Vinca alkaloids 
FUDR 
Cytosine arabinoside 
5-Fluorouracil 
Methotrexate 

6-Mercaptopurine 

6-Thioguanine 
FUDR 
Alkylators 

Nitrosoureas 

Methotrexate 
PALA 
FUDR 

Deoxycoformycin 

Defect 

Defective carrier transport 
Defective carrier transport 
Defective carrier transport 
Increased drug efflux 
Increased drug efflux 
Increased drug efflux 
Decreased deoxycytidine 

kinase 
Decreased oratate 

monophosphate (OMP) 
transferase 

Decreased hypoxanthine 
phosphoribosyl-transferase 
(HPRT) 

Decreased HPRT 
Decreased polyglutamate 

formation 
Increased alkaline phosphatase 
Increased alkaline phosphatase 
Increased cytidine deaminase 
Increased glutathione, 

increased glutathione 
transferase 

Increased metallothionein 
Altered DHFR 
Altered receptors 
Altered tubulins 
Altered thymidylate synthase 
Increased CTP pools 
Increased CTP pools 
Increased purine pyrimidine 

salvage 
Increased hypoxanthine 

salvage 
Decreased PRPP 
Decreased folate cofactors 
Increased DNA repair 

enzymes 
Increased DNA repair 

enzymes 
Increased DHFR 
Increased CAD protein 
Increased thymidylate 

synthase 
Increased adenosine 

deaminase 

CTP, cytosine triphosphate; FUDR, ftuorodeoxyuridine; PALA, N-phosphonacetyl-L-aspartic-acid; 
DHFR, dihydrofolate reductase; PRPP, polyribosyl pyrophosphate. 
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METHOTREXATE 

METHOTREXATE POLYGLUTAMATES 
o 

H2Nr,:yN) ~ -OH 0 

N~ CH3 -? I II 

o I 0 II II 

HO- C- CH2- CH2- CH -C -OH n 

TRIMETREXATE 

Fig. 1. Structure of methotrexate, methotrexate polyglutamyl derivatives (n is a variable number of 
y-glutamyl residues), and trimetrexate, a nonclassical folate analog 

polyglutamates. However, these breast cancer cells were sensitive to another 
antifolate analog, trimetrexate, which differs structurally from MTX and does 
not undergo conversion to polyglutamyl derivatives. These studies suggest that 
there are important differences in the presumed mechanism of cytotoxicity 
among the antifolate analogs (Fig. 1). 

Increased intracellular metabolism of cytotoxic drugs to inactive species is 
also associated with resistance. Resistance to both thiopurines and cytosine ara­
binoside has been reported to be associated with changes in the level of specific 
drug-metabolizing enzymes. Instead of increased enzymatic metabolism, resist­
ance may also result from increased drug inactivation by enhanced binding to 
sulfhydryl-rich scavenger peptides and proteins, such as glutathione [21] and 
metallothionein [22]. 

Specific alterations in target proteins by point mutation or changed regulation 
can also lead to drug resistance. For example, MTX resistance can result from 
single amino acid substitutions in the target enzyme, dihydrofolate reductase, 
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resulting in an enzyme with a reduced drug-binding affinity. Other examples of 
this type of resistance include altered or decreased steroid hormone receptors 
[23, 24], altered tubulin in vinca alkaloid resistance [25-27], and altered thy­
midylate synthase in fluorodeoxyuridine (FUDR) resistance [28]. 

Another example of an altered target protein which results in resistance to VP 
16 and various intercalator compounds has been described in cells containing an 
alteration in topoisomerase II. In these studies [29, 30], modified topoisomerase 
II activity was related to reduced ability to form drug-induced, protein­
associated DNA strand breaks in VP16-resistant CHO cells compared with wild­
type cells. In general, most intercalators and epipodophyllotoxins appear to 
inhibit mammalian topoisomerase II by trapping the enzyme within DNA 
cleavage complexes, which can be detected in cells as protein-associated DNA 
strand breaks. 

Changes in intracellular nucleotide pools or in the relative flux through 
salvage nucleotide pathways can also affect drug sensitivity. For example, 
changes in the level of polyribosyl pyrophosphate (PRPP), a cofactor involved in 
the activation of both thiopurines and 5FU, can alter the sensitivity of cells to 
these agents [31, 32]. Indeed, one of the proposed mechanisms for the synergy 
between MTX and 5FU when given sequentially is believed to be due to 
antifolate-induced increase in cellular PRPP pools. Furthermore, the binding of 
fluoro-deoxyuridinemonophosphate (FdUMP; one of the active forms of 5FU) 
to its target enzyme thymidylate synthase is dependent on the concentration of 
reducd folates in cells. Thus, diminished intracellular pools of reduced folates 
can lead to 5FU and FUDR resistance. Diminished intracellular folate pools 
may be particularly important in clinical resistance to 5FU. Preliminary results 
of several recent clinical trials in which leucovorin was given with 5FU seemed to 
show improved clinical responses when compared with 5FU alone [33]. 

Drug resistance can also result from the selection of cells which possess an 
increased ability to repair cellular damage. This phenomenon is noted particu­
larly in cells resistant to alkylating agents, in which resistance is associated with 
an increase in DNA repair enzyme activities [34-37]. 

Finally, the development of increased levels of target proteins is one of the 
most common mechanisms associated with resistance in vitro. This type of drug 
resistance is of particular interest because Alt et al. [38] showed that resistance 
to MTX was associated with an increase in the level of dihydrofolate reductase 
(DHFR), which resulted from the amplification of the DNA sequences that code 
for this enzyme. Since this phenomenon appears to be a common genetic altera­
tion in tumor cell lines, resulting in specific resistance to a variety of drugs, we 
shall discuss the mechanisms of gene amplification in more detail. 

Gene Amplification and Drug Resistance 

Early studies in cells selected for resistance to MTX [39] demonstrated that the 
resistant cells frequently develop cytogenetic abnormalities, including elongated 
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A B 

Fig. 2. A Cytogenetic analysis of a methotrexate-resistant human breast cancer cell line (MTXR 
MCF-7) containing amplified OHFR genes. The arrow points to marker chromosomes (HSRs) not 
present in the parent cell line. B Cytogenetic analysis of a methotrexate-resistant small-cell lung 
cancer cell line (NCI-H249P) containing amplified OHFR genes . The arrows point to double minute 
chromosomes (OMs) not present in the parent cell lines 

marker chromosomes with homogeneously staining regions (HSRs) or increased 
numbers of double-minute chromosomes (DMs) (Fig. 2). Subsequent studies 
revealed that both of these cytogenetic abnormalities are the result of a marked 
increase in gene copy number [40, 41]. The importance of these two cytogenetic 
forms of gene amplification is apparent when resistant cells are grown sub­
sequently under nonselective conditions, i.e., in the absence of drug. Stably 
resistant cells maintain high levels of MTX resistance and amplified DHFR 
genes for long periods when grown in the absence of drug. Such cells generally 
contain the amplified DHFR genes as stably integrated copies in the form of 
HSRs . In contrast , unstably resistant cells readily lose their elevated levels of 
DHFR enzyme and gene copies and revert to an MTX-sensitive state when 
grown in the absence of drug [41] . Unstably resistant cells generally contain the 
amplified DHFR genes on structures called DMs (Fig. 2) [41]. DMs are small, 
paired, extrachromosomal structures which lack centromeres. Since they segre­
gate unequally into replicating daughter cells , they are readily lost from cell 
populations during subsequent mitoses in nonselective (drug-free) conditions. 
The mechanisms of formation of HSRs and DMs are still not well understood. 
HSRs and DMs do not generally coexist in drug-resistant cell lines or individual 
cell lines which are continuously selected for resistance in vitro. These cell lines 
tend to form one type of structure or the other. These findings suggest that 
specific cellular factors determine which type of amplified structure is formed . 

Gene amplification is a general mechanism which can result in resistance to a 
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Table 2. Gene amplification and drug resistance 

Gene amplification 
Selection Protein overproduced demonstrated 

Methotrexate Dihydrofolate reductase + 
PALA CAD protein + 
FUDR Thymidylate synthase + 
Deoxycoformycin Adenosine deaminase + 
Hydroxyurea Ribonucleotide reductase 
Dimethylfluoro-ornithine Ornithine decarboxylase + 
Vinca alkaloids 170 OOO-dalton glycoprotein + 
Actinomycin D 150 OOO-dalton glycoprotein + 

19 OOO-dalton glycoprotein 
Compactin Hydroxymethylglutaryl-CoA + 

reductase 
Methionine sulfoximine Glutamine synthetase + 
Pyrazofurin azauridine UMP synthetase + 

CoA, coenzyme A; UMP, uridine-5-monophosphate; PALA, N-phosphonacetyl-L-aspartic acid. 

wide variety of drugs or toxins (Table 2). For example, Wahl et al. [42] demon­
strated that resistance to N-phosphonacetyl-L-aspartic acid (PALA), a potent 
inhibitor of the second enzyme involved in the de novo synthesis of pyrimidines, 
was associated with the overproduction of this enzyme and the amplification of 
DNA sequences coding for the multifunctional protein (CAD protein or pyr 
1-3) that includes the target enzyme for PALA (aspartate transcarbamylase) as 
well as two other enzymes involved in de novo UMP synthesis. 

Cadmium resistance has also been shown to result from increased levels of 
metallothionein [43], a low-molecular-weight scavenger protein that is rich in 
sulphydryl groups, and amplification of metallothionein genes. Since this thiol­
rich scavenger protein can also bind to and inactivate cis-platinum [44] and alky­
lating agents, cadmium-resistant cells containing increased levels of metallothio­
nein are cross-resistant to cis-platinum [44] and chlorambucil [22]. 

As will be discussed below, gene amplification is also involved in the develop­
ment of MDR. The P170 glycoprotein DNA sequences (also referred to as mdr) 
are amplified and overexpressed in many if not all multidrug-resistant hamster 
and human cell lines [45-51]. 

While gene amplification is a common mechanism of resistance in vitro, its 
role in clinical resistance is not well defined. Studies by Curt et al. [52] demon­
strated that a small-cell lung cancer cell line established from a patient who 
relapsed after MTX therapy was resistant to MTX in vitro. Resistance in this cell 
line was associated with increased levels of DHFR enzyme and amplified DHFR 
gene sequences present in the form of DMs. These DMs were lost from the cell 
population during subsequent passage in drug-free medium for 6 months. At this 
time, the cells reverted to an MTX-sensitive phenotype and no longer contained 
increased levels of DHFR enzyme or increased DHFR gene copies. This case 
was the first example of gene amplification in clinical drug resistance. 

Other investigators have also found that DHFR gene amplification occurs 
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clinically. Trent et al. [53] studied cells from a patient who was treated for psori­
asis with MTX and later developed ovarian cancer. Ovarian tumor cells obtained 
at the time of diagnosis were resistant to MTX in vitro and had increased copies 
of DHFR gene sequences demonstrated by in situ hybridization. Additional 
studies by Horn et al. [54] and Cardman et al. [55] have demonstrated the pres­
ence of amplified DHFR genes in patients with acute leukemia treated with 
MTX. Thus, resistance to MTX in vivo can clearly involve DHFR gene ampli­
fication and is similar to resistance in vitro. 

Multidrug or Pleiotropic Drug Resistance 

As alluded to previously, amplification of gene sequences is also associated with 
the development of a resistant phenotype commonly referred to as pleiotropic 
resistance or MDR. Indeed, cell lines with the phenotype of MDR have been the 
focus of research for a number of laboratories. These studies have provided 
unique insight into some of the basic mechanisms of drug resistance. As alluded 
to earlier, cells with MDR are generally selected for resistance to a single agent, 
such as an anthracycline, a vinca alkaloid, an epipodophyllotoxin, or actinomy­
cin D. Although selected for resistance to a single agent, these cells commonly, 
if not invariably, develop cross-resistance to other agents to which they have not 
been exposed. Since these agents vary widely in their structure, membrane 
transport, and site of action, it was at first quite perplexing that cells would 
simultaneously develop cross-resistance to all of these agents. Studies by Ling et 
al. [19] first demonstrated that multi drug-resistant cells have a defect in in­
tracellular drug accumulation, and that this defect was associated with increases 
in a high-molecular-weight (130000-170000-daltons) membrane glycoprotein, 
which he referred to as P-glycoprotein. 

The role of gene amplification in MDR had been suspected since many 
multidrug-resistant cell lines were found to contain HSRs and DMs. Using a 
variety of techniques several laboratories have now isolated amplified DNA 
sequences from multi drug-resistant hamster and human cell lines [47-51]. The 
complete cDNA sequence for this gene has recently been published by Gros et 
al. [56] and Chen et al. [57]. The gene contains two internally duplicated regions, 
one of which apparently codes for a transmembrane domain, the other a nuc­
leotide (ATP?)-binding region. This gene has marked sequence homology with 
the genes of several bacterial transport proteins and may be part of an energy­
dependent efflux pump. 

Many studies indicated that the decrease in intracellular drug accumulation 
exhibited by multidrug-resistant cell lines was due to an increase in an energy­
dependent drug efflux process. Recent experiments by Cornwell et al. [58] and 
Safa et al. [59] have examined the role of the P170 protein in mediating in­
creased drug efflux. They found that a photo affinity analog of vinblastine binds 
to a 170000-dalton membrane protein which is overexpressed in multidrug-
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resistant hamster cell lines. This binding is competed for by unlabelled vinblas­
tine and anthracyclines. These experiments indicate that this glycoprotein 
recognizes antineoplastic drugs, thus supporting the role of P170 as part of a 
putative drug efflux pump. 

The dominant genetic nature of the multidrug-resistant phenotype is sug­
gested by studies in which transfection of the DNA from resistant CHO cells into 
drug-sensitive cells results in the transfer of drug resistance and an increase 
in the expression of P-glycoprotein in the recipient cells [60]. Moreover, trans­
fection of mdr-1 cDNA, a gene encoding a P170 protein, was able to confer 
MDR on sensitive cells. While the role of this gene in multidrug-resistant cell 
lines is well established, there is evidence which suggests that overexpression of 
P170 may not be the only mechanism responsible for MDR. Each multidrug­
resistant cell lines exhibits a different pattern of cross-resistance. Thus, either 
each cell line expresses different P170 proteins, or alternatively, there are other 
biochemical and genetic changes associated with MDR in addition to P170 over­
expression. The latter hypothesis is supported by the finding that decreased drug 
transport and resistance do not correlate in all cell lines [61-63]. Moreover, 
studies by Sirotnak et al. [62] and Siegfried et al. [63] have shown that MDR in 
one cell line cannot be completely overcome by raising the intracellular drug 
concentration to equal that obtained in drug-sensitive cells. Both of these 
findings suggest that other mechanisms besides decreased drug accumulation are 
involved in MDR. Although other mechanisms have yet to be identified, labo­
ratories have reported increases in various cytosolic proteins in multidrug­
resistant cells [64-69]. Whether any of these proteins playa role in MDR is as 
yet unclear. 

Associations Between MDR and a Chemical Carcinogenesis Model 

Although the role of P170 in MDR has been established, the preceding discus­
sion suggests that other mechanisms for MDR exist. Indeed, recent studies have 
indicated that MDR may involve biochemical changes in drug detoxification 
pathways. Remarkable similarity exists among the biochemical chahges found in 
multidrug-resistant human breast cancer cells and in an in vivo model system of 
resistance which develops in response to chronic carcinogen exposure. 

In the early 1970s, Farber [70-71] first developed a rat model for chemical 
carcinogenesis. In this model, animals are exposed to a carcinogen for 2-3 
weeks. Subsequent to induction, liver cell proliferation is induced by partial 
hepatectomy. In the weeks that follow, hyperplastic liver nodules (HNs) appear, 
most of which spontaneously regress over a period of weeks to months. A few of 
the HNs progress to frank hepatocellular carcinoma. One interesting feature of 
these HNs is that they develop resistance to carcinogen-induced cytotoxicity. 
Furthermore, treatment with anyone of a wide variety of structurally diverse 
carcinogens can produce the same morphologic and biochemical changes. In 
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Fig. 3. The structures of a diverse group of toxins and carcinogens associated with both resistance 
and cross-resistance in the rat hyperplastic nodules of the Solt-Farber model 

each instance, regardless of the selecting agents, the HNs apparently develop 
cross-resistance to a wide range of toxic foreign compounds that differ in struc­
ture and mechanism of action (Fig. 3); in this the HNs resemble the tumor cells 
selected for MDR. 

Resistance to carcinogens and xenobiotics can occur in a number of ways in 
liver cells. As shown in Table 3, resistance to a wide range of structurally 
unrelated agents in HNs is associated with a number of changes. Farber et al. 
[71] showed that resistance in HNs is associated with a decrease in 2-
acetylaminoftuorine (AAF) accumulation and a decrease in AAF binding to 
DNA. Moreover, studies by a number of groups have shown that xenobiotic 
resistance (XR) in HNs is also associated with specific changes in phase I and 
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Table 3. Comparison of biochemical changes in multi drug-resistant breast cancer cells and in 
xenobiotic-resistant rat hepatocytes 

Biochemical change 

~ Toxin uptake 
i P170 (mdr) 
~ P450 isozymes 

i Anionic glutathione transferase 
i Pentose phosphate pathway activity 
i UDP-glucuronyl transferase I 
i Glutathione 
i y-Glutamyltransferase 
~ Sulfotransferase 
i Epoxide hydrolase 
i DT-diaphorase (quinone reductase) 

Carcinogen 
resistance in rat 
HNs 

Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Multidrug resistance in MCF-7 cells 

Yes 
Yes 
Yes-aryl hydrocarbon 

hydroxylase 
Yes 
Yes 
Yes 
No change 
No change 
No (increased twofold) 
NT 
Yes 

~ , decreased; i , increased; NT, not tested; HN, hyperplastic nodule;UDP, uridine diphosphate 

phase II drug-detoxifying enzymes. These changes are summarized in Table 3. 
Overall there is a marked decrease in phase I drug-metabolizing enzyme 

activities. This includes both a decrease in total cytochrome P450 and decreases 
in several P450-dependent enzymes, including aryl hydrocarbon hydroxylase 
(AHH), aminopyrine-N-demethylase, and cytochrome bs [72]. This down­
regulation of the phase I enzymes in rat HNs is important since these activities 
convert carcinogens such as benzo[a]pyrene to more potent hydroxylated spe­
cies. In addition to these diverse changes in phase I enzymes, increased levels 
of several phase II drug-metabolizing enzymes have been noted, including 
uri dine diphosphate (UDP)-glucuronyl transferase, glutathione S-transferase 
(GST), and sulfotransferases (70, 73, 74]. Glutathione (GSH) and y-glutamyl­
transferase are both increased [70]. These enzyme activities detoxify carcinogens 
such as benzo[a]pyrene by conjugation with polar moieties [75]. All these 
biochemical changes taken together provide the cell with the capacity to resist a 
wide variety of toxic substances. 

Recent studies have shown that marked similarities exist between multidrug­
resistant human breast cancer cells and xenobiotic-resistant rat hepatic HNs 
[76]. Although AHH is readily inducible by polycyclic hydrocarbons in the drug­
sensitive wild-type (WT) MCF-7 cells, this enzyme activity is neither expressed 
nor inducible in the multidrug-resistant MCF-7 subline. Furthermore, expres­
sion of several drug-conjugating enzymes is increased in cells selected for MDR; 
in particular, an anionic GST [77, 78] is induced in the multidrug-resistant cells. 
Indeed, the anionic GST induced in multidrug-resistant MCF-7 cells is immuno­
logically and biochemically related to the GST isozyme induced in rat HNs 
[77, 78]. 
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Table 4. Modulation of drug resistance 

Drugs 

Calcium antagonists 
Verapamil 
Nifedipine 
Nitrendipine 
Caroverine 

Calmodulin inhibitors 
Prenylamine 
Triftuoroperazine 
Clomipramine 

W-13 
Amphotericin 
Polysorbate 80 (Tween 80) 
Perhexiline maleate 
Triparanol analogs 

Tamoxifen 
Antiarrhythmics 

Quinidine 
Antihypertensives 

Reserpine 
Thiol depleters 

Buthionine 
sulfoximine 

Antineoplastic drugs 
affected 

VCR,DNR, DOX 

VCR, DNR, DOX 

BLEO 
DOX, ACTD, BCNU 
DOX 
DOX 
DOX 

DOX, VCR 

DOX 

LPAM, PLAT, DOX 

Proposed mechanism of increased 
cytotoxicity 

Increased accumulation by 
blocking drug efflux 

Increased accumulation by 
blocking drug efflux 

Inhibition of DNA repair 
Altered lipid composition of 

plasma membrane leading to 
increased accumulation 

Increased drug accumulation 

Increased drug accumulation 

Increased drug accumulation 

Drug inactivation, free radical 
metabolism, protection/repair 
of DNA 

VCR, vincristine; DNR, daunorubicin; DOX, doxorubicin; BLEO, bleomycin; LPAM, melphalan; 
PLAT, cis-platinum; ACTD, actinomycin D; BCNU, bis-chloroethyl nitrosourea 

These initial findings prompted a more thorough comparison of the bioche­
mical changes associated with XR in rat HNs and with MDR in MCF-7 cells, 
These studies have been recently reviewed [79, SO] and are shown in Table 4. 
Resistance in both systems is manifested by decreased toxin accumulation, in­
creased mdr (P-glycoprotein) gene expression [Sl], decreased activity of phase I 
enzymes (including AHH), increased phase II conjugating enzymes (including 
anionic GST and UDP-glucuronyl transferase I), increased pentose phosphate 
shunt pathway activity [to maintain diminished levels of nicotinamide-adenine 
dinucleotide phosphate (NADPH)], and changes in several other drug-meta­
bolizing enzymes (e.g., DT-diaphorase). 

These similarities suggest that chronic carcinogen exposure may result in a 
coordinated set of responses which ultimately result in protection of the cell 
from the toxic effects of carcinogens. These same responses may also protect the 
tumor cell which ultimately emerges from the cytotoxic effects of antineoplastic 
agents. Perhaps this is why tumors associated with increased carinogen expo­
sure, such as colon and nonsmall-cell lung cancer, are intrinsically resistant to 
chemotherapy. If so, then understanding the biochemical changes involved in 
specific mechanisms of resistance to antineoplastic drugs may offer insights into 
therapies which modulate or circumvent cellular resistance. 
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Reversal of Drug Resistance 

By understanding the molecular mechanism associated with the development of 
resistance to antineoplastic agents, one could either decrease the frequency of 
resistance or design therapies which could bypass the resistant mechanism or 
take advantage of the selective biochemical changes associated with resistance. 
For example, it is now clear that gene amplification is associated with the de­
velopment of drug resistance in vivo as well as in vitro. It is important to consid­
er treatments that would reduce the frequency of gene amplification. In vitro 
studies have identified a variety of factors that can influence the frequency of 
gene amplification, including treatment with phorbol ester [82], ultraviolet 
irradiation [83), hydroxyurea [84), and N-acetoxy-N-acetylaminofluorene [83]. 
These factors appear to act by causing unscheduled rounds of DNA synthesis, 
resulting in the synthesis of extra copies of specific gene sequences. Other 
studies by Barsoum and Varshavsky [85] have demonstrated that the addition of 
growth factors and hormones such as insulin, vasopressin, and epidermal growth 
factor also affects the frequency of DHFR gene amplification. These studies 
have shown that a variety of factors can increase the frequency of gene amplifica­
tion in vitro. These include agents that stimulate cell growth as well as agents 
that inhibit DNA synthesis. On the other hand, studies have also shown that 
treatment of cells containing amplified DHFR genes on DMs with hydroxyurea 
enhances the loss of these amplified genes from cells [86). Thus, it appears that 
there are agents which may increase the frequency of gene amplification and 
agents that may hasten the loss of amplified sequences. Understanding the 
mechanisms involved in gene amplification may provide insights into therapies 
aimed at decreasing the development of this phenomenon. 

Pharmacologic Modulation of Drug Resistance 

Understanding the molecular mechanisms of MDR has improved the prospects 
for the development of agents that may modulate this resistance. The cir­
cumvention of MDR by modulating the accumulation of cytotoxic agents is of 
particular interest. Some drugs that do not themselves possess any antitumor 
activity have been shown to potentiate the cytotoxic effects of anticancer drugs 
in multidrug-resistant cells (Table 4). The calcium antagonists, calmodulin in­
hibitors, polyene antibiotics, triparanol analogs, and antiarrhythmic agents exert 
their effect, at least in part, by increasing the net accumulation of antineoplastic 
drugs in relatively resistant tumor cells. 

Calcium antagonists are one of the newest groups of drugs that are capable of 
reversing drug resistance in experimental tumor systems. Tsuruo et al. [87] dem­
onstrated in 1981 that both in vitro and in vivo resistance to vincristine in P388 
leukemia was reversed with verapamil. The combination of vincristine and vera-
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pamil improved survival in mice inoculated with a vincristine-resistant P388 
leukemia, while cellular accumulation of vincristine was increased by exposure 
of the drug-resistant cells to verapamil. Alterations in vincristine binding to 
tubulin were not observed. 

Subsequent studies have demonstrated that the cytotoxicities of other anti­
neoplastic drugs may be enhanced by calcium channel blockers. In studies with 
P388 leukemia and Ehrlich ascites cells, verapamil produced marked potentia­
tion of daunorubicin and doxorubicin (Adriamycin) cytotoxicity [88]. Slater et 
al. [88] noted that the survival of mice with a daunorubicin-resistant Ehrlich 
ascites tumor was increased from 22 to 44 days when verapamil was administered 
together with daunorubicin. 

Although verapamil does block calcium channels, the role of calcium in 
the expression of pleiotropic drug resistance and the importance of altera­
tions in calcium fluxes in the reversal of resistance are still not clear. Tsuruo 
initially postulated that verapamil reversed drug resistance by inhibition of a 
calcium-dependent drug efflux system [87]. However, Kessel [89] was unable 
to demonstrate alterations in 45Ca fluxes in P388 drug-sensitive and drug­
resistant cells following treatment with either verapamil or nitrendipine [89]. In 
addition, the elimination of calcium from the media did not affect anthracycline 
transport. 

However, other studies did demonstrate that verapamil efflux was more rapid 
in the drug-resistant cell line. These results suggested that verapamil may be 
competing for the same outward transport system as P170 and may be responsi­
ble for the decreased accumulation of anthracyclines in doxorubicin-resistant 
P388 cells. Indeed, using membrane vesicles from sensitive, resistant, and rever­
tant KB cells, Cornwell et al. [90] found that vesicles from resistant cells 
(containing increased levels of P170) bound eightfold more [3H]vinblastine than 
sensitive cell vesicles. The binding of [3H]vinblastine was inhibited by vinblas­
tine, vincristine, daunomycin, verapamil, nifedipine, and quinidine, but it was 
not affected by dexamethasone, colchicine, and actinomycin D. Thus, this assay 
may prove useful for screening agents that may reverse binding to or inhibition 
of P170 function. 

Clinical Approaches to MDR 

The clinical approaches to MDR are as diverse as the problem. How can gene 
amplification be modulated or avoided in a clinical setting? Does combination 
chemotherapy affect gene amplification? Can bone marrow cells be made more 
resistant to the cytotoxic effects of chemotherapy which limit treatment? Are 
agents such as verapamil useful in reversing drug resistance? 

The clincial usefulness of verapamil in the reversal of MDR may depend on 
the plasma levels that can be achieved. Most in vitro studies with murine leuke­
mia have shown a dependence on the concentration of the calcium channel 
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blocker and used verapamil concentrations of 1-3 JLg/ml [91]. These levels are 
substantially higher than the peak plasma levels of verapamil (400-500 ng/ml) 
that have been achieved following daily doses of verapamil in cardiac patients 
[92]. Following a single intravenous dose, verapamil plasma levels decrease in a 
biexponential manner, with an initial half-life of 18-35 min. Verapamil is rapidly 
metabolized in the liver, with only 15% of the drug remaining unchanged in the 
body 1-2 h after administration [92, 93]. The maximally tolerated level of vera­
pamil and the safe duration of infusions that can be maintained in cancer pa­
tients have yet to be determined. The major toxic effects of verapamil are 
hypotension, bradycardia, and congestive heart failure; these effects are usually 
reversed by stopping the infusion. Occasionally, the cardiac toxicities require 
treatment with atropine, calcium gluconate, or vasopressors. Adverse side 
effects are more likely to occur in patients with either poor left ventricular func­
tion, sick sinus syndrome, or atrioventricular conduction delay [93]. 

The use of intravenously administered verapamil in cancer patients has been 
studied in a phase I pharmacokinetic study of vinblastine and verapamil. In this 
study, verapamil was administered as a loading dose (0.02-0.1 mg/kg), followed 
by a maintenance infusion (0.036-0.18 mg kg -lh- 1) for 5 days, with continuous 
cardiac monitoring [94). Junctional cardiac arrhythmias and increased P-R inter­
val were the dose-limiting toxicities observed in this trial. Verapamil levels of 
70-200 nglml were achieved using this schedule. 

In a trial in the National Cancer Institute (NCI) Medicine Branch [95], refrac­
tory ovarian cancer patients are being treated with a combination of verapamil 
and doxorubicin. Pharmacokinetic and toxicity data revealed plasma levels in 
the range of 2000-4000 ng/ml, higher than previously reported without dose 
escalation. The levels of verapamil achieved with this intensive schedule are 
comparable to the concentrations of verapamil that produced a dose-modifying 
factor of 1.5-4.3 in human ovarian cancer cell lines established from drug­
refractory patients in vitro [96]. In this study, the high levels of verapamil 
achieved do not appear to increase the acute noncardiac toxicity of doxorubicin. 
Myelosuppression and gastrointestinal toxicity were similar to that reported with 
doxorubicin alone in this patient popUlation [95]. However, the dose escalation 
on day 1 of verapamil produced significant acute cardiac toxicity. Three of the 
six patients developed second-degree heart block or hypotension. Two patients 
also had increased pulmonary capillary wedge pressure. 

The use of verapamil in combination with antineoplastic agents must be 
carefully evaluated. In particular, the effect of verapamil on the incidence and 
severity of doxorubicin-induced cardiomyopathy has not yet been established. 
This is important since verapamil administration increased the cardiotoxic doses 
doxorubicin [97). In another study done in Swiss mice, although doxorubicin 
cardiomyopathy was not potentiated by verapamil, nifedipine was found to exert 
a synergistic effect on doxorubicin cardiac toxicity [98]. Thus, the effect of cal­
cium channel blockers on doxorubicin cardiotoxicity in patients will need to be 
established by careful serial cardiac evaluation during clinical trials. Verapamil 
may prove to be more useful in combination with agents such as vinblastine, 
which does not cause cardiac toxicity. 
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Other Drugs that Reverse Drug Resistance 

Recent experimental studies suggest that pharmacologic manipulation of drug 
resistance is not limited to agents that alter drug accumulation in resistant cells. 
In fact, elevated cellular GSH levels are present in some drug-resistant lines 
[21]. Agents that lower GSH levels both in vivo and in vitro are being examined 
as potential modulators of drug resistance. 

GSH, a tripeptide thiol found in all animal cells, plays a critical role in a variety 
of cellular functions, including drug metabolism, amino acid transport, and pro­
tection from toxic metabolites. This latter function may account for the correla­
tion between GSH levels and the cytotoxicity of some anticancer agents. GSH 
may decrease the cytotoxicity of some drugs by increasing their metabolism to 
less active compounds or by detoxification of any drug-induced free radical 
species. Increased metabolism to less active compounds is catalyzed by GSTs. 

Free radical detoxification occurs through the oxidation-reduction cycle of 
GSH and the enzymes glutathione reductase, glutathione peroxidase, and super­
oxide dismutase. The role of free radicals in the cytotoxicity of doxorubicin re­
mains controversial, although free radical-induced damage is clearly a mecha­
nism of anthracycline-induced cardiac damage. Similarly, intracellular thiols are 
also thought to be involved in modulating the effects of radiation by detoxifica­
tion of free radicals generated by irradiation. Indeed, agents that lower levels of 
intracellular GSH have been shown to increase radiation sensitivity [99-101] and 
doxorubicin toxicity [102]. 

In addition to drug detoxification, GSH may also modulate the efficacy 
of antineoplastic drugs or irradiation by facilitating the repair of drug- or 
irradiation-induced damage to DNA. Human lymphoid cells in tissue culture can 
be protected from the effects of radiation by the addition of glutathione 
monoethyl ester to the medium [103]. The mechanism of this protection is not 
known. Since some protection can be observed even when glutathione ester is 
given after irradiation, the mechanism may include the enhanced repair of DNA 
damage. 

A variety of agents have been used to decrease GSH levels, e.g., the oxidizing 
agent diethylmaleate. Until recently, the lack of specificity, accompanying toxic­
ity, and the rapid resynthesis of GSH after removal of these agents have limited 
any potential clinical application. Depletion of GSH by selective inhibition of 
the enzymes involved in GSH synthesis may prove to be more clinically 
appropriate [104]. Buthionine sulfoximine (BSO) is a synthetic amino acid that 
inhibits the enzyme '}'-glutamylcysteine synthetase and leads to a marked reduc­
tion in cellular GSH levels. While animal toxicity studies with BSO are limited, 
preliminary whole-animal toxicology indicates that mice can tolerate transient 
depletion of GSH in the kidney, liver, and plasma [104]. On the basis of these 
earlier results showing that alkylating agent resistance was accompanied by 
increased GSH levels, Suzukake et al. [105] studied the effect of BSO on the 
cytotoxicity of LP AM in LP AM-sensitive and -resistant L1210 leukemia. They 
found that BSO at nontoxic concentrations (50 p.,M) reduced the GSH level by 
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50% and completely restored sensitivity to LPAM in an LPAM-resistant L1210 
cell line. 

The levels of GSH in human ovarian cancer cell lines and the effect of BSO 
upon LPAM cytotoxicity have also been examined [106]. Compared with cell 
lines established from previously untreated patients, GSH levels were elevated 
two- to threefold in cell lines established from patients refractory to alkylating 
agent-containing combination chemotherapy regimens. In addition, an LPAM­
resistant variant cell line, 1847ME, developed in vitro, was also found to have a 
twofold elevation in GSH content relative to its parental drug-sensitive cell line. 
Incubation of the tumor cells with BSO at doses that are nontoxic to tumor cells 
decreased GSH levels to 20% of the control value and increased the cytotoxicity 
of LPAM in both parental and LPAM-resistant cell lines. Although GSH may 
playa role in the protection of cells from alkylators such as LPAM, the mecha­
nism of this protection is not clear. 

The effect of BSO-mediated depletion of GSH on the cytotoxicity of antineo­
plastic drugs to normal tissues may determine the potential clinical relevance of 
such an approach. Since GSH depletion will likely potentiate the cardiac toxicity 
of anthracyclines, such a combination of doxorubicin plus BSO would not ap­
pear to be clinically useful. However, preliminary observations in mice and in 
human bone marrow cells suggest that BSO may selectively potentiate the toxic­
ity of LPAM in tumor cells compared with normal tissues, although the reasons 
for any difference are unclear. The "rescue" of GSH depletion may be possible 
in normal tissues by the administration of compounds such as glutathione ester, 
which, in contrast to GSH, is rapidly transported and hydrolyzed intracellularly. 
Indeed, glutathione ester has been used to partially protect against the lethal 
effects of irradiation even when administered after irradiation of human lym­
phoid cells [107]. Any clinical trial of BSO in combination with alkylating agents 
or cis-platinum must await the completion of animal toxicology studies and addi­
tional pharmacologic studies in the appropriate experimental systems. 

Genetic Approaches to Resistance 

Advances in molecular biology have opened the way for new approaches to the 
treatment of drug-resistant tumors. Since myelosuppression is one of the limiting 
toxicities of many cytotoxic agents, insertion of drug resistance genes into bone 
marrow stem cells may permit the safe use of higher doses of systemic chemo­
therapy. Cline et al. [108] demonstrated the feasibility of this approach using 
a gene coding for an altered DHFR that had a reduced affinity for MTX. Follow­
ing DNA-mediated transfection into mouse bone marrow cells, the recipient 
cells were able to render an irradiated animal less sensitive to MTX. Using im­
proved techniques, Carr et al. [109] have demonstrated similar findings. Despite 
technical improvements, this approach is limited by the relatively poor efficiency 
of transfer of DNA into the marrow cells using standard techniques. 
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However, recent advances now permit the efficient transfer of genes into bone 
marrow cells using defective retroviral vectors [110]. The use of such vectors 
should make it practical to consider the transfer of drug resistance genes, such as 
an altered DHFR gene [111, 112], into pluripotent marrow stem cells. As pro­
gress is made regarding retrovirus receptors, it may prove possible to genetically 
engineer vectors that are able to penetrate specific populations of bone marrow 
cells, or alternatively to specifically infect tumor cells. 

In particular, the use of self-inactivating (SIN) retroviral vectors may prove 
useful. These vectors provide a potentially effective clinical means to introduce 
drug resistance genes into stem cells [113]. SIN vectors lack enhancer and pro­
moter functions in their long terminal repeats (LTRs), which should minimize 
the possibility of activating cellular oncogenes. When viruses derived from SIN 
vectors are used for infection, transcriptional inactivation of the provirus in the 
infected cell occurs. These vectors may provide major advantages for safer gene 
therapy. While the use of these vectors in the treatment of inborn errors of 
metabolism is being anticipated, it is also possible that such vectors will ultimate­
ly have a role in the treatment of cancer. Although the use of retroviral vectors 
or inducible antisense constructs for drug resistance genes is not at the level of 
clinical testing, the advances in recombinant DNA technology have made them 
realistic considerations. 

Conclusions 

The phenomenon of drug resistance is as diverse as the agents which are impli­
cated in its cause. Drug resistance is mediated in a number of ways, including 
defective carrier transport, increased cellular activity of drug-metabolizing en­
zymes, increased drug efflux, altered drug accumulation, increased inactivation 
by conjugation, altered receptors, altered cofactor levels, altered cellular repair 
mechanisms, and increased or altered levels of target proteins. Although the 
diversity of mechanisms is striking, unique systems of multidrug-resistant cell 
lines exist which share common features. These cell lines exhibit decreased drug 
accumulation, increased drug efflux, gene amplification, unique patterns of 
cross-resistance to many agents which the cells have not been treated with, and 
expression of a 170 Ooo-dalton membrane glycoprotein with sequence homology 
to bacterial membrane transport proteins. 

Drug resistance is a major clinical problem. Its intricacies are just starting to 
be dissected. In the future, both pharmacologic and genetic approaches to over­
come drug resistance may prove useful. 
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10. Multidrug Resistance in Tissue Culture and 
Human Tissues 
A. Fojo 

Introduction 

Resistance to chemotherapy remains a major obstacle in the treatment of many 
malignancies. Successful chemotherapy is likely to evolve either from a con­
tinued search for new agents or from an understanding of the basis of drug resis­
tance, with the ultimate goal of finding ways to overcome this. A pessimist might 
be doubtful regarding the likelihood of finding effective new agents for tumors 
such as colon cancer, melanoma, and nonsmall-cell carcinoma of the lung. 
Although it is true that these malignancies have proven refractory to nearly all 
agents that have been tried, the same could have been said of many tumors we 
now consider curable. For this reason, the search for new agents must continue. 
But can we overcome drug resistance and make existing ineffective therapy suc­
cessful? In the laboratory, this has already been accomplished; whether this can 
be achieved in a clinical setting is just beginning to be tested. 

This chapter will review multi drug resistance mediated by the mdr-1 gene 
whose product is P-glycoprotein. Recent developments have led to an increased 
understanding of this mechanism of resistance. Although we await evaluation of 
its clinical importance, some practical lessons have already been learned. 

Multidrug Resistance Phenotype 

It is interesting that in all the human and rodent systems that have been studied, 
the multi drug resistance phenotype has been remarkably similar [1-8]. From 
work in several laboratories, our understanding of this phenomenon has in­
creased substantially. We now recognize a set of traits that comprise the multi­
drug resistance phenotype, including: 

1. Resistance to a variety of natural products that are structurally unrelated, 
including the anthracyclines, actinomycin D, colchicine, the vinca alkaloids, 
and the podophyllotoxins. Alkylating agents are not included, although co­
resistance to these compounds is often seen in a clinical setting. 

2. Increased amounts of a 170 OOO-dalton membrane glycoprotein (P-170 or P-
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glycoprotein), originally described by Ling et al. [3]. This glycoprotein func­
tions as an energy-dependent efflux pump, which lowers intracellular drug 
concentration [7, 9, 10] 

3. Reversibility of the multidrug resistance phenotype by a group of diverse 
agents, including the calcium channel blockers, the phenothiazines, and some 
antiarrhythmic agents [11-13] . 

4. Cytogenetic evidence of gene amplification in highly resistant cell lines, 
including single- or double-minute chromosomes, homogeneously staining 
regions or abnormally banding regions [1, 14]. In some cell lines, resistance 
is unstable, with loss of tolerance when cells are maintained in drug-free 
medium, and cytogenetic analysis has demonstrated the presence of single­
and double-minute chromosomes. In other cell lines, homogeneously staining 
regions have been identified, and in these the phenotype is more stable. 

Characterization of Multidrug Resistance 

The cytogenetic evidence of gene amplification has been substantiated by the 
isolation of genomic and cDNA probes which recognize amplified/overexpressed 
sequences in multidrug-resistant cell lines [14-20]. Several approaches have 
been utilized to isolate these molecular probes, demonstrating the options avail­
able for successful cloning. In multidrug-resistant human KB carcinoma cell 
lines , a modification of the technique of in-gel renaturation developed by Ronin­
son was used to obtain cloned fragments from two independent cell lines (Fig. 
1) [14]. Gene amplification in these cell lines had previously been demonstrated 
utilizing a DNA segment also which was cloned from multidrug-resistant ham­
ster cells, taking advantage of the increased frequency of renaturation of am­
plified sequences [15, 16]. In multidrug-resistant Chinese hamster ovary cells, 
cDNA clones encoding part of P-glycoprotein were isolated from an expression 
library, utilizing an antibody against P-170 [17]. In addition, the mdr-l gene and 

Fig. 1. Southern blot analysis of DNA from five KB 
(He La) cell lines hybridized with a probe obtained by 
cloning amplified sequences from a multidrug-resistant 
cell line . The probe was isolated using a m odification of 
the in-gel renaturation procedure described by Ronin­
son. The left-hand lane shows the single copy signal in 
the parental KB cell line, while the right-hand lane 
shows the same results in a revertant obtained by grow­
ing a multi drug-resistant cell line out of selection 
medium. The three middle lanes show amplification of 
the same 4.0 KB Hind III fragment in three indepen­
dently selected multi drug-resistant cell lines 
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four other genes that are overexpressed and amplified in this same cell line 
were identified by differential screening of a cDNA library [18]. Finally, in 
Chinese hamster lung cells, amplified/overexpressed sequences were identified 
by cDNA screening with amplified DNA probes obtained by Cot (10-300) 
enrichment of DNA from a multidrug-resistant cell line [19]. Although iso­
lated from independently selected cell lines, the probes in all cases recognize 
a 4.8-kb mRNA species that is the product of the mdr-1 gene and encodes 
P-glycoprotein. 

A Model for the mdr-l Gene Product (P-Glycoprotein) 

The primary sequence of P-glycoprotein has been determined in human and 
rodent systems from sequence data obtained with full-length cDNAs [20, 21]. 
The results demonstrate an open reading frame for a protein of 1276-1280 ami­
no acids. Analysis of the sequence suggests that the molecule arose as a result of 
an internal duplication, with both segments containing a consensus ATP binding 
site. In addition, inspection of the deduced sequence reveals the presence of six 
hydrophobic regions in each half of the molecule, fitting all criteria for trans­
membrane domains, and several potential glycosylation sites. Consequently, the 
model can be viewed as two domains, each with an ATP binding site, function­
ing as an energy-dependent transport system involved in active drug efflux. 

Function of P-Glycoprotein/Photoaffinity Labelling 

A role for P-glycoprotein as an energy-dependent efflux pump had been pre­
viously suggested from experiments in several laboratories investigating drug 
accumulation and drug efflux in multidrug-resistant cell lines. Increasing levels 
of drug resistance are associated with decreased accumulation and rapid efflux 
from drug-loaded cells. This reduced accumulation had been previously demon­
strated to be energy dependent [7, 9,10,22]. Drug efflux requires initial binding, 
and this has been studied utilizing membrane vesicles prepared from multidrug­
resistant cells [23-27]. In KB cells, these vesicles bind increased amounts of 
[3H]vinblastine, and the drug-binding component has been identified as P­
glycoprotein by utilizing an iodinated photo affinity analog of vinblastine eZ5I­
labelled NASV) [24]. Following photoactivation, this analog labels a 170000-
dalton protein which can be specifically immunoprecipitated with monoclonal 
antibody C219, which recognizes P-glycoprotein. The labelling can be inhibited 
by excess cold vinblastine or vincristine, and to a lesser extent by daunomycin 
and actinomycin D, suggesting that P-glycoprotein can bind these drugs and is 
therefore likely to be directly involved in their efflux from cells. 
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This system also provides a means of studying agents which reverse multidrug 
resistance [25]. Both quinidine and verapamil are excellent inhibitors of 1251_ 
labelled NASV binding, whereas phenothiazines are not. These findings indicate 
that there is more than one mechanism for reversing drug resistance mediated by 
P-glycoprotein. This raises the possibility that synergism could be obtained by 
combining agents with different mechanisms. In a clinical setting, this may prove 
to be of value. 

MDR-l Gene and Drug Resistance 

Before considering a possible role for the mdr-1 gene in clinical drug resistance, 
its importance in clinical cell culture had to be firmly established. The evidence 
that the mdr-1 gene plays a role in drug resistance includes the following: 

1. Numerous independently selected human and rodent multidrug-resistant cell 
lines have amplified the mdr-1 gene [14-19]. 

2. Reversion of the multidrug-resistant phenotype following the withdrawal of 
selective pressure is associated with a decrease in mdr-1 expression and 
amplification [28]. 

3. Sensitive cells transformed with DNA from multidrug-resistant cell lines 
develop a pattern of multidrug resistance similar to that of the donor cell line 
and have increased amounts of mdr-1 mRNAIP-glycoprotein [29]. 

4. Full-length cDNAs for the mdr-1 gene can confer the multi drug resistance 
phenotype following transfection [30, 31]. 

Taken together, these results provide strong support for a role of the mdr-1 
gene in multidrug resistance in tissue culture systems. 

Increased Expression Can Precede Gene Amplification 

In several well-studied models of drug resistance, gene amplification has been 
identified as the primary molecular alteration, with less emphasis given to 
expression [32]. With mdr-1, the degrees of overexpression and amplification 
vary widely among various resistant cell lines [28]. The KB carcinoma cell lines 
KB-A1 and KB-V1, the 2780 ovarian carcinoma cell line selected with doxorubi­
cin (Adriamycin), and the CEM lymphoblastic cell line selected with vinblastine 
all have similar levels of mdr-1 expression but have amplified the gene 10-160 
times. These findings suggest that at some step during the selection of these cell 
lines, expression and amplification were not coordinated. In addition, in one of 
the KB carcinoma cell lines, the early steps of incremental increases in drug 
resistance were characterized by increased expression without gene amplifica-
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tion. These early steps have levels of resistance that most likely correspond to 
those found in a clinical setting. This suggests that clinical drug resistance may 
result from increased expression without amplification. The paucity of examples 
of gene amplification in a clinical setting could in part be explained by this, and it 
argues for measuring the levels of mdr-1 mRNA or the protein product. 

Expression of mdr-l Gene in Normal Tissues and Tumors 

Expression of the mdr-1 gene has been detected in specific normal human tissues 
[33] (Table 1). A survey of normal tissues shows that mdr-1 is expressed at low 
levels in most organs but at higher levels in a few. The mdr-1 gene is expressed at 
very high levels in the adrenal gland; at high levels in kidney; at intermediate 
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Table 1. mdr-l mRNA in normal tissues [33] 

Tissue or cell line" 

Adrenal (4) 
Adrenal medulla 
Kidney (6) 
Kidney medulla 
Colon (10) 
Liver (4) 
Lung (9) 
Jejunum 
Rectum 
Brain 
Prostate 
Skin, subcutaneous tissue, skeletal 
muscle, heart, spleen (2), bone 
marrow (3), lymphocytes, 
esophagus, stomach, ovary, kidney 
cortex, spinal cord 
KB-3-1 
KB-8-5b 
KB-VI (Vbl)C 

mRNAleveld 

160 
>500 

50 
75 
31 
25 
20 
20 
20 
12 
8 

1-5 
1 

40 
>500 

aNumber of tissue samples studied (when> 1) is given 
in parentheses. Values given are means. 
bResistance relative to the parent KB-3-1 is 3-fold for 
doxorubicin and 6-fold for vinblastine. 
C Resistance relative to the parent KB-3-1 is 420-fold for 
doxorubicin and 210-fold for vinblastine (Vbl). 
d Quantitated by densitometry of slot blots of 10 JLg of 
total RNA. Values, expressed relative to level for drug­
sensitive KB-3-1 cells, were determined by comparison 
with KB-8-5 RNA, which gave a reproducible, easily 
detectable signal. 



Fig. 2. Photomicrograph of a kidney cortex showing the results of an RNA in situ hybridization 
experiment performed utilizing a 35S-labelled RNA probe encoded by the middle one-third of the 
mdr-l mRNA. Several proximal tubules surrounding a glomerulus can be identified. The grains 
localize mdr-l expression to the proximal tubules of the kidney 

levels in lung, liver, jejunum, colon, and rectum; and at low levels in many other 
organs. Expression is not only organ specific but can be localized to specific areas 
within each organ by in situ hybridization with RNA probes . In the kidney and 
colon, expression is seen in the proximal tubule and surface epithelium, respec­
tively (Fig. 2). In the liver, there is uniform distribution of message among the 
hepatocytes. All three layers of the adrenal cortex have readily detectable levels, 
which are lowest in the zona reticularis. In the adrenal medulla, expression is 
confined to the ganglion cells. Although mdr-1 was isolated from multidrug­
resistant cells, the normal tissue survey suggests that P-glycoprotein has a nor­
mal function at these sites. One possibility is a role in the excretion of drugs or 
other organic molecules. As other genes for drug resistance are identified , it is 
likely that expression in some normal tissues will also be demonstrated. 

To a certain extent, the normal tissue expression has been predictive of ex­
pression in untreated tumors [33] (Table 2). Elevated mdr-1 expression has 
been found in many, but not all, tumors from the adrenal gland, colon, and 
kidney, organs with elevated mdr-1 mRNA levels (Fig. 3). These findings sug­
gest that the mdr-1 gene can continue to be expressed after transformation to the 
malignant phenotype , where it may playa role in the failure of initial chemother­
apy. Examination of such expression by in situ hybridization demonstrates 
homogeneous expression in some tumors, but a heterogeneous pattern in many 
[34]. Examination of tumors in this fashion may help to provide evidence sup-
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Table 2. mdr-l mRNA in tumors [33] 

Tumor 

Pheochromocytoma 

Neuroblastoma 

Adrenocortical cancer 

Colon cancer" 

Childhood cancers 
Neuroepithelioma 

Ewing's sarcoma 

Rhabdomyosarcoma 

Acute lymphoblastic leukemia 

Patient no. Treatmentb mRNA levelc 

6 
11 
12 
8 
9 
3 

10 

7 
2 
4 
5 

13 
1 
2 
3 
1 
2 
1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
1 
2 
1 
2 

1-9 
10 

Vcr 

Vcr, Dox 
Vcr, Dox 
Vcr, Dox 

5FU, MitC 

Vcr, ActD 
Vcr,ActD 
Vcr,ActD 
Vcr, ActD 
Vcr,ActD 
Vcr,ActD 

>500 
67 
64 
61 
40 
26 
19 
18 
3 

15 
13 
1 
1 
1 

25 
24 
10 
72 
2 

20(42) 
23(29) 
54(17) 
41(21) 
20(19) 
18(31) 
76(84) 
7(6) 

8 
7 
1 
7 
7 

74 
5-14 

68 

Vcr, vincristine; Dox, doxorubicin; 5FU, 5-ftuorouracil; Mit C, mitomycin C; Act D, actinomycin D 
'Values for adjacent normal colon tissue are given in parentheses. 
bSome samples were from patients who had relapsed following combination chemotherapy, and 
some of the drugs these patients had received are shown. 
cRelative to KB-3-1 cells. Data are from densitometry of blots. 

porting the preexistence of resistant populations in untreated tumors, especially 
if serial samples can be obtained, and conversion to a more homogeneous pat­
tern is demonstrated. 

Increased levels have also been observed in some tumors at the time of re­
lapse following initial chemotherapy. These increased levels have been observed 
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T N 

3-1 8 

8-5 - . • Vbl 

2 - 2 

3 - _ · 3 

4 - 4 

5 - 5 

6 6 

7 7 

8 - - 8 

a 

288-

b Vbl T1 N1 T2 N2 T3 N3 T4 N4 T5 N5 T6 N6 T7 N7 T8 N8 

Fig. 38, b. mdr-l expression in normal colon (N) and colon tumors (n. Total RNA was analyzed by 
slot blot (10 /-Lg, a) and Northern blot (6 /-Lg , b) hybridization. A cDNA probe encoding the proximal 
one-third of the protein was used for the slot blot analysis after nick translation ; a riboprobe made 
from the middle one-third of the full-length cDNA was used in the Northern blot analysis. 3-1 is the 
parent KB (He La) subclone from which the multidrug-resistant KB sub lines were selected. 8 and 8-5 
Vbl are multidrug-resistant cell lines. The resistance relative to the parent cell line for 8-5 is 3-fold for 
doxorubicin and 6-fold for vinblastine; for Vbl these values are 10-fold for doxorubicin and 420-fold 
for vinblastine. In the Northern blot analysis only 1 /-Lg Vbl RNA was loaded, and the panel shown is 
a composite of three different gels , each with its own internal control 

both in tumors where elevated expression is found in untreated samples, such as 
pheochromocytomas and neuroblastomas, and in cases where levels are low be­
fore treatment, such as acute lymphocytic leukemia. How prevalent these results 
are awaits further analysis; however, in combination chemotherapy, it is clear 
that resistance need not develop to all agents utilized for treatment to fail. 
Prospective clinical studies now under way will answer questions regarding the 
role of mdr-l in primary and acquired resistance . 
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Clinical Applications and Future Directions 

Although it seems likely that more than one mechanism is responsible for mul­
tidrug resistance, the ability to identify tumors with increased mdr-l expression 
offers several possibilities. Determination of the levels of mdr-l mRNA could be 
used to predict sensitivity to chemotherapy, obviating the need for cumbersome 
culture assays. This will become more valuable as other molecular probes of 
drug resistance genes are identified and tested in the clinical arena. A related use 
would be in the assessment of recurrent disease, to ascertain whether resistance 
has developed during therapy. In addition, such identification, coupled with the 
knowledge that some agents can reverse multidrug resistance in tissue culture, 
may help to increase the effectiveness of current chemotherapeutic agents. 
Drugs such as quinidine and verapamil are active in culture, and quinidine is 
effective at levels used clinically to treat arrhythmias. Judgement of their clinical 
value awaits the results of studies now beginning, but these agents are certain to 
increase intracellular concentrations of drug in tumors expressing elevated levels 
of mdr-l. Whether this will translate into increased cytotoxicity remains to be 
determined. Finally, since the product of the mdr-l gene is a membrane glyco­
protein, it may be possible to construct conjugates of antibodies with toxins or 
radioisotopes that can be used therapeutically against drug-resistant tumor cells 
expressing it. 

Current efforts are directed toward clarifying the role of mdr-l in human 
tumors. These studies should help to determine whether the knowledge accrued 
in tissue culture can be successfully utilized in a clinical setting. 
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11. Development of New Chemotherapeutic Agents 
v. Narayanan 

Introduction 

There is a continuing need to discover and develop new chemotherapeutic 
agents for the treatment of cancer. The reasons are several. Cancer chemother­
apy generally cures only rare tumors such as choriocarcinoma, teratoma, hemo­
poietic malignancies, and childhood cancers. Very rarely, if at all, are drugs 
effective against major killers such as lung, colon, melanoma, and breast can­
cers. Even where some measure of effectiveness is achieved, this is usually due 
not to any single agent, but to a combination of drugs or combined modality 
treatment. Surgery and radiation treatments are no doubt very useful. However, 
these are limited by the tendency for many solid tumors to metastasize to distant 
sites, the metastatic event frequently occurring prior to diagnosis. Thus, chemo­
therapy will continue to playa vital role in the treatment of cancer. Clearly, the 
cornerstone of effective cancer chemotherapy is the drug molecule itself. 

Challenges of New Drug Discovery 

The research to discover new anticancer agents is particularly challenging be­
cause of several factors: (a) the lack of adequate knowledge of the biochemistry 
of tumor cell types and our inability to identify and define exploitable biochemi­
cal differences between tumor cell types and normal cells; (b) tumor heterogene­
ity; (c) the development of biochemical resistance to the drug or drugs used for 
treatment; and (d) the low predictability of animal tumor models, especially for 
solid tumors. Strategies for discovering new drugs involve two key steps: iden­
tification of new leads and structure-activity/toxicity fine-tuning. A small but 
significant number of new drug discoveries stem from "rational" drug design and 
analog synthesis. However, the majority of the new leads, both of synthetic and 
of nature product origins, are discovered through the "semirational" approach 
of screening. 
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Rational Drug Design 

The greatest success in the rational approach to anticancer drug design has been 
in the area of antimetabolites; in fact, of the antitumor agents with established 
clinical activity, six are rationally designed antimetabolites. The early develop­
ments of antifolates and purine antagonists by functional group replacements 
have given major impetus to the antimetabolite area [1]. There is continued 
interest in the development of novel antifolates, with the goal of improving the 
therapeutic index and overcoming methotrexate (MTX) resistance. These new 
compounds include alterations in the glutamic acid moiety of MTX, lipophilic 
diaminopyrimidines, and quinazoline derivatives. One diaminopyrimidine 
(metadichlorofen, DDMP) is currently in phase II clinical trials. As predicted, 
DDMP rapidly enters the central nervous system (CNS) and does not require a 
carrier-mediated transport system for cell entry. DDMP may also be useful in 
the treatment of MTX-resistant tumors. Quinazoline antifolates are inhibitors of 
both dihydrofolate reductase and thymidylate synthetase. The compound CB-
3717 is the tightest-binding thymidylate synthetase antifolate that has yet been 
synthesized, and its affinity for this enzyme is ten times greater than its affinity 
for dihydrofolate reductase. The compound has a high therapeutic index in pre­
clinical animal testing and is undergoing clinical trials. A recent development in 
this area is the use of computer graphics to simulate the formation of effective 
drug-enzyme complexes. 

The fact that the 5-position of uracil has to be methylated for thymidine and 
DNA synthesis led to the early rational design and development of 5-carbon­
substituted pyrimidine antimetabolites, the most significant of which is 5-
fluorouracil (5FU). Even now, 5FU continues to be the focus of attention as a 
model for pro-drug synthesis, as well as analog synthesis. Another example of 
rational design of an effective antimetabolite is arabinosylcytosine (ara-C). 

In recent years, several conceptual and methodological advances have pro­
vided new approaches to the design of enzyme inhibitors. Analogs of transition 
state intermediates (activated complexes formed by combination of the sub­
strates and synchronously converted into the products) would be ideal candidates 
to inhibit a particular enzymatic reaction because they could be tailored to fit the 
active site of the target enzyme. Some examples of compounds in this cate­
gory are the development of tetrahydrouridine as an effective inhibitor of 
cytidine deaminase, 2'-deoxycoformycin as an adenosine deaminase inhibitor, 
and N-(phosphonacetyl)-L-aspartate (PALA) as an inhibitor of aspartic­
transcarboxylase reactions. Another variation of the enzyme inhibition 
approach for designing anticancer agents is the concept of suicide enzyme inhibi­
tors. These are compounds that possess latent reactive functional groups which 
are unmasked by the enzyme, which is then inactivated; thus, the enzyme's own 
activity leads to its inhibition. Kcat inhibitors bind tightly to the enzyme, which 
is thereby permanently inhibited. An excellent example is L-difluoromethyl 
ornithine (DFMO), which inhibits polyamine biosynthesis by blocking ornithine 
decarboxylation. Preliminary studies indicate that DFMO in combination with 
cytotoxic drugs may have value in the treatment of cancer. 
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A new and exciting avenue for rational drug design is the emerging knowl­
edge of the processes of oncogene expression and activation. For example, it has 
been shown that tyrosine kinases can phosphorylate phosphotidylinositol, lead­
ing to the activation of protein kinase C and the C2+ /calmodulin-dependent 
pathways. Protein kinase C has been implicated in the tumor promotion action 
of phorbol esters. Mitogens such as epidermal growth factor (EGF) have also 
been shown to induce the phosphotidylinositol response. Therefore, synthetic 
drug design aimed at selective inhibition of protein kinase C would be very 
attractive. 

Molecular Modifications 

Once a promising "lead" compound, either a synthetic or natural product, is dis­
covered, it is exploited by the medicinal chemist through molecular modifica­
tions. The goal is to synthesize a drug having greater activity or less toxicity than 
the parent compound. Bioisosteric replacement is the principal tool that a medic­
inal chemist utilizes to develop analogs of lead compounds. The parameters 
being changed are molecular size, steric shape, bond angles, hybridization, elec­
tron distribution, lipid solubility, water solubility, pKa, chemical reactivity to 
cell components and metabolizing enzymes, and capacity to undergo receptor 
interactions through hydrogen bonding. Two examples will illustrate the scope 
of analog synthesis. Currently, there is a great deal of preclinical and clinical 
work going on in the design and development of "second-generation" anthracy­
clines. Doxorubicin hydrochloride (Adriamycin) analogs that do not appear to 
have the dose-limiting cardiotoxicity of doxorubicin and do not induce alopecia 
are under investigation, e.g., aclacinomycin, 4-demethoxydaunorubicin, and 4'­
epidoxorubicin. With regard to the platinum derivatives, the high clinical utility 
of cisplatin is restricted by the onset of limiting toxicities, the most important of 
which are nausea and vomiting, neurotoxicity, and myelosuppression. In an 
effort to improve the therapeutic index of cisplatin, there has been a strong 
interest in the development of second-generation analogs. It is only recently that 
clinical trials of several of the most promising analogs have been undertaken. 
The most important one to date is cyclobutanedicarboxylatoplatinum 
(CBDCA). In animal experiments and in early clinical trials, CBDCA shows 
comparable anticancer activity, with reduced nephrotoxicity and reduced acute 
gastrointestinal toxicity. 

Computer Models 

Computer graphics and non bonded energy calculations are being increasingly 
used to model the intercalative binding of compounds such as doxorubicin, 
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nogalamycin, distamycin, anthraquinone, and acridine derivatives to double­
stranded DNA. These compounds have actual or potential antitumor properties, 
which relate to their DNA-binding abilities. Computer simulation may thus be 
useful in drug design [2]. 

Another development is the application of computer simulation to under­
standing the effects of antimetabolites on metabolic pathways, e.g., models of 
antifolate action and of deoxyribonucleoside triphosphate and purine ribonu­
cleotide biosynthesis. Kinetic modeling of anticancer drug effects has been used 
to examine the dependence of drug sensitivity upon enzyme kinetic parameters 
and metabolic pool sizes, and to develop optimal ways to combine multiple 
drugs. 

Natural Products as Sources of New Leads 

Both natural products and compounds of synthetic origin are good sources of 
new anticancer leads. The natural products area encompasses fermentation, 
plant, and animal (especially marine) products. Anthracyclines, bleomycins, and 
mitomycins have emerged from fermentation broths. The higher plants have 
provided a few antitumor agents in current use-the Vinca alkaloids vinblastine 
and vincristine, and the podophyllotoxins, VP-16 and VM-26. The marine pro­
duct area is a relatively new one that is being explored. 

The Natural Products Branch of the National Cancer Institute (NCI) has re­
cently initiated a new program for the acquisition of unusual natural products. 
Novel techniques and unusual substrates are utilized to generate new leads. In 
vitro prescreens are also constantly improved or changed to increase the efficien­
cy of the program. Currently used screens include enzyme inhibition, tubulin 
binding, phage induction, DNA binding, and cytotoxicity against various murine 
and human cell lines. Active fractions from the in vitro prescreens are then 
tested against the in vivo systems in a drug development flow, which will be 
described later. Once the bioactive substance has been isolated and is free from 
contaminants, structure determination follows, a task that has been greatly 
accelerated through the use of modern high-resolution spectroscopic tools. 

Screening for New Leads 

The rest of the chapter will be devoted to discussing the screening approach to 
the discovery of new anticancer leads. Screening and unexpected (serendipitous) 
observations are, and always have been, responsible for the vast majority of new 
lead discoveries. Screening has the advantage over other more efficient proce­
dures of revealing unexpected chemical structural types to be agents active 
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under the test conditions. These lead compounds can then serve as starting 
points for further elaboration of suitable drugs. 

For several years, the NCI of the United States of America has supported and 
even now continues to engage in a major collaborative anticancer screening 
program [3]. The strategy for the discovery and development of new anticancer 
agents currently in place in the Drug Development Program at NCI is based on 
the acquisition and screening of a large number of widely varying compounds of 
both synthetic and natural product origins. 

A multidisciplinary systems approach for new drug discovery and develop­
ment has been adopted, based on continuous interactions and feedback between 
medicinal chemists, biologists, pharmacists, and clinicians. The various stages of 
drug development and the logic which guides the program are called the Linear 
Array. It delineates the steps which must take place to assure the flow of com­
pounds through the experimental systems and into the clinic: (a) acquisition of 
new compounds, (b) screening, (c) production and formulation, (d) toxicology, 
(e) phase I clinical trials, (f) phase II clinical trials, and (g) phase III and IV 
clinical trials. It also spells out the criteria for moving candidate compounds 
from one stage of development to another. The program has undergone many 
changes and refinements over the years. Discussions will focus on the input side: 
(a) selection and acquisition of compounds, especially of synthetic origin; and 
(b) biological evaluation. Finally, the novel compounds that are in various stages 
of development will be described. 

The flow of synthetic compounds occurs in three distinct stage: the acquisition 
phase, the preselection phase, and the anticancer evaluation phase. Several 
mechanisms are available for the input of novel compounds to the program, 
namely, voluntary submissions, active solicitations, contracts, and grants. The 
vast majority of compounds are acquired from industries, both domestic and 
foreign, on a voluntary basis under provisions of confidentiality. Continuous 
literature surveillance is also employed to select compounds on the basis of 
relevant chemical, biochemical, pharmacological, and biological criteria. These 
compounds encompass a large variety of structural types, prepared as synthetics 
or isolated from plants, fermentation broths, and marine organisms. 

Anticancer Test Systems 

The development of predictable animal tumor models for identifying clinical 
candidates continues to be a major challenge [4]. The biological systems that are 
used to evaluate new compounds for anticancer activity are summarized in Table 
1. The mouse P388 leukemia model is used as a prescreen to select new com­
pounds for secondary evaluation against a panel of tumors. Occasionally, the 
P388 pre screen is bypassed for compounds that have shown either (a) activities 
in antitumor screens not available at NCI or (b) other pertinent biochemical or 
biological activities. The tumor panel consisted of eight cancer models in mice-
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five transplanted mouse tumors (L121O leukemia, B16 melanoma, colon, breast, 
and lung) and three human xenografts (colon, breast, and lung) implanted under 
the kidney capsules of mice. As a result of retrospective analysis, the tumor 
panel has been modified recently: the current panel consists of three trans­
planted mouse tumors (L121O leukemia, B16 melanoma, and M5076 sarcoma) 
and the mammary human tumor xenograft in athymic mice. Two different para­
meters are used for evaluating the activity of a compound, either the increase in 
life span of the treated versus the control mice or the reduction in tumor weight. 
In recent years, the human tumor colony-forming assay (HTCFA) has also been 
utilized to identify new compounds for clinical evaluation. 

Preselection 

A two-stage strategy has been developed to preselect compounds for screening, 
namely, (a) a computer model and (b) structure-activity analysis. The objective 
of preselection is to enhance the cost-effectiveness of the drug discovery process 
by decreasing the number of compounds acquired for screening in the tumor 
panel while improving the quality of the input. 

A variety of criteria are used to select compounds for screening. The litera­
ture is extensively scanned to identify a rational basis for selection, e.g., anti­
tumor activity reported in other screening programs or compounds reported 
to exhibit relevant biochemical and other biological activities and structural 
features suggestive of effects on enzymatic processes relevant to cancer chemo­
therapy. However, by and large, the majority of compounds come with only 
structural information. A computerized model has been developed that aids us 
in selecting compounds for screening on the basis of structural information alone 
[5]. 

Computer Model 

The main features of the computer model are: (a) it evaluates a broad range of 
compounds; (b) it utilizes structural fragments (keys); (c) it utilizes the NCI 
screening experience with P388, L121O, and B16; and (d) it integrates the mas­
sive volume of structural data and screening experience to predict novelty and 
activity for each compound under consideration. 

The structural features used are those routinely generated as keys for the 
substructure inquiry system. The system incorporates an open-ended feature set 
as opposed to a dictionary (roughly 8000 structural features). The main types of 
keys are: (a) augmented atom keys (AA), which consist of a central atom, its 
bonds, and the neighboring atoms attached to the bonds, all combinations of 
attachments being permitted; (b) ring keys; (c) two kinds of nucleus keys; and 
(d) individual element keys (Fig. 1). The method assigns weight to each feature 
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C-C C-O C-C-O 

o 
II 
C C-O 

Keys Describing Ring Systems 

RS16,6 

"resonant" bonds 
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RIN C5N 11,11 
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Miscellaneous 

Elements, Assfd Structural Characteristics, 

some Non-structural Characteristics 

Fig. 1. Structural fragments (keys) 
used in computer model for selection 
of compounds for screening 

according to the statistical significance of its contribution to activity, using the 
P388, L121O, and BI6 screening data. An unknown compound is scored by 
adding the weights of its dozen or so structural features. The score is not in­
tended to estimate the strength of activity, but only to provide some measure of 
the likelihood of the compound having anticancer activity. 

Regardless of activity, another useful measure supplied by the computer is an 
indication of novelty based on the large number of compounds tested against 
P388, L121O, and B16. Compounds are flagged as unique if they have a key 
which never occurred in all P388, L121O, and BI6 testing. For each new com­
pound, the feature that occurs least often is printed along with its frequency of 
occurrence. If the key occurring least often in the compound has appeared more 
than 100 times, the compound is considered adequately studied. Novelty scores 
are even more useful in selecting compounds for acquisition. It must be empha­
sized that although this method is computerized, it is not designed to automati­
cally pass or reject compounds. It serves as a tool to aid the medicinal chemist in 
selecting compounds. In practice, the method is very useful for rejecting com­
pounds. The acquisition/selection process is summarized in Fig. 2. 
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Fig. 2. Process of acquisition/selection of new compounds for screening 

Structure-Activity Analysis 

10000 Antitumor 
Screen 

Detailed structure-activity analyses based on our large chemical-biological data 
base are an integral part of our acquisition and synthesis activities [6]. Large­
scale analyses of NCI data files have become feasible because of the develop­
ment of the chemistry-biology interlink and its active implementation during the 
past couple of years. Such activity analyses allow us to select compounds for 
screening maximizing structural uniqueness and anticancer potential. It also 
allows us to identify gap areas for further research. 

New Anticancer Leads in Development 

Figure 3 illustrates several examples of new anticancer leads that are currently 
under active development [7]. A brief description of these compounds is given 
below. 

Mitoxantrone 

The history of the development of dihydroxyanthracenedione (DHAQ, mito­
xantrone) richly illustrates the value of screening in identifying new leads and 
the result of scientific collaboration and cooperation among a chemical com­
pany, a government agency, and a drug research team. The original compound, 
1 ,4-bis(2-[ (2-hydroxyethyl) amino ]ethylamino )-9 ,lO-anthracenedione, developed 
to be used as a ball-point ink, was shown to possess significant antineoplastic 
activity. Prior to the discovery of the above compound, antracenediones in 
general had shown very little, if any, anticancer activity. The high antineoplas­
tic activity of the new lead compound made it an obvious candidate for analog 
studies, from which emerged DHAQ. DHAQ demonstrated outstanding anti­
cancer activity against P388 and L12l0 leukemias, Bl6 melanocarcinoma, and 
colon adenocarcinoma 26 in experimental animals. Tumor responses have been 
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Fig. 3. New anticancer leads currently under active development 

achieved in phase I trials in a wide spectrum of tumors-leukemia, lymphoma, 
and solid tumors. Antitumor activity has been reported in phase II trials in 
metastatic breast cancer and adult and pediatric leukemia. This drug has been 
approved for use in several countries for treatment of carcinoma of the breast 
including locally advanced and metastatic diseases. In the USA it is approved for 
the treatment of acute nonlymphocytic leukemia. 

Anthrapyrazoles 

A series of 5-[(aminoalkyl)amino]-substituted anthra[l, 9-cd]pyrazol-6 (2H)­
ones (anthrapyrazoles) were synthesized by the Warner-Lambert/Parke-Davis 
Co. in a congener program to modify the anthracenedione nucleus, in an effort 
to reduce the tendency to form semiquinone free radicals, which is believe to be 
the major cause of the cardiac toxicity of these compounds. Many of the com­
pounds were highly active against a variety of preclinical tumor systems, e.g., 
L12!0 leukemia, B16 melanoma, M5076 sarcoma, and MX-l mammary xeno­
graft. Several of the compounds studied were curative against every tumor of the 
above panel. Because of the high activity of the anthrapyrazoles as a class in the 
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NCI tumor panel, additional testing was necessary to identify potential clinical 
candidates, including mammary adenocarcinoma 16C, colon adenocarcinoma 
lla, and Ridgway osteogenic sarcoma. These preclinical data suggest that 
anthrapyrazoles are similar to doxorubicin in both degree and spectrum of activ­
ity. On the basis of their high level of broad-spectrum activity, ease of formula­
tion, possible lack of cross-resistance with doxorubicin, and potential lack of 
cardiotoxicity, three compounds in the series were selected for further preclini­
cal evaluation and possible clinical development. Two compounds have entered 
phase I clinical trials. 

Tiazofurin 

Tiazofurin is another excellent example of discovery through screening. Com­
pounds prepared as part of a targeted research effort to find new antiviral agents 
were selected by NCI for antitumor screening, on the premise that compounds 
known to exhibit certain types of biological activity may have an enhanced prob­
ability of exhibiting anticancer activity. From this effort emerged 2-{3-D­
ribofuranosylthiazole-4-carboxamide (Tiazofurin), which has shown remarkable 
activity against Lewis lung carcinoma in mice, producing ten out of ten long­
term survivors at several dose levels. Also, Tiazofurin has demonstrated good 
activity against L1210 and P388 murine leukemias in vivo. The compound is of 
considerable biochemical interest since it has been shown to be a specific inhibi­
tor of inosine monophosphate (IMP) dehydrogenase. The compound is metabo­
lized to a nicotinamide adenine dinucleotide (NAD)-like structure, where the 
nicotinamide portion is replaced by thiazole-4-carboxamide. Tiazofurin is in 
phase II clinical trials. 

Tetraplatin 

Tetraplatin is a new platinum IV coordination complex with octahedral geome­
try in contrast to the square planar cisplatin. Unlike several other platinum com­
plexes, the compound, is stable, water soluble, and can be obtained in good 
purity. The compound is about equal in potency to cisplatin, but it has slightly 
greater efficacy against intraperitoneally implanted L1210 leukemia. Interesting­
ly, tetraplatin shows activity against a subline of L1210 leukemia which has ac­
quired resistance to cisplatin, even to the point of producing long-term survi­
vors. Renal biochemical toxicity studies are underway. The compound has been 
licensed to Upjohn company and is undergoing preclinical toxicology studies. 

Merbarone 

5-(N-phenylcarboxamide)-2-thiobarbituric acid (merbarone), in contrast to 
other barbiturates, has shown exceptional antitumor activity agaisnt the L1210 
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leukemia, as well as good activity against the B16 melanoma and M5076 sarco­
ma. Importantly, the compound shows curative activity against L1210 when the 
L1210 leukemia implant site is distant from the drug injection site (intraperi­
toneal administration for subcutaneous tumor). Merbarone is also active against 
resistant L1210 and P388 lines. However, the compound is only marginally ac­
tive against intracerebrally implanted tumor. The lack of strong CNS effects, 
indicating that the compound does not penetrate the CNS, can be explained on 
chemical grounds. Even though the compound is a barbiturate, the absence of 
5,5-disubstitution contributes to a pKa of 4.0 and renders it highly ionized at 
physiological pH. Studies of the mechanism of action of Merbarone indicate 
that it is neither an antimetabolite nor a DNA-binding agent. However, like a 
few other nonalkylating antitumor drugs, the compound has been shown to pro­
duce dose-related DNA single-strand breaks. Merbarone is undergoing phase I 
clinical trials. 

Trimetrexate 

Trimetrexate is an interesting 2,4-diaminoquinazoline derivative, which is being 
jointly developed by NCI and Warner-Lambert/Parke Davis. It is a prolonged 
inhibitor of dihydrofolate reductase; however, unlike MTX it is not polygluta­
minated. Trimetrexate demonstrates activity equivalent to that of MTX against 
all MTX-sensitive cell lines and is also active against several MTX-resistant 
lines. In murine models, the anticancer effectiveness of trimetrexate is schedule 
dependent. In phase I clinical trials, partial responses have been observed in 
both colon and nonsmall-celliung cancers. The compound is in phase II clinical 
trials. 

Arabinosyl Azacytosioe 

Arabinosyl azacytosine is a rationally designed compound that combines the 
structural elements derived from both ara-C and 5-azacytidine. It shows good 
activity against P388 and L121O, intravenously implanted Lewis lung carcinoma, 
and the colon, lung, and mammary xenografts. Ara-AC is the only member of 
the group of related compounds to reproducibly inhibit the growth of all three 
xenografts by at least 90%. In addition, Arabinosyl azacytosine (ara-AC) was 
found to be very active against intracerebrally implanted L1210 leukemia. The 
compound has entered phase I clinical trials. 

Bipheoquinate 

Substituted 4-quinoline carboxylic acids represent a new class of useful antican­
cer agents, which is being developed jointly by Dupont Co. and NCI. Biphen­
quinate was selected for further studies from over 200 related analogs because of 
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its broad spectrum of antitumor activity in several preclinical systems and its 
desirable pharmaceutical properties. The compound is active in the subrenal 
capsule assay against the human LX-1 lung, MX-1 mammary, and BLlSTX-1 
stomach tumors, and against the human HCT-15 colon tumor implanted sub­
cutaneously in nude mice. Biphenquinate has entered phase I clinical trials. 

Hexamethylbisacetamide 

Evidence accumulated to date suggests that hexamethylbisacetamide (HMBA) 
is not effective in prolonging life or retarding tumor growth in animals bearing 
many of the transplantable tumors in common use in antitumor screening pro­
grams. Nevertheless, HMBA is highly efficacious in inducing differentiation of a 
number of cultured cell types, including human HL-60 promyelocytic leukemia. 
Preliminary data also suggest that HMBA may inhibit the process of tumor 
promotion. These results suggests a role for HMBA, either alone or in combina­
tion with other treatment modalities, in both chemoprevention and cancer 
therapy. HMBA is currently in phase II clinical trials. 

Dihydrolenperone 

Dihydrolenperone is a drug that was developed by Merrel Dow Co. as a CNS 
agent. The compound shows good activity in the HTCF A against lung tumors. 
The drug displays differential activity in vitro against human tumor cells versus 
mouse P388 cells. Dihydrolenperone is in phase I clinical trials. 

Chloroquinoxaline Sulfonamide 

Chloroquinoxaline sulfonamide shows activity in the HTCF A against melano­
mas and ovarian and lung tumors over a 3-log dosage range (0.1-100 mg/ml). 
Preclinical toxicology studies have been completed and the compound is ex­
pected to enter clinical trials shortly. 

Deoxyspergualin 

Deoxyspergualin is a novel antibiotic from the Microbial Chemistry Research 
Foundation in Japan, which shows excellent activity against both intraperi­
tone ally and subcutaneously implanted L1210 leukemia, producing long-term 
cures. The mechanism of action of this polyamine derivative is not known; 
neither ornithine decarboxylase nor S-adenosylmethionine decarboxylase is 
inhibited. The compound undergoes metabolic oxidation by amine oxidases to 
produce the active agent. Deoxyspergualin is in phase I clinical trials. 
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Ipomeanol 

Ipomeanol is a natural product isolated from moldy sweet potatoes. This furan 
derivative undergoes metabolic activation by the P4S0 system of the pulmonary 
Clara cells; it covalently binds to and acts as a specific toxin to these cells. 
Ipomeanol is being developed as a specific anticancer agent for tumors derived 
from the Clara cells, which are the stem cells for the bronchioalveolar tissue. 
The compound is about to enter clinical trials. 

Flavone Acetic Acid 

Flavone acetic acid is an exciting new lead, which is being developed rapidly. 
Flavone acetic acid given on days 2 and 9 at a dose of 267 mg/kg inhibited tumor 
growth completely in 60%-80% of mice with early-stage colon adenocarcinoma 
38. The therapeutic efficacy of flavone against this tumor was retained when the 
sites of tumor implantation and drug administration were separated. Flavone 
acetic acid also caused regression of advanced (SOO-mg) colon 38 tumors. Unlike 
many other potential anticancer agents, only modest activity was observed for 
this compound against either P388 or L12l0 leukemia. Based on the excellent 
activity observed against the highly refractory colon 38 model, flavone acetic 
acid is currently being evaluated phase I/phase II clinical trials. This trial is an 
important part of a prospective study to determine whether compounds iden­
tified by preclinical solid tumor models are more effective against human solid 
tumors than those agents identified by experimental leukemia models. 

Future Directions 

Recently, the United States NCI has undertaken a major restructuring of its 
anticancer drug-screening program. The restructuring represents a shift in 
emphasis from a compound-oriented strategy to a specific disease-oriented 
strategy focusing on major solid tumors for which there has been limited success 
in identifying active drugs. We will be replacing the mouse leukemia P388 pre­
screen with a new in vitro prescreen system consisting of panels of human tumor 
cell lines. The initial focus will be in vitro antitumor drug screening, utilizing a 
panel composed principally of human lung tumor cell lines. Compounds showing 
highly selective in vitro activity against a target tumor type would be earmarked 
for preclinical development and clinical trials in relevant target populations. 
Compounds showing a nonselective pattern of in vitro activity would be studied 
further in an in vivo tumor panel for antitumor activity. 

In addition, biochemical prescreens-based, for example, on inhibition of 
oncogene expression, topoisomerases, protein kinases, and metastasis-would 
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be utilized for the selection of materials for screening in the NCI disease­
oriented anticancer drug discovery project. Thus, the future looks promising for 
the discovery of selective anticancer agents utilizing both screening and rational 
approaches based on principles emerging from new knowledge of tumor biology 
and modern medicinal chemistry. 
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12. New Drug Trials 
G. Sarosy, L. Rubinstein, and B. Leyland-Jones 

Introduction 

Although most malignant tumors are either largely refractory to current chemo­
therapy (e.g., melanoma) or responsive but incurable (e.g., breast and small 
cell lung cancer) some neoplasms such as choriocarcinoma, testicular cancer, 
several childhood cancers and hemopoietic malignancies are curable by chemo­
therapy alone. The success in chemotherapy responsive tumors provides a 
powerful incentive to continue to explore chemotherapeutic options in refrac­
tory cancers, and this, coupled to the continuing need to lessen toxicity without 
compromising efficacy has resulted in major efforts to develop and evaluate new 
cytoxic drugs, a process which requires the participation of numerous investiga­
tors at both preclinical and clinical levels. 

Overview 

The wide availability of an antineoplastic agent is the culmination of many years 
of work. The agent must demonstrate activity in a preclinical screen, after which 
its toxicities are established in several animal species. Based on this information, 
the initial trials (phase I) in humans define the highest doses of the agent which 
can be administered safely. Once the phase I trials are complete, phase II trials 
are undertaken to determine whether the drug is active against individual tumor 
types. Phase III trials then define the efficacy of the new agent in comparison 
with standard therapy for the particular tumor type. 

Preclinical Toxicology 

Drugs undergo preclinical toxicology testing in order to establish a safe starting 
dose for clinical trials, and help predict some of the toxicities that might be 
expected in humans [1]. Initially, toxicology studies were conducted in rodents, 
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dogs, and monkeys [2]. In early phase I trials, the starting dose in humans was 
one-third of the toxic dose low (TDL) in the most sensitive large animal species. 
The TDL was defined as the lowest dose producing toxicity, assuming that 
doubling the dose did not cause lethality. Doses were established in milligrams 
per square meter (mg/m2) because it was shown that body surface was more 
accurate than weight for interspecies conversion [3-5]. 

Recently, the manner in which the starting dose for phase I trials is estab­
lished has been reevaluated. Freireich et al. [4] were the first to show that mice, 
rats, hamsters, dogs, and monkeys were equally predictive of the toxic doses in 
humans. This has been confirmed by several other investigators [3, 5, 6], and, 
based upon this work, the starting dose in phase I trials is now usually derived 
from murine data. A dose response curve for the new agent is developed in 
mice, and the lethal dose is defined for 10% (LDlO), 50%, and 100% of the mice 
treated. 

The dose equivalent to the LDlO in mice in mg/m2, the murine equivalent 
lethal dose in 10%, (or MELDlO) is then tested in another species, usually in 
dogs. If the MELDlO produces no toxicity in dogs, then one-tenth of the 
MELDlO is used as the entry level dose in the phase I trial. If the MELDlO does 
cause toxicity in dogs, then the initial human dose is one-third of the lowest dose 
producing minimal toxicity in this species (TDL), or a fraction of one-tenth of 
the MELDlO [1]. 

There are several problems inherent in defining the starting dose for a phase I 
trial. Firstly, the toxicity seen preclinically does not necessarily predict that 
which will be observed in humans. Whereas there is good correlation between 
the toxicity seen in rapidly dividing tissues such as bone marrow and gastrointes­
tinal mucosa in mice, rats, dogs, and monkeys and that seen in similar tissues in 
humans, the correlation of toxicities of less rapidly dividing tissues is not as good 
[2]. In general, data from large animal species, such as dogs and monkeys, over­
predict human renal and hepatic toxicity and underpredict cutaneous, cardiac, 
and peripheral nervous system toxicity in humans. Secondly, differences in life 
span cause another problem in translating preclinical data to humans [7]. The 
short life span of animals in which these agents are tested preclinically makes it 
difficult to predict the chronic and long term toxicities which may be observed in 
humans. 

Schedule Selection 

Once the human starting dose has been defined, a schedule of administration 
must be chosen. The number of separate schedules to be studied is determined 
by several factors: (a) evidence of schedule dependency in experimental in vivo 
systems, (b) pharmacokinetics, (c) existing clinical data for similar compounds 
suggesting superiority of a particular schedule, (d) patient convenience, and 
(e) other properties of the drug such as solubility. 
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Drugs which are highly schedule dependent in preclinical models undergo 
phase I evaluation in the schedule which appears optimal. However, preclinical 
schedule dependency has not been shown to predict the most active schedule in 
humans. In addition, no antitumor agent active against solid tumors has shown 
significant schedule dependency in humans. Prospective trials are ongoing to 
determine whether experimental models can predict the schedule dependency of 
efficacy and toxicity. Drugs which show no particular schedule dependency with 
respect to preclinical testing are initially tested in humans at two extremes of 
schedule, i.e., a single bolus dose per course and 5-day continuous infusion [8]. 

Phase I Trials 

Objectives, and Patient Selection 

Once the starting dose and schedules of administration have be established, 
phase I trials are undertaken. A phase I trial has two major goals: (a) to define 
the maximally tolerated dose (MTD) in humans and (b) to define and quantitate 
the human toxicities. Although phase I trials are conducted with therapeutic 
intent, antitumor activity is not a primary objective. Separate trials are per­
formed in patients with acute leukemia and in those with solid tumors since a 
higher MTD is accepted for myelosuppressive drugs in patients with acute leuke­
mia. In addition, separate phase I trials are undertaken in children since the 
MTD in a pediatric population is frequently higher, and the spectrum of toxicity 
may differ from that seen in adults. In general, pediatric phase I trials are not 
initiated until the adult phase I trials have been completed, and activity has been 
seen in adult phase I trials [9]. 

Because the primary goal of a phase I trial is to define the toxicity of new 
anticancer agents, the criteria for patient eligibility are strict. Only patients with 
microscopically confirmed malignancy in whom all conventional therapy has 
failed or for whom there is no effective therapy should be eligible. Patients must 
have normal organ function (adequate bone marrow reserve for patients with 
solid tumors, and normal hepatic, renal and cardiac function) so that toxicity of 
the new agent can be distinguished from disease. In patients with functional 
impairment of a major organ, drug administration may result in increased toxic­
ity because of decreased clearance. Therefore, separate phase I trials are under­
taken to define pharmacokinetics and safe doses for patients with abnormal 
organ function. These trials usually begin when the MTD has been defined in 
those with normal organ function. To conserve patient resources, these trials are 
frequently not initiated until the drug has shown evidence of activity in phase II 
trials. 

Finally, before patients are enrolled on a phase I trial, they must give written 
informed consent, indicating that they are aware of the investigational nature of 
the agent they will receive, and aware that they may experience toxicity and no 
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significant benefit. They must be aware that other treatment options, including 
no further therapy, would be equally satisfactory. In addition, a candidate for a 
phase I trial should ideally receive no concomitant medication which might in­
fluence the pharmacokinetic behavior of a new agent. Since this is unrealistic for 
most patients with advanced malignancies, concomitant medication should be 
minimized and carefully recorded. 

In addition to possessing normal organ function, patients entering a phase I 
trial should have a sufficiently long life expectancy, i.e., 3 months, so that the 
toxicities of the new agent can be adequately assessed. In general, performance 
status is an indicator of life expectancy; therefore, patients should have a mini­
mum Karnofsky performance status of 60%. Adequate time, e.g., 4 weeks, 
should have elapsed since prior therapy so that the patient has completely recov­
ered from all toxicities associated with it. This should be extended to 6 weeks if 
the previous therapy included mitomycin C or a nitrosourea. Because a new 
drug may have unknown teratogenic effects, women of child-bearing potential 
should be specifically excluded. 

Dose Escalation 

Once the initial dose for a phase I trial has been selected, patients are treated in 
small cohorts at increasing dose levels. Most dose escalation schemes initially 
employ large dose increments which rapidly decrease when toxicity is observed, 
e.g., the modified Fibonacci scheme [10]. Another escalation scheme uses incre­
ments of 50% of the original dose, decreasing to 25% increments when toxicity 
is observed, but this has not been as widely tested as the modified Fibonacci 
scheme [11]. 

The aim of all dose escalation schemes is to define the MTD (the highest dose 
which can be given to man) in the smallest number of dose levels which can be 
safely administered. In such a fashion, the number of patients receiving sub­
therapeutic doses is kept as low as possible. 

At present, most phase I trials use a modified Fibonacci dose escalation 
scheme (Table 1). The dose increments may be made smaller if the drug has 
shown an unusually steep dose-toxicity curve during preclinical testing. Using 
this system, there is a great deal of variability in the number of dose increments 
required to achieve the MTD of various drugs. To minimize the number of dose 
levels required, yet maintain patient safety, alternative methods of dose escala­
tion are being studied. Among the most promising is dose escalation based on 
preclinical pharmacology data, which will be discussed later in this chapter. 

In any phase I trial, three patients previously untreated with the phase I agent 
are entered at each dose level because intrapatient escalation may confound 
interpretation of toxicity. For example, the toxicity experienced by a patient 
after the second course of an investigational agent given at the higher dose may 
represent the acute toxicity of one course of therapy at the higher dose, or the 
chronic toxicity of two courses of therapy. Because the administration of the 
agent at a new dose level may be associated with unknown toxicities, patients are 
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Table 1. Idealized modified Fibonacci dose escala-
tion scheme 

Increase above 
Dose level Dose previous dose level (%) 

n 
2 2n 100 
3 3.3n 67 
4 5n 50 
5 7n 40 
6 9n 33 
7 12n 33 
8 16n 33 

hospitalized and closely monitored for a minimum of 24 h following their first 
dose: In addition, escalation to a higher dose level should not occur until the 
safety of the current level has been established, in order to minimize the risk of 
toxicity occurring with increasing severity at two dose levels simultaneously. In 
general, this means that dose escalation should not take place until at least three 
patients have been observed for an entire treatment period (e.g., 3-5 weeks) at 
the previous dose level. 

The precise dose escalation scheme varies among investigators, but a com­
monly used design proceeds as follows: 

1. Three patients previously untreated with the phase I agent are placed on each 
succeeding dose level, until reversible moderate or severe (grade 3 or 4) 
toxicity is observed. 

2. If one instance of grade 3 or 4 toxicity is observed among the initial three 
patients treated at a particular dose level, then up to three additional patients 
untreated with the phase I agent, are placed on that dose level. If no grade 3 
or 4 toxicity is observed among the additional three patients, then dose 
escalation resumes in cohorts of three. 

3. If two instance of grade 3 or 4 toxicity are observed while treating patients at 
a particular dose level, then the previous scheduled dose level is declared to 
be the MTD. (This design may be augmented at this point by testing at a new 
dose level between the one demonstrating two instances of grade 3 or 4 toxic­
ity and the previous scheduled dose level.) 

The rationale for the above design is as follows. It is felt that, in general, a rate 
of grade 3 or 4 toxicity not exceeding 20% is tolerable, while a rate exceeding 
40% is excessive. The phase I design should have moderate power to discrimi­
nate between these two rates, while keeping at a minimum the number of patients 
treated at sUbtherapeutic dose levels. The above design yields a probability of 
0.70 escalation at a given dosage level, if the underlying rate of grade 3 or 4 
toxicity is 20%; it gives a probability of 0.31 of escalating at a given dosage level 
if the underlying rate of grade 3 or 4 toxicity is 40%. 
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End points 

The endpoints of a phase I trial are very important since, as well as defining the 
toxicity of a new anticancer agent in humans, and the highest dose which can be 
safely administered, the results of a phase I trial permit determination of the 
dose recommended for further evaluation. The exact definition of the MTD 
varies among investigators; however, it is generally considered to be that dose 
which produces reversible moderate or severe (grade 3 or 4) toxicity in no more 
than one of six patients treated at the dose level. The recommended phase II 
starting dose is usually one level below. The MTD is frequently dependent upon 
the amount and type of prior therapy which a patient has had. Therefore, this 
should be carefully considered in analyzing the data from phase I trials and de­
fining a phase II starting dose, which will be used to treat patients with minimal 
or no prior therapy. The concept of an MTD is based on the principle that for 
most cytoxic agents there is a monotonic relationship between the dose admin­
istered and the effect observed. However, for drugs which are used to modulate 
the effect of another, and for biologic response modifiers, increasing the con­
centration beyond a certain threshold may not increase the therapeutic effect. 
Therefore, the end point of a trial of a biochemical modulator should be the 
attainment of a level optimizing the desired effect in vivo, not necessarily the 
MTD based on toxicity. 

In phase I trials, the number of patients treated at each dose level, including 
the dose recommended for phase II, is relatively small. Accordingly, it is im­
portant that continued careful monitoring takes place during phase II and III 
trials to identify less frequent acute toxicities, as well as cumulative and chronic 
toxicities [10]. 

Because the primary purpose of a phase I trial is to define the toxicities of a 
new agent, the absence of antitumor activity is not a reason to stop development 
of the drug. Many patients are treated at what are later found to be subtherapeu­
tic levels and less than optimal schedules of drug administration. The patients 
entered onto phase I trials often have relatively drug-resistant tumors and fre­
quently have received extensive prior therapy, which minimizes the chance of 
response. Hence, the only reason not to pursue phase II trials is unacceptable 
toxicity in phase I trials. Definition of the level of activity in each tumor type 
then takes place in phase II. 

Preclinical Pharmacology as a Guide to Dose Escalation 

The two objectives of a phase I trial-to establish an MTD as safely as possible 
and a recommended dose for phase II as quickly as possible-are contradictory. 
Rapid dose escalation prevents a large number of patients from receiving sub­
therapeutic doses of the new agent, and hastens the speed at which the drug 
enters phase II evaluation. However, if dose escalation occurs too rapidly, a new 
level may be lethal whereas the previous one was nontoxic. 

The present method of establishing the phase I starting dose in humans, based 
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on preclinical toxicology testing in rodents, has proved safe [1]. The same holds 
true for the modified Fibonacci scheme, which has permitted definition of an 
MTD without unacceptable toxicity [11]. Unfortunately, this system may permit 
patients to receive doses that are later recognized as being subtherapeutic. In a 
recent article, Collins et al. [12] have analyzed the results of a modified Fibonac­
ci scheme for 17 drugs, when one-tenth of MELDlO is the entry dose. For five of 
these drugs, ten or more dose escalations would be required to reach the MTD. 
An additional four to six escalation steps are required for those drugs (approx­
imately half of all drugs that enter clinical trial) which begin phase I evaluation at 
one-third of one-tenth of MELDlO [1]. Clearly, alternative methods of dose 
escalation are needed that protect patient safety but allow definition of dose 
limiting toxicities with markedly fewer dose escalations [12]. 

Collins et al. [12] have proposed a method of dose escalation based on murine 
pharmacokinetic data. By defining target plasma levels of drug in humans pro­
spectively, one can attempt to attain these plasma levels in a more expeditious 
fashion. 

Murine toxicology data have adequately predicted human toxicity overall, in 
view of the safety of the starting dose for human phase I trials based on the 
MELDlO [6]. However, murine toxicology data have not been nearly as useful in 
predicting the behavior of individual drugs. If it were possible to identify the 
pharmacologic basis for this variation between species, murine pharmacologic 
data could be used to design a dose escalation scheme. Potential sources of dif­
ference include target cell sensitivity; duration of exposure to a critical drug 
concentration; and degree of protein binding, metabolism, or elimination. Dif­
ferences in target cell sensitivity can be determined through in vitro testing. In a 
similar manner, schedule dependency testing can predict whether threshold 
effects will differ in mice and man. For those drugs for which preclinical testing 
suggests that there are no differences in threshold effects (i.e., a minimal concen­
tration being required for pharmacologic effects) and target cell sensitivity, 
murine pharmacology data can be used to predict that level which is likely to 
cause toxicity in man. Underlying this assumption is the fact that the concen­
tration-versus-time curve has been shown to correlate better with toxicity than 
peak plasma levels or absolute concentration [13]. In a retrospective analysis, 
Collins et al. [12] have shown that such an approach could reduce the number 
of escalation steps by about 20%-50% [12]. 

The Blood Level Working Group at the National Cancer Institute (NCI) has 
recently initiated this approach to dose escalation for those drugs for which it is 
appropriate. For example, merbarone, a conjugate of thiobarbituric acid, is 
undergoing phase I escalation. Because the severity of toxicity during pre­
clinical evaluation appeared to increase with higher infusion rates, merbarone is 
being tested only in one schedule, a 120-h continuous intravenous infusion. In 
preclinical testing, murine and human target tissues did not differ in sensitivity to 
merbarone; furthermore, the two species did not differ in threshold effects. 
Hence, merbarone was an ideal drug for which to use murine data as an aid in 
defining a dose escalation scheme. The trial is ongoing, with dose escalations 
guided by murine pharmacology data, rather than by a modified Fibonacci 
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scheme. A similar approach to dose escalation has been used with flavone acetic 
acid, deoxyspergualin, and oxanthrazole. 

Phase II Trials 

Objectives and Patient Selection 

Once a drug has completed phase I evaluation, and if it is not associated with 
intolerable or unacceptably erratic toxicity, phase II trials are undertaken to 
screen for activity. Hence, only patients with objectively measurable disease are 
entered onto phase II trials. The principal goals of phase II trial are to define 
response rate and response duration and to record toxicities. Phase II trials 
should have the smallest possible number of patients permitting detection of a 
significant level of activity with reasonable confidence. Such a strategy permits 
rapid identification of active new agents while minimizing the chance of false­
negative results. 

Although a phase II trial defines the activity of a new agent, it does not assess 
efficacy. Definition of efficacy requires comparison with other agents used to 
treat the disease in question. Such a comparison requires a randomized phase III 
trial. However, since the screen for activity determines whether the drug will 
undergo further evaluation, the outcome of phase II trials is an important point 
in the drug's development [14]. 

In addition to defining the activity of a new anticancer agent, phase II trials 
provide further information concerning toxicity. Because a larger number of 
patients are treated than in phase I studies, previously unknown, rare acute 
toxicities may be observed. Chronic toxicities may be observed initially in pa­
tients with stable or responding disease who receive larger cumulative doses than 
are commonly administered in phase I [9]. 

During phase II testing, the agent is evaluated in a broad range of tumor 
types. However, during the past decade, there has been a trend away from broad 
phase II trials, into which large numbers of patients, heterogeneous with respect 
to tumor type and extent of prior therapy, were entered. Usually, the number of 
patients entered with each disease was so small that an estimate of activity 
against individual tumor types could not be reliably made. Phase II trials are 
now usually disease-specific, so that an estimate of activity can be made within 
diagnostic categories. Hence, a promising level of activity can be either estab­
lished or excluded within reasonable confidence limits, thereby indicating 
whether the drug should be further investigated in that disease. An attempt is 
made to screen the drug in a large number of tumor types. At a minimum, this 
screen should include malignancies that are common, such as lung and breast 
cancer, and those that are generally considered either sensitive (e.g., lympho­
ma) or resistant (e.g., melanoma) to chemotherapy. An attempt is made to con­
duct two phase II trials for each tumor type to obtain a more reliable estimate of 
activity than can be made in a single trial. 
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Because the decision whether to pursue the evaluation of an agent rests on 
the outcome of phase II trials, it is essential that the drug is studied in the patient 
population most likely to respond. Recently, patient characteristics such as per­
formance status and extent of prior therapy have been shown to be important 
determinants of response [14]. Hence, the patient population entered onto 
phase II trials must possess optimum performance status and the minimum 
amount of prior therapy consistent with good medical practice. If a patient has a 
malignancy for which potentially curative therapy exists, this should be adminis­
tered prior to the investigational phase II agent. However, because for most 
common malignancies there is no treatment that is either curative or capable of 
providing long-term control, a phase II agent can often be given as initial or 
early therapy. For example, phase II trials in sensitive tumors-such as breast, 
ovary, and small-cell lung cancer, rhabdomyosarcoma, and non-Hodgkin's 
lymphoma-should ideally take place in those in whom no more than one prior 
regimen has failed. One can also justify initial treatment with a phase II agent in 
subgroups within these disease categories whose malignancies progress very 
slowly, and/or for whom therapy will not be curative. Such subgroups include 
some patients with metastatic breast cancer, stage IV ovary cancer, and indolent 
non-Hodgkin's lymphoma. If one chooses to treat these patients with a phase II 
agent initially, then one must administer standard therapy as soon as there is 
evidence of disease progression or nonresponse. Initial therapy with a phase II 
agent is unlikely to lessen the ability to respond to standard therapy. In addition, 
since therapy will not be curative, the delay in initiating palliative therapy is 
unlikely to affect survival. Similarly, in disease sites such as head and neck carci­
noma in which chemotherapy yields a high response rate, but no improvement in 
survival, patient eligibility should be restricted to those with no prior therapy. In 
disease sites for which there is no effective therapy-such as malignancies of the 
colon, kidney, liver, and pancreas and melanoma-phase II trials should also be 
limited initially to patients with no prior therapy. 

Requiring the demonstration of activity in an optimal patient population prior 
to more widespread administration prevents more heavily pretreated patients 
with poorer performance status from experiencing the toxicity of what may be an 
inactive drug. Also, screening for activity in patients with minimal prior therapy 
and maximal performance status-who are presumably at an earlier stage of the 
disease, when the tumor burden is less-facilitates the identification of active 
agents in the shortest period of time. Finally, in terms of patient numbers, it is 
unfortunate that in many phase II trials in the literature many more patients than 
were necessary to make an estimate of activity were entered; this is particularly 
unfortunate when the phase II agent is inactive [15, 16]. 

Statistical Design 

We will describe briefly several statistical designs for phase II trials which are 
curently widely used. The oldest and most familiar is the two-stage design of 
Gehan [17]. The first stage for the trial is designed to allow the elimination of 
ineffective agents after treatment of the smallest number of patients. In particu-
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lar, if one wishes to screen for a response rate of at least 20%, the first stage 
involves accrual of 14 patients. If no responses are observed among the initial 
14 evaluable patients, then one can terminate accrual and rule out, with 0.95 
confidence a 20% (or more) response rate for that agent (since a drug with 
a 20% response rate will yield at least one response among 14 patients with 
probability of 0.956). The second stage of the trial is designed to yield a certain 
maximum standard error for the response rate estimate. In particular, if at 
least one response is observed among the initial 14 evaluable patients, accrual 
of 11 additional patients will assure a standard error of no more than O.l. 
Accrual of 40 evaluable patients, in total, will assure a standard error of no 
more than 0.08. 

A more recent two-stage design is that of Fleming [18]. It assures adequate 
statistical power to discriminate between two pre specified response rates, the 
lower rate (Po) being one for which further testing would be clearly unwar­
ranted, and the upper rate (PI) being one for which further testing would be 
clearly desirable. For diseases for which no active agents exist, such as colon 
cancer , Po and P I would typically be chosen to be 5 % and 20%, respectively. On 
the other hand, for screening analogs in diseases for which there are active 
agents, Po and PI might be chosen to be 20% and 40%, respectively. The Flem­
ing design also allows for early termination of the trial after a prespecified initial 
accrual stage, if the results are either extremely unpromising or extremely prom­
ising. 

An example of a Fleming two-stage design, to discriminate between response 
rates of 5% and 20% is as follows. Thirty evaluable patients are accrued, and the 
agent is considered worthy of further testing if at least four responses (13% 
response rate) are observed. Accrual is terminated after the initial 15 patients if 
either no responses or at least four responses (27% response rate) are observed. 
The design gives a probability of 0.942 of a negative result if the true response 
rate is 5%, and gives a probability of 0.865 of a positive result if the true re­
sponse rate is 20%. In general, if one wishes to limit to 5% the probability of a 
false-positive result (declaring the agent "active" when the true response rate is 
Po) and to limit to 15%-20% the probability of a false-negative result (declaring 
the agent "inactive" when the true rate is PI)' the Fleming two-stage designs will 
require 25-45 patients, with provision for early termination about midway 
through the total potential accrual. 

Randomized phase II trials, which adopt the small sample sizes and early 
stopping rules of the one-armed phase II designs, are gaining popularity for the 
reasons given by Simon, Wittes, and Ellenberg [19]. It is understood that these 
trials cannot be used for comparison of efficacy (which requires much larger 
phase III trials employing different end points). However, they can facilitate 
tentative comparisons of agents by reducing the differences in patient selection, 
and other factors, which make sequential phase II trials difficult to compare. 
Simon et al. give minimum sample sizes to assure that an agent with a response 
rate 15% greater than its randomized competitors will demonstrate a higher 
observed response rate with probability of at least 0.90. For trials involving two 
or three arms, this requires, in general, 30-55 patients per arm. 
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Phase III Trials 

Objectives and Statistical Design 

Based on the promising results in the phase II trials, phase III trials are under­
taken to establish the efficacy of the new agent relative to standard therapy. 
These phase III comparsions can be designed with two different goals: random­
ized trials can define whether the new agent has activity equivalent to that of 
the standard therapy compound, but with less toxicity; alternatively, a phase III 
trial may establish whether the new agent has greater activity than standard 
therapy. 

In general, trials which seek to demonstrate improved outcome provide more 
valuable information; for example, the lack of curative therapy for patients with 
metastatic breast cancer mandates a search for better therapy. If a new agent 
demonstrates superior activity, a potentially major advance in the treatment of 
the disease will have been made. If phase II trials suggest that the new agent and 
standard therapy have equivalent activity, phase III trials designed to demon­
strate equivalence and differing toxicity may be reasonable. However, in such 
trials, it is imperative that there be adequate power to detect the minimal clinical­
ly significant decrease in efficacy which may result from use of the new agent. 
This difference may be smaller than the corresponding minimal difference one 
would have targeted in a positive outcome trial, since one may be more willing to 
err in the direction of preserving the established therapy; therefore, such equiva­
lence studies will have larger sample sizes. 

The most important end point of the activity comparison is survival. Survival 
percentages can be compared at a fixed time point, e.g., 1 year post randomiza­
tion. However, a statistically more efficient technique is to compare the entire 
survival curves by means of the Mantel-Haenszel log-rank statistic [20]. The 
power of this test increases with the magnitude of the difference in median sur­
vival to be detected and with the expected number of deaths to be observed [21]. 
This means that trials in diseases with long median survivals require a far greater 
number of patients than do trials in diseases with short median survivals. For 
example, in a disease with a median survival of 6 months for the standard ther­
apy, it may be felt sufficient to be able to detect an increase in median survival of 
6 months for the experimental therapy. This twofold difference in median surviv­
al will be detected with 0.90 probability if 72 deaths are observed, and in such a 
rapidly lethal disease this may require the accrual of only slightly more than 100 
patients. On the other hand, in a disease with a median survival of 3 years for the 
standard therapy, it may be felt that a 1.5-fold increase must be detectable for 
the experimental therapy. To detect a lo5-fold difference in median survival with 
0.90 probability requires 210 deaths, which could translate into a required 
accrual of 400-500 patients. Even scaling back one's requirement to detection of 
such a difference with 0.80 probability only reduces the required sample size by 
about 30%. Sometimes, this difficulty may be partially circumvented by using 
an earlier surrogate end point, such as disease-free survival. 

253 



In large trials such as those just described, it has become common to include 
rules for early termination in case one regimen should prove substantially less 
active. A commonly used design is that of Fleming, Harrington, and O'Brien 
[22], which allows for monitoring at several interim points prior to the scheduled 
termination of the trial. In general, this design is applied so that early termina­
tion occurs only for relatively extreme early differences in either direction, e.g., 
differences that are significant at the two-sided 0.005 level of probability. Thus, 
the final comparison generally preserves the statistical power it would have in 
the absence of early stopping rules. 

A final consideration in new agent development is examination of the optimal 
drug dosages when the new agent is combined with other agents. One would like 
to compare alternative dosage ratios and determine the optimal combined dos­
age. This may be evaluated by means of the response surface designs of Carter, 
Wampler, and Stablein [23]. An example of such a design for a two drug regimen 
might involve the 16 different drug combinations created by varying each drug 
over four possible dosages, with sixteen patients randomized to each of the com­
binations. The results of the trial are then fitted to a parametric model of the 
effect of the drug dosages on survival (or response), and the fitted model is used 
to estimate the optimal dosage. Care must be taken to assure that the model may 
be adequately fitted to the data. 

Analog Development 

Because the identification of novel structures possessing significant anticancer 
activity is a rare event, there is a great deal of interest in developing analogs with 
greater potency, or less toxicity than the parent compound, or a different spec­
trum of clinical activity. For example, Selenazofurin, a selenium-substituted 
analog of Tiazofurin was studied because of greater potency in vitro [24]. On the 
other hand, 4'-deoxydoxorubicin has undergone clinical evaluation because of 
activity in a colon xenograft in which deoxorubicin was inactive [25]. Antifolate 
analogs such as piritrexim and trimetrexate have been designed in an attempt to 
overcome the biochemical basis for methotrexate (MTX) resistance, thereby 
increasing the degree and perhaps the spectrum of clinical activity [26]. Never­
theless, few analogs thus far have shown a different spectrum of activity, or 
increased potency clinically. As a result, decreased toxicity has become the 
major reason to develop most analogs. 

Many of the anthracycline analogs, such as epirubicin, have undergone further 
evaluation based on the suggestion of decreased cardiotoxicity compared with 
doxorubicin [27, 28]. Platinum analogs, such as carboplatin, have been pursued 
clinically in an attempt to overcome the dose-limiting nephrotoxicity of the 
parent compound, cisplatin [29]. Regardless of the reason for which an analog is 
chosen for further development, one should seek to determine its efficacy rela­
tive to the parent compound in the smallest number of patients possible. 
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Development Strategy 

We will use the development of antifolates as an example of drug class and 
trimetrexate as a specific example. Similar plans could be outlined for platinum 
and anthracycline analogs. This topic has been comprehensively reviewed in a 
recent article [30]. 

Because antifolate analogs have been developed to overcome the biochemical 
basis of MTX resistance, it would be most logical to test these analogs in resis­
tant human tumors, and to determine whether the analog showed activity 
through the biochemical mechanism for which it was designed. Unfortunately, 
the measurement of such biochemical end points in a clinical trial is only begin­
ning to be developed, and it presents great technical difficulties. Therefore, one 
must design a trial with clinical end points to establish the efficacy of the analog 
relative to MTX. One strategy to evaluate the efficacy of trimetrexate relative to 
MTX requires testing in three groups of diseases based on their sensitivity to 
MTX. Tailoring the testing of the analog to the activity of the parent compound 
permits rapid identification of any possible therapeutic advance. For example, 
one can divide the diseases in which one wishes to evaluate trimetrexate into 
three groups according to the role of MTX in standard therapy: 

1. Tumors in which MTX is an important component of a standard regimen that 
has state-of-the-art effectiveness: lymphoma, osteosarcoma, breast, small­
cell lung, (leukemia). 

2. Tumors in which MTX has antitumor activity but no defined role in standard 
state-of-the-art regimens: head and neck, bladder, cervix. 

3. Tumors in which MTX has insufficient activity to warrant its use alone or in com­
bination: NSCLCA, colon, esophagus, stomach, brain, pancreas, prostate. 

One can design a mehtod of evaluating trimetrexate in each of these three 
groups; such a strategy is also applicable to other analogs. 

Group 1 

The role of an analog is probably most difficult to determine in the first group of 
diseases. A precise way of evaluating the activity of trimetrexate relative to 
MTX would be a trial in which patients were randomized to a regimen contain­
ing MTX or to one identical except for the substitution of trimetrexate. However, 
such a trial requires large numbers of patients and a long follow-up period. In 
order to facilitate the establishment of the efficacy of the analog, an alternative 
plan was proposed for trimetrexate. Phase II trials in MTX-sensitive tumors 
were designed to indicate whether trimetrexate and MTX possessed equivalent 
activity. Phase II trials were also undertaken in patients in whom prior therapy 
with MTX had failed. The demonstration of activity in MTX-refractory disease 
would suggest that trimetrexate and MTX were at least partially noncross­
resistant. 
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To illustrate how one might evaluate trimetrexate in diseases sensitive to 
MTX, one can examine a testing strategy in breast cancer. Phase II evaluation of 
trimetrexate in breast cancer could take place in three separate populations of 
patients with advanced disease: (a) previously untreated patients, (b) those in 
whom cyclophosphamide-doxorubicin-5-ftuorouracil (CAF) therapy failed, and 
(c) those in whom cyclophosphamide-methotrexate-5-ftuorouracil (CMF) ther­
apy failed. The number of responses observed in previously untreated patients 
would provide the best estimation of the activity of trimetrexate. If the level of 
activity of trimetrexate appeared significantly higher than that of the parent 
compound, then a randomized phase III comparison would be an important 
priority. Activity in patients in whom CMF had failed would suggest that these 
two agents were at least partially noncross-resistant. If the results of phase II 
trials suggested that these two compounds had equivalent activity, and, trimetre­
xate showed activity in patients previously treated with CMF, then development 
of salvage regimens containing the analog would become a priority. 

Based on the results of these phase II trials, phase III trials are undertaken 
to establish more precisely the efficacy of trimetrexate relative to MTX. These 
phase III comparisons of a parent compound and analog can take the form of 
improved outcome or equivalence trials. Equivalence studies are more difficult 
to design, and the results are frequently difficult to interpret. The contribution of 
MTX to CMF has not been fully defined; as a result, a study demonstrating that 
CMF and cyclophosphamide-trimetrexate-5-ftuorouracil (CTF) have equivalent 
activity but that CTF has less toxicity would not identify the role of trimetrexate 
in breast cancer. 

Group 2 

In the second group of diseases, phase II screening of the new agent does not 
provide useful information. In general, a study of the analog for 30 patients 
might merely indicate that the agent has activity similar to that to the parent 
compound within broad confidence limits. 

An alternative approach is a randomized trial against the parent compound 
immediately after the dose limiting toxicities have been determined in phase I. 
Such a trial must have early stopping rules, so that the trial can be terminated if 
the analog appears less active. A particularly appropriate early stopping design in 
such a case is that of Ellenberg and Eisenberg [31], which would involve moni­
toring the trial at approximately the midpoint of accrual and terminating early if 
the analog failed to demonstrate greater activity. Such a rule can be applied in 
such a way that the power of the trial to detect a clinically significant improve­
ment for the analog is not substantially decreased. However, this design is better 
applied to a trial with response rate, as opposed to survival, as the end point. 

As an example of the above, a randomized trial of trimetrexate and MTX in 
head and neck cancer should quickly establish the relative efficacy and toxicity of 
trimetrexate. Since MTX has not been shown to improve survival in this group 
of patients, it is essential to establish quickly, and in the smallest number of 
patients possible, whether the analog provides a significant advantage. 
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Group 3 

For this third group of diseases, evaluation is straightforward. Because MTX is 
inactive, demonstration of the relative activity and toxicity of the analog is un­
necessary. Therefore, the analog is screened in a broad range of tumor types. 
Further testing is undertaken only if trimetrexate demonstrates significant 
activity. 

Conclusions 

The complexity of many modern chemotherapy regimens has increased the dif­
ficulty of defining both the degree of activity of new drugs as well as their precise 
role in the treatment of specific diseases. This necessitates a scrupulously scien­
tific approach to the clinical evaluation of new drugs. Such an approach is the 
best way to ensure that the greatest number of patients receive the maximum 
benefit both from currently standard treatment approaches as well as from newly 
developed, active cytoxic drugs. 
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13. Drug Delivery to Brain Tumors 
N.H. Greig 

Introduction 

Primary malignant brain tumors occur at an annual rate of 4.5 cases per 100000 
members of the population, and metastatic brain tumors at a rate of 8.5 per 
100000 [42]. Several types of systemic malignancy (choriocarcinoma, testicular 
carcinoma, oat cell carcinoma of the lung, and breast cancer in women) can be 
successfully managed by chemotherapy even when disseminated to multiple 
sties; however, when the same responsive tumors are identified as metastatic foci 
in the brain, the effect of chemotherapy at the CNS sites has been minimal [11, 
27]. The mainstays for the treatment of tumors within the brain remain surgery 
and radiation therapy. However, it is rare that patients are cured even after 
aggressive treatment. Malignant brain tumors are almost always fatal. The 
median survival time following surgery and radiation therapy for primary brain 
tumors is approx. 7.5-9.5 months. The prognosis for patients with metastatic 
brain tumors is even more pessimistic: median survival time is approx. 4-6 
months after surgery and/or radiation therapy. 

Chemotherapy failure is ultimately due to the overgrowth of resistant cells. 
For brain tumors, chemotherapy resistance is more likely to occur because the 
range of cytotoxic drugs which can be effectively delivered into the CNS is con­
siderably narrower than that available for systemic treatment. 

In this chapter, the difficulties associated with delivering anticancer drugs to 
brain tumors are reviewed, and techniques designed to optimize pharmacokine­
tics and circumvent the blood-brain barrier so that increased drug concentra­
tions can be delivered to the brain are discussed. These techniques are by no 
means applicable to all chemotherapeutic agents since some anticancer agents 
are extremely neurotoxic [22], and brain uptake of these is to be avoided [26]. 

Factors Affecting Drug Delivery to the Brain 

The concentration of a systemically administered drug which is achieved in the 
brain is determined by a number of factors, including the free, unbound, plasma 
concentration-time profile of the drug; the permeability of the blood-brain 
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barrier to the drug; and the rate of cerebral blood flow. The first two factors are 
a consequence of the compound's physicochemical characteristics [12]. 

Following systemic administration of a drug, its plasma concentration reaches 
a peak after an interval that varies according to the route of administration. The 
drug concentration then declines as the compound is redistributed, eliminated, 
and metabolized. The height and duration of the peak concentration are major 
determinants of the quantity of the compound that enters and remains in the 
brain. For some compounds, the brain is both an ideal and a major organ for 
drug uptake since it has a high rate of blood flow-approx. 20% of cardiac 
output. However, although highly perfused, the brain is different from other 
organs in that its blood vessels are comprised of endothelial cells that are joined 
by continuous belts of tight intercellular junctions [31]. Further, these endothe­
lial cells contain few cytoplasmic vesicles, and there is good evidence that those 
present are not involved in transcapillary transport. This blood-brain barrier­
which is also present in the circumventricular regions at the epithelial cell level, 
lying between the brain parenchyma and capillary endothelium-restricts the 
entry of most water-soluble and charged compounds into the brain. This 
includes most anticancer drugs [11], as well as neurotransmitters [12]. While 
specific and saturable transport systems exist at the level of the cerebrovascular 
endothelium to transport essential solutes into the brain (o-glucose, L-amino 
acids, and various ions), there has until recently been no evidence that drugs are 
similarly transported [8]. Consequently, only compounds that have an appreci­
able solubility in the lipid component of the endothelial cell membranes are able 
to cross the blood-brain barrier by diffusion and freely enter the brain [12]. 

Blood-Brain Barrier in Brain Tumors 

The extent to which the blood-brain barrier is functional within brain tumors and 
the area directly surrounding them, which they invade, is controversial. There 
have been several reports of morphological alterations in brain endothelium at 
the microscopic level-including the presence of open tight junctions, fenestra­
tions, and gap junctions-in both primary and secondary CNS tumors [11, 13, 
15]. As a consequence, it has been suggested that the delivery of drugs to brain 
tumors is not a problem [43]. In apparent confirmation of this, iodinated 
radiocontrast agents are able to penetrate many metastatic brain tumors and 
high-grade gliomas, and partially delineate them during enhanced (i.e., by con­
trast agents) computerized tomographic (CT) scanning [13, 27]. Clinically, 
however, metastatic brain tumors often continue to grow despite regression of 
the primary tumor and systemic metastatic foci after chemotherapy. Further, 
small foci of metastatic brain tumors and low-grade gliomas appear to have 
relatively intact blood-brain barriers. Recent research indicates that the break­
down of the blood-brain barrier in brain tumors is not an all-or-nothing phe­
nomenon [11, 13]. In large metastatic brain tumors and high-grade gliomas, 
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breakdown is both regional and variable. Large areas of tumor often exist in 
which the barrier is either completely or partially intact. These areas are not 
enhanced by intravenous contrast agnets when imaged by CT scanning but can 
be detected by the measurement of local cerebral glucose utilization by positron 
emission tomography [4]. 

Even when the barrier within a CNS tumor is reduced or completely absent, 
drug distribution problems may still exist. There are several reasons for this: 

1. Blood flow to brain tumors is often variable. The blood vessels are frequently 
ill formed, coiled, dead-ended, or sinuslike. 

2. The intercapillary distance within the brain tumor is variable and generally 
increased [23]. When distances are great, the diffusion of oxygen and meta­
bolic substrates, as well as drugs, into the tumor is compromised. As a con­
sequence, cells often remain in Go, resting state, in which they are insensi­
tive to cell-cycle-dependent anticancer agents. 

3. Tumor cells often infiltrate into the surrounding brain parenchyma and are 
fed by the vessels of the normal brain. 

4. The permeability of the capillaries in the brain tissue directly surrounding the 
tumor may be reduced [23]. 

5. Both the normal brain surrounding the tumor and the CSF act as a diffusion 
sink for drugs, reducing their cytocidal concentration within the tumor. 

6. Brain tumors have an efficient perivascular drainage. 

Because these factors apply in tumors with disruption of the blood-brain 
barrier-and in addition, some tumors have only a partially disrupted or even 
completely intact barrier-it is important to choose nonneurotoxic anticancer 
agents that are able to penetrate normal brain, if tumors are to be effectively 
treated. For a drug to be effective against a tumor, not only must the malignant 
cells be sensitive to the drug, but the latter must reach its site of action in a 
cytotoxic concentration for an adequate time; this is the "concentration x time" 
(C x T) concept. In addition, if the anticancer agent is cell cycle phase specific, 
drug exposure must occur at the correct time. There are two major conse­
quences of inadequate drug delivery: the first is a suboptimal cell kill, which results 
in a poor therapeutic response; the second is the induction of drug resistance in 
the surviving cells, caused by the emergence of drug-resistant clones. 

Pharmacokinetic Parameters 

Three major factors determine the delivery of a drug to the brain: 

1. The time-dependent free plasma concentration profile of the drug, which is 
related to its route of administration. 

2. The permeability of the blood-brain barrier to the compound. This is expressed 
formally as a lipid: water partition coefficient. Since only the unionized 
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and unbound fraction of a compound is free to penetrate a cell, this partition 
parameter (P) has been defined as the fractional concentration of the unio­
nized and unbound fraction in the aqueous phase times the lipid solubility of 
the unionized agent, derived from its octanol:water partition coefficient [12, 
32]. 

3. Local cerebral blood flow. 

The cumulative effect of these three factors determines the actual concentra­
tion of drug that reaches the brain. The time-dependent distribution of a drug 
depends on its structure and on body mechanisms for its uptake, distribution, 
modification, and removal. After systemic administration, the plasma concen­
tration of a drug reaches a peak and then declines as it is redistributed and 
metabolized. As mentioned, the amount of drug available to enter the brain is 
dependent on the peak plasma concentration achieved and its maintenance over 
time. A high steady-state concentration will optimize brain uptake, while a rapid 
clearance will minimize it, except in the case of intra-arterial drug administra­
tion. As demonstrated in Fig. 1, there is a linear relationship between the cere­
brovascular permeability of a compound (i.e., its brain penetration) and its 
lipophilicity as determined by its octanol:water partition coefficient. Thus, in the 
case of a lipophilic drug with an octanol:water partition coefficient of greater 
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than 1.0 (i.e., equal partition), its transfer across the blood-brain barrier is 
rapid, and its distribution from blood to brain is limited by the rate of local blood 
flow. The rate at which a lipid-insoluble polar compound whose octanol:water 
partition coefficient is lower than 0.1 enters the brain is limited by the permeabil­
ity of the compound across the blood-brain barrier. For compounds whose 
octanol:water partition coefficients lie between these two limits, a combination 
of both blood flow and permeability limits their brain uptake. In each case, how­
ever, the final brain concentration of drug depends on the time-dependent 
profile of the free agent in plasma. 

The pharmacokinetics and physicochemical characteristics of the commonly 
used anticancer agents have been extensively described by Chabner et al. [1], 
Dorr [5], and (for the brain) Greig [11]. This chapter will focus on experimental 
techniques relevant to the treatment of CNS tumors to optimize or manipulate 
the three described pharmacokinetic parameters-concentration-time profile, 
barrier permeability, and rate of local cerebral blood flow. The goal of such 
manipulations is to increase the brain uptake of specific anticancer agents in 
order to improve their efficacy against intracerebrally sequestered tumors. 

Factors Governing the Concentration-Time Profile of a Drug 

One problem with classical pharmacokinetic studies is that the most important 
aspect-the tumor tissue concentration of the active moiety of the drug over 
time-is a parameter which cannot easily be studied and may not necessarily be 
correlated with the classical plasma pharmacokinetic data that are routinely re­
ported. While plasma drug concentrations give little knowledge of the absolute 
quantity of drug in the tumor, they do, together with the CSF levels, provide a 
valuable approximation. Should plasma drug concentrations either not reach or 
quickly fall below cytotoxic levels, it is unlikely that tumor cells in the brain 
would be reached by cytocidal drug concentrations. 

Clinically, techniques to optimize the pharmacokinetics of drugs for brain 
entry are limited. They rely on altering the route of drug administration (i.e., 
systemic, intra-arterial, intrathecal, and intratumor) and the schedule. Antican­
cer agents are administered systemically for the treatment of most solid intra­
parenchymal brain tumors and some CSF-sequestered tumors. This route is less 
invasive, and the bioavailability of drug administered intravenously is superior 
to that after oral administration. Systemic administration results in drug delivery 
to multiple potential or actual metastatic sites and is necessary for the use of 
drugs such as cyclophosphamide, which must be activated in the liver. The major 
disadvantage of systemic drug administration is that drugs must penetrate the 
blood-brain barrier to reach all the tumor cells, and few drugs possess this ability 
[11, 12]. In addition, the availability of systemically administered drugs to the 
tumor will be reduced by drug binding to plasma constituents and other tissues, 
metabolism, and excretion. Systemic toxicity can also occur. 
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For most anticancer agents, the maintenance of steady-state plasma concen­
trations results in both a higher brain concentration and greater cytotoxicity. 
Techniques to achieve a steady state include repetitive dosing and continuous 
intravenous infusion. Interestingly, the maintenance of plasma drug concentra­
tions versus the administration of a single high intravenous bolus can, depending 
on the agent and its mode of action, either reduce or increase systemic toxicity. 
For some agents (e.g., methotrexate and cytosine arabinoside), high-dose drug 
infusions, coupled with a rescue technique if necessary, can safely and signif­
icantly increase both brain and peripheral tissue drug delivery. 

Following intravenous administration of methotrexate to humans, the com­
pound minimally enters the brain, with a CSF:plasma concentration ratio of 
0.0006 [35]. However, high-dose 24-h methotrexate infusions, in combination 
with leucovorin rescue 24-36 h later, have been shown to increase brain 
methotrexate levels to cytocidal concentrations and heighten the CSF:plasma 
ratio to 0.03 [1]. A combination of factors probably accounts for this increased 
brain uptake: (a) peak plasma concentrations are dramatically increased during 
high-dose therapy, (b) the saturation of binding sites leads to a reduction in 
plasma protein binding and a subsequent increase in free drug levels [40], and 
(c) infusion maintains plasma levels for sufficient time to allow the brain concen­
tration to become uniformly high (no sink effect). 

Since alkylating agents such as melphalan produce relatively little second­
organ toxicity after their profound hematological toxicity, several investigators 
have similarly administered them in high-dose infusions, followed by autologous 
bone marrow rescue [3]. As yet, no data are available concerning the con­
centrations these agents attain in CSF. For reasons similar to those stated for 
methotrexate, one would expect increased brain levels. 

Simple drug infusion alone will not necessarily increase the brain uptake of a 
drug to therapeutic levels, as demonstrated by 5-ftuorouracil (5FU). Following 
its intravenous administration, the compound becomes rapidly deaminated to an 
inactive form. In studies which have not included methods to differentiate be­
tween these forms, it has been concluded that significant amounts of 5FU enter 
the brain. However, Hornbeck et al. [21] treated three patients with a 5FU 
infusion and found little or no 5FU in the CSF. Interestingly, Weinstein et al. 
[44] have reported high CSF: serum ratios (0.58) in patients administered cyto­
sine arabinoside by continuous intravenous infusion. Cytosine arabinoside is 
similar to 5FU in that it is rapidly inactivated in vivo; however, unlike 5FU, the 
high cytosine arabinoside concentrations achieved during intravenous infusion 
probably saturate the inactivating enzyme system (the serum deaminases). 

Intra-arterial administration of drugs to the brain is only of value for lipophi­
lic compounds, particularly those that are rapidly metabolized in plasma, there­
by reducing their systemic toxicity. The advantage of the arterial route is present 
only during the compound's initial passage through the brain, after which the 
drug enters the venous circulation, and its kinetics are identical to those pertain­
ing after intravenous administration [12]. While the technique has proved of 
significant clinical value in the isolated limb perfusion of malignant melanoma 
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and in the treatment of hepatic metastases, it is not commonly used for CNS 
tumors through lack of ideal compounds and technical expense. Of the antican­
cer agents available, carmustine (BCNU) is probably the most suitable. 

Circumvention of the Blood-Brain Barrier 

Few of the anticancer agents currently in clinical use possess the physicochemical 
properties required for adequate penetration of the brain. Consequently, 
appreciable brain concentrations are not achieved following systemic adminis­
tration. This does not apply to the nitrosoureas, which have been the mainstay of 
brain tumor chemotherapy, but the effects of these agents on patient survival 
have been disappointing. There are a number of possible explanations for this, 
including tumor cell heterogeneity, initial insensitivity, acquired drug resistance, 
and inadequate drug delivery to avascular quiescent cells. Regardless of which 
paradigm is used to explain the failures of chemotherapy, it is not surprising that 
single-drug regimens at best only minimally increase patient survival. Both the 
cell kill [37] and the Goldie-Coldman [9] hypotheses predict that the best 
responses are likely to be achieved by combination therapies. However, the list 
of agents with appropriate physicochemical properties which could be used in 
combination with the nitrosoureas is meagre. 

In addition to the design of novel lipophilic anticancer agents, a number of 
rational experimental approaches have recently been made to increase the brain 
uptake of the conventional anticancer agents, whose activities, pharmacokine­
tics, toxicities, and possible rescue techniques are already known. Since these 
agents are often effective against the systemic disease, they would appear to be 
potentially valuable against brain metastases, if delivery to the tumor site could 
be accomplished. 

Intrathecal Chemotherapy 

Intrathecal drug administration, by either the intralumbar or the intraventricular 
route, allows the immediate achievement of high CSF drug concentrations by 
bypassing the blood-brain barrier. In addition, since the volume of distribution 
of a drug delivered intrathecally is considerably smaller than that following 
systemic administration, a smaller initial drug dose will achieve a high CSF con­
centration without the associated systemic toxicity. Certain drugs, in particular 
methotrexate and cytosine arabinoside, have more favorable pharmacokinetics 
when administered intrathecally than when administered systemically for the 
treatment of some CNS diseases. The disappearance half-life of methotrexate in 
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CSF and plasma is biphasic, however, the initial phases being 4.5 hand 45 min, 
respectively. Likewise, the disappearance of cytosine arabinoside in CSF is far 
slower than in plasma. 

In addition to metabolism, several other factors jointly determine the half-life 
of a drug in CSF. CSF is formed under pressure at the choroid plexuses. Thus, 
drugs injected into CSF are carried by bulk flow through the ventricular and 
cisternal systems of the brain and are excreted into the venous system at the 
sagittal sinus. As there is free exchange between brain extracellular fluid 
(ECF) and CSF, drugs are free to mix and distribute throughout the ECF of 
brain parenchyma during their passage, to enter cells and cross capillaries. 

It is generally believed that the brain penetration of most anticancer agents 
administered into CSF is minimal since the extracellular space of the brain is 
extremely tortuous. Steady-state conditions would be required to achieve signif­
icant drug concentrations in all but marginal areas. The rate of a drug's brain 
penetration is determined by its aqueous diffusion constant. This is a physical 
characteristic of each compound and a function of its molecular weight [8]. 
Further, intrathecal drug administration, particularly by the lumbar route, is 
often contraindicated in the presence of solid intraparenchymal tumor due to the 
possibility of brain herniation. 

The route of intrathecal drug administration is an additional factor that deter­
mines the distribution of a drug, both in CSF and (secondarily) in brain [12]. 
Although the intralumbar route does not require surgical placement of an 
Ommaya reservoir, which is essential for intraventricular drug administration 
[28], the lumbar approach has a variety of disadvantages [12]. 

Two adaptions of the Ommaya reservoir have been developed for intratumor 
drug administration and ventriculolumbar CSF perfusion. In the former, a cathe­
ter is inserted directly into an intraparenchymal tumor during its resection [28]. 
This is then attached to an Ommaya reservoir. The device may be of value in the 
treatment of well-localized single tumors. As yet, however, insufficient data exist 
to adequately assess its benefits. Recently, Poplack et al. [30] have developed an 
experimental CSF perfusion system in the monkey to attain artificially high CSF 
concentrations of drugs over a protracted period of time. Artificial CSF, contain­
ing drug, is infused intraventricularly via an Ommaya reservoir and removed via 
a lumbar cannula. Again, insufficient data exist to assess its potential clinical 
benefit adequately. Unless a significant advantage is demonstrated, its technical 
complexity and expense may prevent its widespread utilization. 

Reversible Blood-Brain Barrier Modification 

As described, the blood-brain barrier maintains the homeostatic environment of 
the brain. Consequently, the brain is not subjected to the large fluctuations in 
essential compounds which occur in the systemic circulation. Further, the barrier 
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protects the brain from toxic systemic chemicals. While it is necessary for the 
normal functioning of the brain, its absolute and continuous integrity may not be 
essential. Two techniques that have proved consistently successful in innocuous­
ly and reversibly increasing the brain uptake of water-soluble anticancer agents 
are the osmotic opening and Metrazol opening techniques. 

Osmotic Opening 

Rapoport et al. [31,32] have demonstrated that cerebral artery administration of 
a hyperosmotic water-soluble agent, either mannitol or arabinose, consistently 
and safely produces barrier opening throughout the entire cerebral capillary 
network supplied by the infused artery. To accomplish this, an osmotic threshold 
of 1.6 osmols was required over at least a 20 second infusion period, and the 
phenomenon was completely reversed within 4 h. Morphological studies utiliz­
ing the intravascular marker horseradish peroxidase demonstrated that the in­
creased capillary permeability resulted from an osmotically induced shrinkage of 
the capillary endothelial cells, causing widening of the intercellular tight junc­
tions [32]. The gradual rehydration of these cells after the osmotic load restores 
barrier integrity. 

In extensive experiments in animal models, Rapoport et al. [32] demon­
strated that the technique could increase the cerebral permeability of methotre­
xate by up to seven times. They also found that methotrexate levels could be 
additionally increased by a factor of 7 by administration of the drug into the 
cerebral artery infused with the hyperosmotic agent. Using this technique, 
Neuwelt et al. [27] were able to increase brain levels of methotrexate in dogs by 
up to 90 and 100 times, with hyperosmotic infusions of 25% mannitol followed 
by administration of methotrexate either into the carotid or vertebral arteries. In 
brain tumor models, Neuwelt et al. [27] and Hiesiger et al. [20] separately dem­
onstrated that the osmotic opening technique could not only increase the dis­
tribution of methotrexate into normal brain but also into brain adjacent to 
tumor, which, as described, harbors invasive tumor cells. Most importantly, this 
technique also increased the delivery of methotrexate into the tumor itself [27]. 
In addition, Neuwelt et al. [27] reported that prior adrenal cortical steroid ad­
ministration inhibited such increases. These experiments demonstrated several 
important points: 

1. The osmotic technique could optimize drug delivery to intracerebral tumors 
and to the brain surrounding them. 

2. Adrenal cortical steroids, generally given clinically for the management of 
cerebral edema associated with brain tumors, interfered with osmotic barrier 
modification in an undetermined manner. 

3. Intracerebral tumors have a variable barrier, which while partially open can 
still be modified by the osmotic opening technique. 
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Neuwelt et al. [26, 27] have undertaken extensive neuropathological studies 
in the dog to determine which anticancer agents in conjunction with osmotic 
opening would be of clinical benefit. The neurotoxicity of several commonly 
used water-soluble anticancer agents was assessed, in doses from 5% to 100% of 
their normal systemic dose. Neurological observation and postmortem neuro­
pathology was undertaken at intervals from minutes to months after their admin­
istration. Cis-platinum and doxorubicin hydrochloride (Adriamycin) proved to 
be extremely neurotoxic, causing brain tissue necrosis, hemorrhagic infarction, 
and cerebral edema. Cis-platinum was highly neurotoxic following its intra­
carotid infusion, even without barrier modification. It caused extravasation of 
the intravascular marker, Evans blue, and resulted in multiple areas of necrosis 
and hemorrhage. Following osmotic barrier modification, bleomycin and 5FU 
also proved to be neurotoxic, but to a lesser degree. Only methotrexate and 
cyclophosphamide (administered intravenously in order to achieve hepatic 
microsomal activation) were not associated with substantial neurotoxicity. 

Neuwelt et al. [24, 26] have also carried out clinical studies. Since 1979, they 
have successfully undertaken more than 1000 barrier modifications on more than 
100 patients. They have documented tumor regression, assessed by combined 
CT scan and neurological examination, in patients with glioblastoma, micro­
glioma, medulloblastoma, CNS lymphoma, and CNS metastases from breast 
and lung and, additionally, have clearly demonstrated that the technique can 
significantly increase the duration of patient survival [27]. 

Metrazol Opening 

The permeability of the blood-brain barrier can be reversibly increased by sei­
zure activity. Greig and Hellmann [14] demonstrated that the CNS stimulant 
pentylenetetrazol (Metrazol) could increase the brain uptake of the intravascu­
lar markers horseradish peroxidase and radiolabelled albumin by a factor of 3. 
The effect was innocuous, temporary, and reversed within 4 h. They further 
demonstrated that pentylenetetrazol in combination with pentobarbital sodium 
(to reduce peripheral seizure activity) significantly enhanced the brain uptake of 
both razoxane and melphalan in the rat. This led to an increase in the therapeu­
tic efficacy of razoxane against intracerebrally sequestered L1210 leukemia in 
mice [17]. 

Miscellaneous 

A number of other chemical and physical insults have been reported to increase 
the permeability of the blood-brain barrier innocuously and reversibly. Many of 
these observations remain unsubstantiated, and several have since been refuted 
[11, 12, 18]. They have been extensively reviewed by Greig [11, 12]. 

Possibly of greatest interest is the question whether X-irradiation alters the 
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permeability of the blood-brain barrier. Nair and Roth [24] demonstrated that a 
single dose of 100 Gy caused a slight barrier opening to both radio labelled albu­
min and the anticonvulsant acetazolamide in rats; however, at clinical doses of 
X-rays (which are substantially lower), this acute effect was not observed. Thus, 
while there appears to be a synergism between radiotherapy and several antican­
cer agents-BCNU, which readily enters the brain, being particularly important 
in this regard-it is unlikely that the scheduling of chemotherapy directly after 
radiotherapy would increase the brain uptake of water-soluble anticancer 
agents. 

Chronically, radiotherapy may indeed cause vascular alterations and per­
meability changes in the brain, as demonstrated by the occurrence of radiation 
necrosis. Such vascular alterations may be of relevance to neurotoxicity asso­
ciated with combined modality treatment approaches. There is no doubt, for 
example, that the combination of radiotherapy and methotrexate, used in CNS 
prophylaxis, results in a higher incidence of neurotoxicity in patients with leuke­
mia [22]. 

While the long-term sequelae of conventional X-radiation on both the brain 
and the cerebral vasculature remain largely unknown, it is probable that fast­
neutron radiation detrimentally and irreversibly alters the cerebral vasculature 
chronically and possibly acutely [12]. 

Carrier-Mediated Transport at the Blood-Brain Barrier 

As described, stereospecific, saturable, carrier-mediated transport systems exist 
at the level of the cerebral capillary endothelium to regulate and facilitate the 
brain uptake of essential water-soluble compounds (D-glucose, L-amino acids, 
neurotransmitter precursors, and ions). Greig et al. [16, 22] have recently dem­
onstrated that for melphalan, a nitrogen mustard derivative of the large neutral 
amino acid L-phenylalanine, there is facilitated transport at the blood-brain 
barrier by the large neutral amino acid carrier system. Using an isolated brain 
perfusion technique, they were able to measure the cerebrovascular permeabil­
ity of melphalan separately from the endogenous L-amino acids that compete for 
the carrier. Melphalan brain uptake demonstrated classical concentration­
dependent transport, saturation, and inhibition by L-phenylalanine. 

Melphalan's affinity for the carrier system was significantly less than that of 
the endogenous large neutral amino acids, and its facilitated transport was inhi­
bited by these at physiological concentrations. Nevertheless, this is the first clear 
demonstration that an exogenous compound can make use of an existing facili­
tated transport system located at the blood-brain barrier to gain entry into the 
brain. It is possible that other amino acid drug analogs, such as the glutamine 
antimetabolite acivicin, are likewise transported. While melphalan is not a per­
fect substrate for the carrier system, research is continuing towards synthesizing 
further compounds that compete more readily for it. 
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Drug Design and Chemical Modification 

The development of anticancer agents for the treatment of CNS-sequestered 
disease has recently progressed beyond the empirical approach, in which the 
random screening of drugs against a bank of proliferative tumor models is 
carried out. Currently, there is enough information in this field to embark upon 
"rational" drug design. 

The design of anticancer agents specific for brain tumors can be divided into 
two categories: (a) novel lipophilic agents with anticancer activity and (b) clas­
sical anticancer agents with modified lipophilicity. In reality, the groups largely 
overlap, as the synthesis of a totally novel compound is rare. 

Novel Lipophilic Agents 

Two compounds that fit better into the category of novel lipophilic agents are 
spirohydantoin mustard (SHM) and aziridinylbenzoquinone (AZQ). SHM was 
developed by Peng et al. [29] to take advantage of the observation that the 
centrally acting anticonvulsive agent diphenylhydantoin, or phenytoin, readily 
enters the brain and distributes preferentially in primary brain tumors, reaching 
concentrations of up to four times that in normal brain. Diphenylhydantoin has 
an octanol:water partition coefficient of log 2.47. The addition of a nitrogen 
mustard group to the molecule significantly increased its partition coefficient to 
log 4.69, but the removal of an aromatic ring-giving the drug SHM-reduced 
the partition coefficient to approx. log 2.5. The optimal octanol:water partition 
coefficient for brain entry is considered to be in the range of log 1.5-2.5. SHM 
was found to penetrate the CSF of dogs in significant quantities following its 
intravenous administration and proved active against intracerebral ependymo­
blastoma in mice [11]. As yet, its activity in clinical trials has been hampered by 
dose-limiting CNS neurotoxicity, consisting of hallucinations and other symp­
toms resembling anticholinergic overdrive. Preliminary studies have indicated 
that physostigmine or haloperidol pretreatment might reduce these side effects 
[36]. Should the acute toxicity problem be overcome, allowing dose escalation, it 
will be interesting to assess whether the promising properties of SHM will trans­
late into effectiveness against high-grade gliomas. 

Driscoll et al. [6] and Chou et al. [2] have synthesized and tested a number of 
quinones against several brain and peripherally implanted tumor models. The 
quinone structure is a common chemical feature in doxorubicin, daunorubicin, 
mitomycin C, steptonigrin, and lapachol. A series of aziridinylbenzoquinones 
demonstrated significant anticancer activity, and AZQ was eventually chosen for 
pharmacokinetic studies and clinical trials. As AZQ is a small, unionized, and 
lipophilic compound, it was found to readily enter the brain [to]. Its clinical 
spectrum of activity has been reviewed by Greig [11]. AZQ has demonstrated 
some activity against primary brain tumors, but this was inferior to that of 
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BCNU. Analysis of the true value of AZQ awaits the completion of further 
clinical trials. 

Modification of Lipophilicity 

The second approach to the synthesis of CNS anticancer agents is to modify the 
lipophilicity of classical agents already in clinical use [12]. Chemical manipula­
tions have led to the circumvention of resistance pathways (e.g., antimetabolite 
analogs) or alterations in drug distribution with resultant reduced toxicity (e.g., 
cis-platinum derivatives). 

Nitrosoureas 

The nitrosoureas, BCNU, lomustine (CCNU), and semustine (MeCCNU) 
(log octanol:water partition coefficient 1.53, 2.83, and 3.3, respectively) have 
formed the basis of chemotherapeutic treatment of brain tumors since they are 
among the few anticancer agents that readily enter the brain. Their brain uptake 
is limited by cerebral blood flow only. The brain pharmacokinetics and clinical 
activity of these compounds have been reviewed by Greig [11] and Edwards et 
al. [7], respectively. PCNU (log octanol:water partition coefficient 0.37), a new­
er nitrosourea, was originally brought into clinical trials to test a quantitative 
structure-activity relationship, based on extensive studies on intracerebral and 
other animal tumor models [19]. These investigations indicated that the activity 
of the nitrosoureas declined with increasing lipophilicity. Clinical studies have, 
in general, supported this paradigm and indicate that BCNU is more active than 
both CCNU and MeCCNU against brain tumors. PCNU demonstrated signif­
icant activity against intracerebral tumor models and appeared to readily enter 
the brain; however, its activity in clinical studies has proved disappointing. Its 
anticipated benefits were quickly reevaluated following greater than expected 
myelotoxicity. In phase II trials on both metastatic and primary brain tumors, 
its activity was not superior to that of BCNU or CCNU [11]. 

Methotrexate 

Possibly the most extensive studies on thf' structural modification of a single 
agent have been undertaken by Rosowsky et al. [33, 34] on methotrexate. 
Methotrexate (log octanol:water partition coefficient 1.85) is restricted from 
entering the brain by the presence of two amine and carboxyl residues (Fig. 2), 
which become positively and negatively charged, respectively, at physiological 
pH. This indicates that the compound exists in the form of a dipolar ion. As a 
consequence, less than 0.1 % of methotrexate exists in the unionized form under 
physiological conditions, which results in its low brain permeability. Rosowsky 
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Fig. 2. Structure of methotrexate and y-monobutyl and -dibutyl methotrexate derivatives 

restricted his studies to alterations in the glutamine residue of methotrexate, and 
in particular to the two ionizable carboxyl groups. The replacement of these by 
hydrophobic esters offers an improved opportunity for drug uptake into the 
brain and also into tumor cells by passive diffusion. Methotrexate normally en­
ters tumor cells by a carrier-mediated transport system. Alterations in this trans­
port system lead to one form of methotrexate resistance. Chemical modification 
of the pteroyl moiety of methotrexate or the C = 0 group in the amide bond 
separating the pteroyl and glutamine moieties considerably reduces the activity 
of the analog compared with methotrexate. 

Rosowsky's manipulations of the glutamine moiety of methotrexate are too 
extensive to be adequately reviewed in this article, and consequently only a few 
will be discussed. The lipophilicity of methotrexate could be increased by esteri­
fication of the Rl and R2 carboxyl groups either singly or jointly to form a or 'Y 
mono esters or a or 'Y diesters, respectively (Fig. 2). The synthesis of a series of 
alkyl esters of CC C16 chain length demonstrated that increasing the alkyl chain 
length of the ester moiety decreased the ability of the analog to inhibit dihydro­
folate reductase (DFR) in a cell free assay and increased its cytotoxicity against 
human leukemic lymphoblasts (CEM cells) in culture [34]. These results are not 
necessarily incompatible since greater amounts of the more lipophilic long-chain 
analogs would be expected to enter the tumor cells in vitro. The only detailed 
pharmacokinetic experiments undertaken with these analogs have involved the 
dibutyl and 'Y-monobutyl C4 esters of methotrexate in the rhesus monkey [33]. 
Following intravenous administration, the dibutyl ester broke down principally 
to the monoester, methotrexate, but substantial quantities of unidentified 
products were also formed. Conversely, the 'Y-monobutyl ester formed metho­
trexate only. The 'Y-monobutyl ester bound heavily to plasma proteins (> 99%), 
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and the combined CSF level of both the parent compound and methotrexate was 
no greater than that following the equimolar intravenous adminstration of 
methotrexate. These experiments nevertheless demonstrate how chemical mani­
pulation can substantially alter the cytotoxicity and distribution of a drug. 

Chlorambucil 

Extensive pharmacokinetic and activity experiments have been undertaken by 
Greig [12] on esters of chlorambucil to assess how the structural modifications of 
a single carboxyl group can alter the distribution of the compound. Unlike 
methotrexate, chlorambucil has only a single ionizable group. Since chlorambu­
cil is an alkylating agent, chemical modification of the carboxyl group is unlikely 
to alter its activity, as unlike methotrexate it does not compete with endogenous 
substrates for a rate-limiting enzyme. As with methotrexate, increased brain 
concentrations of drug, brought about by reversible blood-brain barrier opening 
in rats (Greig, unpublished results), were not associated with neurotoxicity. 
Short-chain alkyl esters and simple aromatic esters of chlorambucil were rapidly 
metabolized in both rat and human plasma to release chlorambucil. Following 
the intravenous administration of these esters in rat, only chlorambucil and 
phenylacetic mustard (the active end product of chlorambucil f3-oxidation) were 
detected in brain, and these concentrations were not significantly different from 
those following the equimolar administration of chlorambucil. In accord with 
this finding, the activity of these esters against intracerebral tumor implants was 
comparable with that of equimolar chlorambucil. The longer-chain (6 and 8 car­
bon length) alkyl chlorambucil esters were more stable in plasma, with half-lives 
of up to 10 min prior to ester hydrolysis to chlorambucil. Interestingly, neither 
the total brain alkylating concentration nor the brain activity of these com­
pounds was signficantly different from equimolar chlorambucil. This is probably 
due to the fact that all are heavily bound to plasma proteins. 

These experiments demonstrate anew several interesting points that have 
been shown with other compounds [12]: 

1. Simple esters, with specific exceptions, are rapidly cleaved from drugs. While 
esterase activity is slower in humans than in rodents, it is often sufficiently 
rapid to ensure that minimal drug becomes localized to the brain. 

2. Esterase hydrolysis declines with the increasing complexity of the ester or 
with steric hindrance. 

3. Long-chain alkyl esters are often highly lipophilic, above the limit for optimal 
brain entry, and bind heavily to plasma proteins. They distribute to liver, 
bile, and fat depots and are difficult to administer. 

4. Complex esters that bind heavily to plasma proteins can act as pro-drugs to 
maintain systemic drug concentrations of therapeutically useful agents over a 
protracted period of time after a single intravenous dose. 

The approaches discussed are representative of those currently being under­
taken with the objective of directing systemically administered anticancer agents 
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to the brain. Similar approaches are being undertaken with other pharmaco­
logical agents [12]. It is to be hoped that advances made with these agents 
may establish general principles which will be of value in ensuring improved 
brain delivery of other (including new) therapeutic drugs. 

Blood Flow 

As described, the brain delivery of the unbound fraction of a lipophilic drug is 
limited solely by blood flow. Although the brain is small in mass, it is highly 
perfused. In addition, regional cerebral blood flow is heterogeneous and under 
most circumstances is closely linked to the local rate of energy utilization [39]. 
Since the rate of blood flow is a determinant of total drug delivery, it follows that 
systemically administered drugs, and in particular lipophilic ones, would be 
available for uptake in greater amounts in those regions with higher metabolic 
rates. 

Elaborate studies by Soncrant et al. [40], utilizing the 2-deoxY-D-[14C]­
glucose technique to measure regional cerebral metabolism [38], have demon­
strated that neurotransmitter agonists consistently increased and antagonists and 
anesthetic agents consistently decreased glucose utilization, and hence blood 
flow, in highly localized brain areas. The specific regions affected, the total num­
ber, and the degree depended on the drug and its mechanism of action, its initial 
concentration, and the time after its administration. These dose-response-time 
relations are complex; however, studies such as these are gradually elucidating 
the principles of how drugs affect local cerebral metabolism and how different 
brain regions interact, leading to a new and broader view than that inherent in 
the more classical drug-receptor binding studies. In addition, utilizing the 2-
[18F]fluoro-2-deoxY-D-glucose technique in humans [4], pharmacological agents 
are now being used as probes to assess how the brain responds to specific stimuli 
in health and disease. 

Soncrant et al. [40] have posed an interesting question: can drugs, by their 
regionally specific actions on metabolism (and blood flow), alter either their own 
regional delivery or that of other drugs within the brain? This novel concept 
poses a series of further questions of relevance to the chemotherapy of brain 
tumors: as it is generally possible to localize the tumor in the brain of a patient 
by brain imaging, can prior administration of a specific drug that increases cere­
bral metabolism in the region surrounding the lesion enhance the delivery of 
anticancer drugs to it? Or conversely, can an agent that decreases cerebral meta­
bolism in areas other than that surrounding the lesion protect distant brain from 
neurotoxicity? These questions highlight a few of the many possible manipula­
tions, through drug synergism, that might enhance the delivery of therapeutical­
ly useful anticancer agents to brain tumors. At the present time, the practical 
utility of such approaches remains speculative. 
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Conclusions 

It is finally being accepted that the blood-brain barrier, although of variable 
integrity, severely compromises the delivery of drugs to brain tumors. With this 
realization, progress is at last being made to increase the number of chemother­
apeutic agents available to the neuro-oncologist. Osmotic blood-brain barrier 
modification has already been demonstrated to be both beneficial and safe in 
delivering hitherto eNS-restricted anticancer agents into the brain. In addition, 
drugs are now being rationally designed specifically for brain tumor treatment. 
Although the prognosis for patients with malignant brain tumors is presently 
bleak, there is hope that it will improve in the near future. 
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Biological Approaches to Therapy 



14. The Evaluation of Biological Response Modifiers 
for Cancer Therapy 
R.B. Herberman 

Compass of Biological Response Modification 

During the past several years, increasing attention has been devoted to the 
potential applications of biological response modifiers (BRMs) for treatment of 
patients with cancer. It has been suggested that BRMs might provide a novel 
approach to therapy and be an effective alternative and/or adjunct to therapy by 
conventional modalities, such as chemotherapy, radiotherapy, and surgery. 

BRMs have been defined by the Subcommittee on BRMs to the Division of 
Cancer Treatment, National Cancer Institute (NCI) as "Those agents or ap­
proaches that modify the relationship between tumor and host by modifying 
the host's biological response to tumor cells with resultant therapeutic effects" 
[1]. BRMs include natural or synthetic agents (including genetically engineered 
molecules as well as chemicals) and can be divided into two main categories: (a) 
chemical and biological agents which can stimulate or otherwise affect the host 
resistance mechanisms that may be involved in the control of growth and/or 
metastases of tumor cells and (b) cellular products that can have direct anti­
tumor effects. 

Included within the first category are predominantly immunomodulators, 
which could mediate their effects by activating, increasing, and/or restoring reac­
tivity of immunological effector mechanisms that are involved in resistance to 
tumor growth and metastasis. Immunomodulators might also act by inhibiting 
suppressor or other mechanisms which interfere with effective host resistance to 
tumors. This general category of BRMs includes chemical agents, tumor anti­
gens, effector cells, antibodies, and cytokines (i.e., proteins produced by, and 
which affect various functions of, the immune system). Also included would be 
agents which increase the ability of the host to tolerate damage by chemotherapy 
or radiotherapy, e.g., by increasing or restoring hematopoiesis (various colony­
stimulating factors or drugs). 

Included within the second main category of BRMs would be effector cells, 
antibodies, or cytokines which have antitumor effects by (a) direct cytotoxicity 
against tumor cells, such as cytotoxic antibodies or cytokines, including lym­
photoxin or tumor necrosis factor; (b) decreasing the state of transformation 
(i.e., the degree of "malignancy") or increasing the differentiation or maturation 
of tumor cells (optimally to a terminal, nonproliferative form), so that they man­
ifest reduced potential for uncontrolled growth, invasion, and spread (retinoids 
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and interferons, for example, have been shown to have such effects); and (c) 
increasing the sensitivity of tumor cells to control by host effector mechanisms, 
e.g., by inducing receptors for regulatory molecules. 

It is apparent that many of the approaches and agents considered to be BRMs 
are immunologic, and therefore there is much overlap with immunotherapy. It is 
therefore worthwhile to review briefly the current status of immunotherapy, and 
to examine why the approaches to therapy with BRMs hold much promise de­
"pite the limitations of previous immunotherapeutic approaches. 

Disappointments and Defects in Previous Immunotherapeutic 
Approaches 

During the past few years, attitudes and expectations about immunotherapy of 
cancer have fluctuated dramatically. A high degree of optimism as to the ability 
of immunologic manipulations to cure residual disease and thereby provide a 
major supplement to surgery and other forms of conventional therapy has been 
largely replaced by widespread doubts as to the value or even the potential for 
immunotherapy. 

It seems worth wile to first reflect on some of the reasons for the initial hopes 
and expectations for major therapeutic advances as a result of immunotherapy: 

1. In the 1960s and early 1970s, numerous studies were published which dem­
onstrated tumor-associated transplantation antigens on a variety of ex­
perimental tumors, primarily in inbred strains of mice. With such tumors, it 
was possible to induce specific resistance to autologous or syngeneic tumor 
growth by removal of growing tumors or by immunization with tumor cells or 
tumor extracts. In some cases, this resistance was rather potent, such that the 
immunized animals were able to resist challenge by large numbers of tumor 
cells. 

2. These in vivo demonstrations of effective and specific antitumor immu­
nity were soon followed by reports which provided a considerable body of 
evidence for apparently specific cell-mediated immunity against tumor­
associated antigens on such experimental tumors [2]. In addition, similar data 
was obtained with many human tumors, suggesting that human tumors might 
also have tumor-associated transplantation antigens that were immunogenic 
in the autologous host. 

3. Further encouragement came from the successful results of immunotherapy 
with various agents in some experimental tumor systems. Particular attention 
was focused on treatment of certain transplantable tumors with the bacterial 
agents Mycobacterium bovis (BeG) and Corynebacterium parvum, but some 
successful results were also obtained by specific immunotherapy with tumor 
vaccines [3]. Most impressively, the immunotherapy often resulted in com­
plete eradication of tumor and persistent immunity against subsequent tumor 
challenge. 
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4. From several preliminary studies, it appeared that similarly successful im­
munotherapy could be performed on cancer patients. Of particular note were 
reports of significant prolongation of disease-free intervals and/or survival in 
patients with acute lymphocytic or myelogenous leukemia after treatment 
with BeG plus allogeneic irradiated tumor cells [4], regressions of primary or 
metastatic skin tumors after elicitation of delayed hypersensitivity reactions 
by contact sensitizers or BeG applied to the tumor site [5], and increased 
survival of operable lung cancer patients given intrapleural BeG shortly after 
surgery [6]. Most recently, much attention has been given to antitumor effects 
of interferon in some cancer patients [7], with the likely possibility that these 
results were mediated by stimulation of host effector mechanisms. 

Despite this apparently strong basis for immunotherapy, most oncologists and 
even many tumor immunologists are currently quite pessimistic about clinical 
immunotherapy. The most immediate cause for skepticism has come from 
larger-scale clinical immunotherapy trials, particularly several well-designed 
randomized controlled trials, in which it was not possible to verify the apparent 
clinical benefits that had been suggested by the initial studies [8]. Of particular 
concern has been the lack of convincing evidence for beneficial clinical results 
from immunotherapy with specific tumor vaccines. An additional fundamental 
concern has been the accumulating evidence against some of the basic assump­
tions providing the rationale for immunotherapy. 

Much discussion has centered on the frequent failure to detect tumor­
associated transplantation antigens on some types of tumors in experimental 
animals, particularly spontaneous tumors [9]. Most of the earlier positive results 
were obtained with tumors induced by oncogenic viruses or chemical carci­
nogens. Since almost all human tumors are, in the absence of a clearly defined 
etiology, considered to be spontaneous, the negative results with spontaneous 
rodent tumors have often been considered to be more clinically relevant [10]. 
There has also been considerable evidence against a central role for immune T 
cells in protection against a variety of tumors. For example, the incidence of 
spontaneous or chemical carcinogen-induced tumors has generally been the 
same in nude or neonatally thymectomized mice as in euthymic mice [11]. Since 
thymus-dependent immunity was frequently postulated to be of primary impor­
tance for immunosurveillance and for general host resistance against tumors, this 
has raised questions about the overall role of the immune system in antineoplas­
tic defenses. Similarly, there has been increasing evidence that what had pre­
viously been thought to be specific cytolytic T cells reactive against human 
tumors were actually natural effector cells, especially natural killer (NK) cells 
[12]. Further discouragement has come from the failure to detect consistent and 
clear-cut alterations in immune parameters in patients receiving immuno­
therapy. 

The above findings have been taken by many investigators and oncologists as 
sufficient reasons to abandon attempts at immunotherapy. However, although 
expectations for immunotherapy were initially inappropriately optimistic, there 
are a number of reasons to believe that immunotherapy may have a role in 
future approaches to cancer treatment, not the least being the recent major ad-
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vances in the understanding of the tumor-host relationship, and the development 
of highly purified reagents, including monclonal antibodies and molecules 
obtained from bacteria containing appropriate genes inserted by recombinant 
DNA technology. A number of problems, however, need to be overcome. For 
example, despite the extensive data indicating therapeutic efficacy in some ex­
perimental animal tumor systems, there is a very wide gap between such systems 
and the clinical situations [13]. Almost all experimental immunotherapy studies 
have been done with transplantable tumor cell lines, particularly those which 
were initiated at least 15 years ago. Such tumors may have normal histocompati­
bility antigens that are different from those expressed in current inbred strains. 
Closer models for human tumors would seem to be primary tumors, with im­
munotherapy being performed on established, autochthonous tumors. 

In addition, although two of the basic objectives of biological response mod­
ification are to restore deficiencies in immunologic functions or to augment reac­
tivity about existing levels, almost all of the clinical trials so far conducted have 
employed empirically selected doses and schedules of administration of agents. 
Often, agents have been given at the maximal tolerable or available doses or at 
arbitrary doses and schedules. 

Frequently, no clear hypothesis was formulated as to the expected immunolo­
gic effect to be achieved by the immunotherapy. When a rationale for a par­
ticular immunotherapy trial was stated, it was usually formulated in terms of 
attempts to augment T-cell-mediated immunity to tumor-associated transplanta­
tion antigens. Similarly, most efforts at immunologic monitoring of patients 
receiving immunotherapy were focused on alterations in the numbers and func­
tions of T cells. Increasing evidence indicates that other types of effector cells 
and mechanisms may be important in resistance against tumor growth. Further, 
these may not even depend on the expression of tumor-associated transplanta­
tion antigens. Such alternative immune effector mechanisms include NK cells, 
macrophages, and possibly even granulocytes. These may all function as com­
ponents of the natural cellular immune defense system, which can be rapidly 
activated and can react against a wide variety of tumor cells [14, 15]. In addi­
tion, there is a real possibility that some of the agents in current use for immuno­
therapy may also have biological response-modifying effects which are not 
manifested by way of the immune system, e.g., alterations in the production of 
various cellular growth factors [16]. For this reason, it is preferable to speak in 
terms of biological response modification rather than immunotherapy. 

Performance of Future Trials Involving Biological Response 
Modifiers 

The evaluation of BRMs as therapeutic agents requires of necessity a different 
approach from that employed for cytotoxic drugs. Even the screening of poten­
tially useful agents is complicated by the fact that many BRMs are not effective 
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in other species. This applies, for example, to most human interferons and, of 
course, monoclonal antibodies. With such agents, in vitro assessments and eval­
uation of effects on human xenografts in nude mice would comprise the preclin­
ical phase of BRM testing. After appropriate in vitro and in vivo preclinical 
studies, potentially useful agents must then be subject to direct testing in pa­
tients. Prior to embarking upon large-scale clinical trials, it would seem essential 
to determine the dose and schedule for a particular agent that optimally augment 
for a sustained period one or more of the effector mechanisms considered impor­
tant. This is of particular concern since a variety of agents may not only augment 
the activity of a particular immunologic function but under some conditions also 
cause depression via induction of activation of suppressor cells. It should be 
noted that there is little reason to expect that more of a particular agent will be 
better. The relevant principles for immunomodulation are likely to be quite 
different from those that have been developed for treatment with chemother­
apeutic agents, where the highest possible dose is given. 

One possible approach would be to determine the optimal immunomodulat­
ing dose for each of several effector functions and then set up and compare the 
therapeutic results of protocols based on such information. For example, one 
might compare the optimal schedule for augmenting macrophage cytolytic activ­
ity with that for augmenting NK or antibody-dependent cell-mediated cytotoxic 
activity. One aspect of this approach which should be taken into account is that 
many agents are pleiotropic in their effect on the immune system or other host 
functions, so that for a single compound it is advisable to assay several immunol­
ogic effects. The primary concern then in a phase I trial with a putative biologi­
cal response-modifying agent would be to carefully monitor for the effects of the 
agent at various doses and schedules of administration. Although this would 
appear to be an obvious and straightforward approach, agents that have been 
brought to the clinical level so far have not been studied in this way. 

It should also be noted that most previous and current phase I trials with 
BRMs have been performed in patients with advanced, widespread disease, in 
analogy with the approaches taken for initial evaluation of chemotherapeutic 
agents. Although studies in such patients can provide useful information about 
the possible toxic side effects of the agents, they are quite unlikely to provide any 
indications of antitumor efficacy. Although the susceptibility of many tumors 
to cure by chemotherapy varies inversely with tumor mass [17]-due to the 
increased likelihood of development of drug-resistant clones-drugs produce 
logarithmic, first-order kinetics of cytotoxicity against advanced, bulky tumors 
as well as against small, localized tumors. In contrast, immunologically mediated 
antitumor effects mainly seem to be subject to a threshold, with no discernible 
activity against tumors beyond a certain size or degree of tissue invasion. Most 
experience with animal tumor systems has indicated that effective immunother­
apy or other forms of biological response modification are limited to small tumor 
burdens and micrometastatic disease. Even highly immunogenic tumors have 
usually been shown not to be susceptible to therapy when BRMs are first given 
at an advanced stage of disease [18]. Thus, development of clinical protocols to 
evaluate the effects of BRMs on micrometastatic disease, as an an adjunct to 
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surgery and/or chemotherapy or radiation therapy, is more likely to provide 
positive results. 

A major technical issue to be raised in regard to the monitoring of the effects 
of various agents on effector activity is the problem of substantial spontaneous 
fluctuation in reactivity in the assays over a period of time. Some of this may be 
attributed to technical variation from day to day in the assay itself, resulting, for 
example, in varying susceptibility of a target cell to lysis. In addition, there may 
be considerable biological fluctuation in reactivity [19]. Thus, there is a real need 
to carefully control the monitoring, to adequately discriminate between treat­
ment-induced alterations and spontaneous fluctuations. 

Once a decision is reached as to the main mechanism of action for a given 
BRM, the next major issue is the determination of the protocol that would in­
duce optimal alterations of the relevant effector mechanism. This is the primary 
focus for the immunopharmacology of BRMs, and it goes beyond an assessment 
of the pharmacokinetics of the agent itself, with the main concern being the 
pharmacokinetics of the alteration of the biological response. It should be noted 
that whereas most mechanistic studies with a BRM are focused on the altera­
tions in reactivity after a single dose, for development of effective therapeutic 
protocols one needs to determine the route and schedule of administration that 
would produce continued alterations in reactivity over a prolonged period. It is 
not as yet clear whether it would be necessary to have continuous and sustained 
alteration in reactivity or whether cyclic alterations would be sufficient. In any 
event, it seems critical to determine whether repeated administration of a BRM 
would lead to hyporeactivity or refractoriness to alterations upon repeated expo­
sures. If such hyporeactivity were seen, it would be the important to understand 
the basis for the refractoriness and to develop protocols for avoiding or over­
coming such effects. 

Evaluation of Interferon as a Biological Response Modifier 

One very instructive example of the potential and limitations of BRMs for ther­
apy is interferon. Over the past several years, much attention has been focused 
on the potential therapeutic efficacy of various types of interferon. When clinical 
trials were initiated with interferon, the main rationale was the known ability of 
interferon to inhibit the proliferation of certain types of tumor cells. However, 
it soon became increasingly clear that interferon is a very pleiotropic agent, 
with the ability to act as a potent BRM, having effects on a variety of host 
responses-including activation of NK cells, macrophages, and T cells-as well 
as potential direct antitumor effects [20, 21]. The latter include an ability to 
modulate various cell surface structures, including major histocompatibility 
antigens and tumor-associated cell surface antigens. 

Despite the increasing awareness of the possible importance of such indirect 
biological response-modifying effects of interferon, most clinical trials that have 
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been performed to date have centered on the frequent administration, usually 
daily, of the maximum amounts of interferon that either were available or were 
tolerated by the patients. It is quite likely that such protocols are mainly optimal 
for direct cytostatic antitumor activity of interferon. These protocols have had 
early positive therapeutic effects on some types of cancer, with partial or com­
plete regressions being seen in patients with extensive tumor burdens, who had 
become refractory to other forms of therapy. A substantial proportion of 
patients with non-Hodgkin's lymphoma-particularly nodular poorly differ­
entiated lymphoma [22, 23] and cutaneous T-cell lymphoma [24]- and patients 
with hairy-cell leukemia [25] have been shown to respond to a-interferon. 
A similar range of antitumor effects has been observed so far in the phase I 
clinical trials of recombinant y-interferon [26-30]. However, it has been quite 
disappointing that most patients with other types of cancer have shown little or 
no therapeutic benefits from interferon administration. 

One of the possible explanations for the limited therapeutic efficacy that has 
been seen thus far is the use of protocols for administration of interferon that are 
not sufficiently effective for inducing sustained alterations of other important 
biological effects. This possibility is supported by the experience to date in re­
gard to the effects of the interferon protocols on NK activity. Interferon has 
been demonstrated to be a major factor involved in the activation of NK cells 
and for augmentation of spontaneous reactivity [31]. This information, coupled 
with the increasing evidence for an important role of NK cells in resistance 
against tumors-particularly against metastases-has led to much interest in the 
effects of interferon administration on NK activity. Most clinical trials have now 
incorporated the monitoring of NK activity as a fundamental part of the study 
design. Unexpectedly, in view of the known ability of interferon administration 
to boost NK activity in mice, and the early reports of sustained augmentation of 
NK activity in patients with osteosarcoma receiving therapy with Cantell a­
interferon [31], most clinical studies have revealed only transient augmentation 
of NK activity in patients receiving frequent, high doses of various forms of 
interferon. For example, in a clinical trial with highly purified recombinant 
leukocyte interferon clone A, augmentation of NK activity was seen in very few 
of the patients, and about 30% of the patients receiving interferon twice daily 
showed depressed NK activity below the spontaneous levels measured prior to 
initiation of therapy [19]. 

The explanation for the failure of interferon to cause sustained augmentation 
of NK activity in cancer patients is not yet clear, and the question is under active 
investigation. These results cannot be explained by a general refractoriness in 
the response of the cancer patients to interferon since in vitro treatment of the 
cells of most cancer patients resulted in substantial augmentation of NK activity. 
Further, it appears that administration of a single dose of interferon results in 
augmentation in most patients. Therefore, it appears that the repeated adminis­
tration of interferon results in some form of hyporeactivity. Recent studies [32] 
have indicated that this is not due to a decrease in the number of circulating large 
granular lymphocytes (LGL), which mediate NK activity, or to a decrease in the 
proportion of LGL which can bind to NK-susceptible target cells. Rather, it 
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appears that the LGL lose their ability to cause lysis of attached target cells and 
become refractory to augmentation of NK activity upon in vitro exposure to 
a-interferon. 

A potentially useful animal model for exploring the mechanisms for this re­
fractoriness has recently been developed. It has been found that a hybrid recom­
binant leukocyte interferon, AID bgl, is able to boost NK activity of mouse cells 
as well as human cells [33]. Single doses of this hybrid recombinant interferon 
have caused substantial augmentation of NK activity in mice, whereas repeated 
daily doses of this preparation have led to progressively lower NK activity, partic­
ularly in the peripheral blood [34]. Further studies to elucidate the mechanism 
for this refractoriness to sustained boosting of NK activity and the likely de­
velopment of strategies to overcome this hyporeactivity may be quite helpful in 
designing future clinical trials that might be efficacious. In addition, it is hoped 
that the extensive experience with interferon therapy will serve as a useful model 
for analogous attempts at therapy with other cytokines. 

Evaluation of Interleukin 2 as a Biological Response Modifier 

Another example of some current problems in the evaluation of BRMs has come 
from studies with another cytokine, interleukin 2 (IL-2). This is a product of T 
cells and LGL which can stimulate the growth and function of T cells and of NK 
cells, and by either one of these effects it might be quite useful therapeutically. 
The Biological Response Modifiers Program (BRMP) of the NCI decided in 
1984 to become actively involved in clinical trials with IL-2, and as a first step, it 
seemed important to evaluate it in a series of preclinical tests. Preclinical evalua­
tion of IL-2 has been easier than in the case of the interferons, since human IL-2 
is active in mice and rats as well as in humans, so that it can be extensively tested 
both in vitro and in vivo in rodents as well as in humans. Detailed studies on how 
it might be effective in animal models are now being actively pursued. This 
should provide an extensive information base to help in the design of the clinical 
trials. 

It has also been necessary to decide which IL-2 preparation to utilize for 
clinical studies. One question was whether to perform studies with natural IL-2, 
produced by lymphoid cells, or to proceed immediately to studies with the re­
combinant protein. On the one hand, recombinant IL-2 was attractive because 
of the potential availability of unlimited quantities of homogeneous factor, 
whereas natural IL-2 preparations are difficult to make in large amounts and to 
purify to homogeneity. However, one might expect that the lack of glycosylation 
of the recombinant protein and possible differences in its physical form might 
make it appreciably different from natural IL-2 in terms of biodistribution or 
functional activities. Upon surveying possible supplies of IL-2, the BRMP soon 
became aware of 12 different products, 6 natural and 6 recombinant. Since clear-
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ly it would not be practical to perform clinical trials with more than one or two of 
these preparations, a series of preclinical studies were performed to directly 
compare the potency of the different products in various functional assays and to 
examine them for possible contaminants or unexpected effects [35]. 

In order to adequately evaluated the relative potency of the various IL-2 
preparations, they first had to be standardized in terms of their activity in 
assays of promotion or growth of T-cell lines. When the preparations were all 
compared with a BRMP standard preparation of IL-2, it was obvious that a 
unit of IL-2 from one company was considerably different from a unit of IL-2 
from another company. Overall, there was more than lOO-fold variation among 
the preparations in the relationship between the companies' stated units of 
activity and the BRMP reference units which were actually measured. In order 
to compare adequately the results of various trials with different IL-2 prepara­
tions, it will obviously be important to achieve standardization of the units of 
activity. 

As well as standardizing the potency, it was also important to determine the 
possible presence of contaminants in the preparations. Although it is desirable 
to work only with homogeneous materials, there were no completely homo­
geneous natural IL-2 preparations available, and it was therefore necessary 
to screen for a number of other cytokine activities and other materials which 
might be contaminating the IL-2. Endotoxin was detected in some of the natural 
and recombinant preparations, which would clearly be undesirable for clinical 
use. Some of the natural products were found to have interferon activity, and if 
these were used in clinical trials, it would be difficult to determine whether any 
therapeutic effects were due to the IL-2 or to the interferon. In addition, after 
the IL-2 preparations were standardized to have the same potency in terms of 
their ability to grow T cells, they were still found to vary in regard to other 
biological activities. For example, there was much heterogeneity, more than 50-
fold, in the ability of the preparations to augment NK cell activity, another im­
portant property of IL-2. Even among the recombinant IL-2 preparations, there 
was a 50-fold difference in NK-augmenting activity. Another unexpected result 
from this comparative study was the observation that most IL-2 preparations, 
including the recombinant materials, had macrophage- or monocyte-activating 
properties. This indicates an additional functional effect of IL-2 which might 
have therapeutic implications and will need to be monitored during clinical trials 
with IL-2. 

Thus, even before entry into clinical trials, a number or potential pitfalls in 
the evaluation of IL-2 were apparent; many of these apply to other BRMs. A 
further problem which must be addressed in clinical studies is the in vivo ability 
of IL-2 (it has a serum half-life of only a few minutes) and the uneven distribu­
tion in the body. 

The results of phase I trials with IL-2 have been reported [36-39], and, as 
might be expected for such preliminary dose-finding studies in patients with 
advanced cancer, little evidence for therapeutic efficacy in these trials was 
obtained. 
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Potential of Monoclonal Antibodies for Cancer Therapy 

Monoclonal antibodies directed against tumor-associated antigens represent 
another promising approach to therapy. Although this technology has only been 
available for a few years, widespread and intensive efforts are being directed 
toward the development of therapeutically effective antibodies and protocols. 
Currently, the main challenge is to identify the parameters that are critical for in 
vivo antitumor efficacy. 

The central issue with monoclonal antibodies is their specificity. Firstly, it is 
important for the antibodies to react well with tumor cells-preferably with high 
affinity-to recognize most or all neoplastic cells within a tumor, and to react 
with metastatic lesions as well as with primary tumors. Several of the currently 
available monoclonal antibodies to human tumor antigens have not been opti­
mal in this regard because of considerable heterogeneity of expression of the 
relevant antigen on the tumor cells of a given patient [40]. Such heterogeneity 
would be expected to substantially limit the therapeutic efficacy, unless the 
heterogeneity correlates with some aspect of tumor cell behavior. For example, 
it is possible that some antigens might be well expressed on all clonogenic tumor 
cells and not on more differentiated progeny within the tumor. In such a case, 
the ability of antibodies to eliminate the stem cells might be a highly effective 
form of therapy. 

The other key issue regarding specificity of monoclonal antibodies is the de­
gree of reactivity with various normal cells, particularly with cell surface anti­
gens. To maximize selective uptake by the tumor and to minimize toxicity, it 
would clearly be desirable to utilize antibodies with a high degree of specificity 
for tumor-associated antigens. It is of critical importance in screening potentially 
useful monoclonal antibodies to determine their specificity for tumor cells. In 
vitro screening of antibodies on tissue sections from tumors and normal tissues, 
utilizing an immunoperoxidase histochemical technique, can be very useful. 
However, this in vitro screening may not provide a sufficiently accurate indica­
tion of in vivo localization of the antibodies at the site of the tumor, and it may 
also fail to reveal potential problems with in vivo binding of the antibodies to 
certain normal tissues or circulating tumor antigen. 

With regard to the degree of uptake of antibody by the tumor, very detailed 
information can be obtained with accessible lesions by performing biopsies at 
various times after antibody administration and examining the distribution of 
mouse immunoglobulins by immunoperoxidase staining. This procedure can 
provide direct indications of the degree of coating of tumor cells with the anti­
body and reveal whether some parts of the tumor are not detectably coated. 
Similarly, single-cell suspensions can be prepared from the biopsy material, and 
studies performed by fluorescence flow cytometry to determine the proportion 
of tumor cells which bind antibody. Such approaches provide considerably more 
information than can be obtained by radio localization of administered antibody 
coupled to a radioisotope. However, the radiolocalization technique has the par­
ticular advantage of also providing information about the proportion of the total 
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antibody that actually reaches the tumor; i.e., it may be more sensitive than the 
in vitro procedures just described and can provide direct evidence of unwanted 
uptake in normal organs. 

The potential toxicity of monoclonal antibodies still needs to be better under­
stood. One would anticipate that toxic effects would be related to the proportion 
of antibody which did not reach the tumor, but rather bound to normal tissues; a 
major factor in this regard is the specificity of the antibody for tumor cells. 
However, even if few normal cells express the relevant antigen, circulating anti­
gen may not only prevent access to tumor cells but also lead to the formation of 
immune complexes which will be taken up by liver and spleen. If monoclonal 
antibodies are coupled to drugs, toxins, or radionuclides, this could have seri­
ous consequences. In addition, monoclonal antibodies are currently produced 
predominantly in mice or rats, and problems resulting from this may be en­
countered. Antibodies that are produced in heterologous species may not dis­
criminate tumor-associated specificities as effectively as human antibodies, 
and, as soon as the necessary technology is sufficiently developed, it is hoped 
that an array of human monoclonal antibodies to tumor-associated antigens can 
be developed. The dependence on rodents as the source of monoclonal anti­
bodies also has the associated problem of inoculation of heterologous proteins 
into cancer patients. This might lead to the induction of anaphylactic reactions, 
serum sickness, or other immunologic manifestations of an immune response 
against the monoclonal antibody or contaminating proteins [41]. Further, the 
production, by the patient, of antibodies against mouse or rat immunoglobulins, 
with consequent inactivation, would appear to be a major limitation to the effica­
cy of repeated administration of such antibodies over a prolonged period. 

Another major issue which must be addressed is the degree of modulation of 
antigens on tumor cells which is induced by monoclonal antibodies. Such mod­
ulation is not necessarily a disadvantage. On the one hand, decreased expression 
by the tumor cell of the antigens recognized by a monoclonal antibody would be 
expected to limit the efficacy of repeated doses of the antibody, a particular 
concern in trials involving administration of antibodies alone. On the other 
hand, however, antigenic modulation or endocytosis of the surface-bound 
antigen-antibody complexes could be a prerequisite for the toxic effects of most 
immunoconjugates since it is likely that the toxic moieties affect tumor cells only 
when introduced internally. Most instances of antigenic modulation that have 
been observed with monoclonal antibodies have been associated with leukemia 
and lymphoma cells. It is generally considered that solid tumors are not suscepti­
ble to antigenic modulation by monoclonal antibodies, and therefore the suscep­
tibility of solid tumors to effective therapy with immunoconjugates has been 
questioned. However, there are recent indications that at least some monoclonal 
antibody conjugates directed toward specific solid tumors induce cytotoxicity. 
For example, marked antitumor effects have been observed in a guinea pig 
hepatocarcinoma treated with conjugates of a monoclonal antibody coupled to 
the A chain of either diphtheria toxin or abrin [42. 43]. Nevertheless, it seems 
necessary to screen for the particular antibody-tumor combination which shows 
antigenic modulation and, particularly, to demonstrate in vitro killing of tumor 
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cells by the immunoconjugate. Positive results in such studies would provide 
considerable encouragement for use in in vivo therapy. This issue of antigenic 
modulation would not seem so important for immunoconjugates of monoclonal 
antibodies with radioisotopes, where delivery of radiation in the region of the 
tumor cells might be sufficient to cause regression of radiosensitive tumors, 
although this would clearly depend upon the amount and energy of the radio­
activity delivered. 

In addition to the considerable potential for utilizing antibodies to deliver 
toxic agents to the site of tumor growth, there are several indications that ad­
ministration of monoclonal antibodies alone may have antitumor effects. This 
might be mediated by direct cytostatic effects of the antibodies (e.g., if the target 
antigen is a growth factor receptor) or by complement-dependent cytolysis. 
Another likely basis for antitumor effects of monoclonal antibodies alone would 
be cooperation with effector cells to result in antibody-dependent cell-mediated 
cytotoxicity. From available evidence, it would appear that therapeutic effects of 
antibodies alone will be mainly observed when there is a low tumor burden [42, 
43]. Lack of efficacy in more advanced disease might be related either to insuf­
ficient access of the antibody to bulky lesions or to depression of the needed 
effector cell mechanisms [44, 45]. 

A monoclonal antibody to a 250000-dalton determinant associated with 
human malignant melanoma, 9.2.27, has been shown to have some therapeutic 
efficacy against human melanomas growing in nude mice [46]. These effects are 
presumed to be related to collaboration of the 9.2.27 antibody with either mac­
rophages or NKlkiller cells. The latter activity, particularly, is increased in nude 
mice treated with 9.2.27. A clinical trial is currently under way in the BRMP of 
the NCI with the 9.2.27 antibody, and administration of high doses of the anti­
body to patients has been found to result in substantial localization in tumor sites 
[47]. Thus far, however, as might be expected, no therapeutic efficacy has been 
observed in these patients, who all have advanced disease. 

Another antibody which has been utilized in phase I clinical trials is T101 
(CD5), directed against a 65 OOO-dalton protein that is relatively specific for nor­
mal T cells but is expressed on chronic lymphocytic leukemia of B-cell type as 
well as on T-cell leukemias and lymphomas. Based on preliminary reports of 
some antitumor effects in a few patients with chronic lymphocytic leukemia [48], 
a systematic clinical study has been initiated [49]. In contrast to the 9.2.27 anti­
body, the T101 antibody causes quite rapid modulation of the cell surface anti­
gen. Administration of high doses over a prolonged infusion period led to a 
particularly dramatic loss of antigen expression on the leukemia cells. Some tran­
sient decreases in circulating leukemia cells were seen in patients receiving lower 
doses, administered rapidly. Among patients with cutaneous T-cell lymphomas, 
several showed transient improvement in skin lesions, but no major responses 
were observed. Although the clinical results obtained thus far with this antibody 
are not particularly encouraging, the ability of T101 to induce rapid modulation 
might provide the basis for a follow-up clinical trial with the antibody conjugated 
to a drug, toxin, or radioisotope. 
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Monoclonal antibodies have also been produced against idiotypic determi­
nants on the surface immunoglobulins of some B-cell lymphomas. Administra­
tion of relatively small amounts of such antibody to a patient caused long-lasting 
regression [50]. Such antibodies provide a striking example of the potential for 
exquisite tumor specificity of some monoclonal antibodies, and in parallel with 
the early clinical studies, extensive studies are being performed with anti­
idiotype monoclonal antibodies directed against mouse lymphomas. However, it 
has recently been reported that even the immunoglobulin idiotype of a tumor 
may be modified over time, so that this most promising of tumor-specific anti­
gens may not be the ideal target for monoclonal antibody therapy. Further, the 
extreme specificity of the antibody is also a major limitation of this approach 
since production of a new antibody for each patient is required. Development of 
effective monoclonal antibodies against determinants shared by a wide variety of 
tumors, at least of the same histologic type, would seem to have greater poten­
tial for large-scale therapeutic applications. 

In conclusion, the prospects for cancer therapy with biological response mod­
ification are quite good. However, it will probably be necessary to develop de­
tailed understanding of the mechanisms of action of the various BRMs, and to 
better understand the immunoregulatory processes affected by these agents, if 
their potential is to be realized. Although the results to date in patients with 
advanced disease are unimpressive, a variety of BRMs have shown considerable 
antitumor effects in animal tumor model systems, particularly against micro­
metastatic disease. The prevention of overt metastatic disease is a major clin­
ical problem, and it is perhaps particularly in this area that further research into 
the role of BRMs may be expected to lead to significant advances in the treat­
ment of patients with cancer. 
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15. Biologic Response Modifiers in Cancer Therapy 
J. W. Clark and D.L. Longo 

Introduction 

Biologic response modifiers (BRMs) encompass those agents or approaches that 
modify the biologic interaction between an individual and his malignancy with 
a resulting therapeutic effect. The host-tumor interaction can be modified by 
direct effects against the tumor, by modulating the host immunologic response 
against the tumor, or by modifying other aspects of the biology of the host-tumor 
interaction. Technologic advances over the past 15 years have led to the produc­
tion of large amounts of highly purified specific biologic agents and to the rapid 
increase in the understanding of both the biology of the host-tumor interaction 
and how this interaction could be modified by various interventions. Hopefully, 
these approaches will provide effective new cancer treatments both alone and in 
combination with the established forms of cancer therapy-surgery, radiation 
therapy, and chemotherapy. In addition, these agents and approaches are pro­
viding, and should continue to provide, enhanced understanding of cancer cell 
biology, with resultant novel approaches to cancer therapy. 

Historical Perspectives and Classical Immunotherapeutic 
Approaches 

Prior to the development of the molecular biologic techniques that made gene 
cloning possible, with the resultant ability to produce large amounts of specific 
biologic agents, and the hybridoma technology that enabled highly specific 
monoclonal antibodies to be produced, the majority of trials with "BRMs" em­
ployed mixtures of ingredients aimed at modulating the host immune system in 
order to achieve an immunotherapeutic antitumor response. The ideas used in 
designing these clinical trials were often based on results generated from studies 
of immunotherapy of cancer in animals. In many of these animal studies, anti­
tumor effects were measured soon after the inoculation of malignant cells into a 
healthy animal, models that have little correlation with the usual clinical situa­
tion of well-established tumors in cancer patients. Most studies in animals have 
suggested that immunotherapy against cancer is most successful when the tumor 
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burden is small, so many of the attempts using immunotherapy have been in the 
adjuvant setting. 

Clinical attempts at immunostimulation have primarily used one of two 
approaches: (a) specific stimulation of the host immune response against the 
tumor either actively-by injecting autologous or heterologous tumor cells that 
have been rendered nontumorigenic but remain viable, or by using cell surface 
antigens of malignant cells-or passively, by the administration of antibodies 
targeted against tumor antigens and (b) nonspecific stimulation of the immune 
response using viral, bacterial, or a variety of other antigenic materials. It has 
been difficult to identify, isolate, and purify specific tumor-associated antigens 
from human tumors, so that most early trials using tumor antigens as vaccines 
were with impure preparations of undetermined specificity. Tumor vaccines 
have been used either by themselves or more commonly in combination with 
other immune stimulants, such as inactivated viruses or bacille Cal mette-Guerin 
(BCG), in an attempt to boost the immune response against tumor cells or 
tumor antigens [1]. Although occasional studies showing evidence of clinical 
benefit have been reported, these efforts have been largely unsuccessful due at 
least in part to the inability to stimulate a sufficiently strong host immune re­
sponse against tumor antigens. However, the occasional positive clinical trials­
such as one using treated autologous colon cancer cells in combination with 
BCG-raise [2] the hope that if vaccines with sufficient antigenicity can be de­
veloped, and vaccination conditions that maximize the host immune response 
defined, one might be able to induce a sufficient host antitumor response to be 
clinically beneficial; this might be especially true in the adjuvant setting. Animal 
studies showing synergy between chemotherapy and tumor cell vaccines, the 
ability to define tumor-associated antigens more readily using monoclonal anti­
bodies, the availability of techniques to produce synthetic peptides based on the 
amino acid sequence of tumor antigens, and the availability of specific biologic 
agents [such as interleukin-2 (lL-2) or interferons] which can augment the im­
mune response all provide future directions for developing therapeutic tumor 
vaccines. 

Therapeutic attempts using passive, specific immunotherapy have included 
heteroantisera directed against specific tumor-associated antigens or, more 
recently, monoclonal antibody therapy directed against such antigens [3, 4]. The 
early studies using heteroantisera required large amounts of animal sera and had 
the problems ofJaborious and difficult purification of antibodies from these sera, 
variability in the amount of activity in the different purified lots, and the strong 
antigenicity of the infused antibodies. This approach was generally unsuccessful 
and has given way to monoclonal antibody therapy, which will be discussed later 
in this contribution. 

A number of trials have investigated the use of nonspecific augmentation of 
the immune response in order to (hopefully) generate a concomitant host anti­
tumor response. The most commonly used agent in these trials has been BCG or 
derivatives of BCG, although a variety of other agents have been used, including 
Corynebacterium parvum, bestatin (a low-molecular-weight dipeptide derived 
from fungus), levamisole, endotoxin, OK-432 (a streptococcal cell wall extract), 

298 



viruses, and tuftsin (a natural four-amino acid peptide, which is primarily a 
macrophage activator) [1]. Several trials have indicated some clinical benefit 
with this approach, including trials using BCG in the adjuvant setting in acute 
myeloblastic leukemia (AML) and melanoma [1]. However, except for the use 
of BCG intravesically to treat superficial bladder cancer (especially post­
fulguration)-which has been shown to be effective and has become one of the 
currently accepted treatments for this malignancy [5]-the overall clinical ex­
perience does not suggest strikingly beneficial results with any of these agents. 
Some of these agents-such as tuftsin, bestatin, and OK-432-have undergone 
only preliminary testing, and new agents, combinations, or methods of delivery 
may yet provide additional roles for nonspecific immunostimulation in antican­
cer therapy. 

A variety of other approaches to immunotherapy have been attempted with 
only limited success: these include the inhibition of suppressor (T-) cell function 
by histamine-2 receptor antagonists (such as cimetidine) or chemotherapeutic 
agents (such as low-dose cyclophosphamide), the use of transfer factor in an 
attempt to transfer specific cellular immunity, and the use of subcellular RNA 
fractions (so-called immune RNA) in an attempt to transfer specific immunity. 
Attempts to develop better mehtods of inhibiting suppressor cell function and to 
combine this with immunostimulating agents are being pursued [6]. 

Just as the cumulative, largely negative results of traditional immunother­
apeutic approaches were suggesting that new approaches were needed, tech­
nologic developments during the past 15 years led to a rebirth of interest in BRM 
approaches to cancer treatment. The two developments that have had the 
greatest impact are: (a) cloning and insertion of genes and the induction of ex­
pression of human gene products in bacterial, yeast, and other cells, which has 
made possible the production of large amounts of highly purified human proteins 
with high specific activity and (b) hybridoma technology that allows the produc­
tion of large amounts of monoclonal antibodies with predefined specificity [7]. 

There has also been an immense increase in the understanding of biologic 
processes at the cellular and molecular levels over the past 15 years. This pro­
vides a more rational basis for determining which agents should be screened in 
preclinical studies, how these can best be used, and how they might be combined 
with other cancer treatment modalities to yield clinical benefit. One of the major 
fundamental concepts that this increased understanding has provided is that 
there are many approaches to biologic response modification in cancer patients 
other than strictly immunotherapeutic ones that it is critical to pursue (e.g., 
differentiating agents, attempts at inhibiting tumor metastasis, and biologic 
agents that have direct antitumor activity; Fig. 1). Continued basic research into 
the complex host-tumor interaction should provide a better understanding of 
how to manipulate this interaction in a clinically beneficial manner. 
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Classification of Biologic Response Modifiers 

BRMs can be divided into three major functional categories: 

1. Agents that modulate, enhance, decrease the suppression of, or restore host 
immunologic mechanisms which might be involved in suppressing the growth 
or metastasis of malignant cells 

2. Either cell products or cells that have direct antitumor effects [e.g., natural 
killer cells, lymphokine-activated killer cells, monoclonal antibodies, or 
tumor necrosis factor (TNF)] 

3. Agents with various other biologic effects that modify host-tumor interactions 
by mechanisms other than immunologic or direct antitumor effects (agents 
that inhibit events such as oncogene expression which might be important in 
the initiation or maintenance of transformation, agents that interfere with the 
metastatic process or the establishment or growth of metastatases once they 
have occurred, differentiating agents, and agents that protect bone marrow 
cells or other normal tissues from cytotoxic effects of chemotherapy or radia­
tion therapy). 

Many agents have more than one biologic effect, and may act both directly 
and indirectly. They therefore have several mechanisms by which they might 
mediate an antitumor response. Good examples of this are the interferons, 
which have a number of biologic effects, including direct antiproliferative effects 
against cancer cells, various immunomodulating effects, differentiating effects on 
certain cells, inhibition of expression of certain oncogenes, and potentially in­
direct effects through interaction with other cells (e.g., the stimulation of TNF 
receptors on cell surfaces by 'Y-interferon) [8]. Therefore, it is often extremely 
difficult to determine by which mechanism or mechanisms these agents are 
mediating their antitumor effects. The precise mechanism may differ with dose 
and schedule of administration of the agent. If one can define the mechanisms 
important in the antitumor response mediated by the different agents and 
against different tumors, then this should lead to more rational approaches using 
these agents in treating cancer. Table 1 lists some of the BRMs and the mechan­
isms by which they are felt to be mediating their antitumor effects. 

Current Therapy with Biologic Response Modifiers 

The following is a discussion of selected BRMs-especially those which are 
highly purified, such as recombinant interferons, recombinant IL-2, and mono­
clonal antibodies-that have undergone clinical testing. Clearly, there are 
many other BRMs, and each BRM has some unique properties that must be 
considered in performing and evaluating clinical trials. However, the general 
principles that have evolved in bringing the agents discussed here from the 
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Table 1. Biologic response modifiers 

Agents with primarily immunomodulating activity 
Nonspecific immune modulators (BCG, C. parvum, OK-432, tuftsin, etc.) 
Cytokines/lymphokines [thymic factors, interleukins (IL-l, IL-2), etc.] 
Suppression of inhibitors of immune function [agents which inhibit suppressor cell function (Iow­

dose Cytoxan, H-2 receptor blockers), removal of immune complexes, etc.] 
Specific transfer of immunity (transfer factor, immune RNA) 
Active specific immunization (tumor cells or tumor cell surface antigens with or without additional 

adjuvant immunotherapy) 
Agents with primarily direct antitumor effects 

Tumor necrosis factor 
Monoclonal antibodies 
Adoptive immunotherapy (IL-2 + LAK, y-interferon + monocytes, etc.) 

Agents with other biologic effects 
Differentiating agents (retinoids, vitamin D derivates, 5-azacytidine, etc.) 
Agents which affect expression of certain genes (inhibitors of oncogenes, growth factors, etc.) 
Agents which decrease toxicity (especially bone marrow cell protectors) or enhance efficacy of 

antitumor agents (GM-CSF, G-CSF, L-histidinol, etc.) 
Agents with combination of effects 

Interferons (have all of above effects) 

laboratory to patient treatment can be used as a framework in which to view the 
clinical approach to other BRMs. 

Preclinical Screening 

The large number of BRM agents and the need to take only those agents with 
promise of activity into clinical trials means that extensive preclinical evaluation 
of the agent is required. The particular preclinical studies that need to be done 
depend on the nature of the agent being used. For immunomodulating agents, 
these include in vitro studies of the effects on various immune functions and 
studies in animals evaluating both immunomodulating effects and direct anti­
tumor activity. For agents that have direct antitumor effects, both in vitro studies 
(including clonogenic assays) and evaluation of in vivo antitumor effects are 
needed. For agents with other biologic effects, the relevant effect (e.g., dif­
ferentiation or inhibition of oncogene expression) needs to be studied in vitro 
and in vivo, and one also has to evaluate for antitumor efficacy. Since, as men­
tioned previously, many BRMs have a variety of potential modes by which they 
might mediate their antitumor effects, a variety of studies are usually needed to 
fully evaluate the mechanisms of action and therapeutic potential of the agent. 
One also has to evaluate the toxicity of these agents in animals to determine a 
safe starting dose for human clinical trials. Although it is always difficult to 
extrapolate from in vitro and animal studies to the human situation-and this is 
compounded in the evaluation of biologic agents, which often have highly 
species-specific activities and toxicities-these studies are essential in evaluating 
activity, the immunomodulating properties which should be monitored, and the 
toxicities which might be expected in human trials. 
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Clinical Trials 

As is true of all agents being tested in clinical trials, BRMs undergo phase IIIIIIII 
trials [1]. In addition to evaluating toxicity, maximal tolerated dose, pharmaco­
kinetics, and whether there is any suggestion of clinical activity in the phase I 
trials, one has to evaluated BRMs with immunomodulating properties for that 
dose which most effectively modulates the immune system [9]. This optimal im­
munomodulating dose might differ from the maximal tolerated dose; it might be 
the dose that has maximal therapeutic benefit and therefore be a dose for testing 
in phase II studies. As mentioned, these agents often affect more than one im­
mune function, and the dose which optimally stimulates one of these functions 
may suppress others. Moreover, interpersonal as well as intrapersonal differ­
ences occur over time in immunomodulatory responses to any given agent. It has 
therefore proved very difficult to define the optimal immunostimulatory dose for 
any given compound. Furthermore, a patient's overall immune function is dif­
ficult to assess by examining only the function of cells or the levels of particular 
molecules in the peripheral blood. Techniques for evaluating and quantitating 
immune function in the target organs are not available. In addition, evaluations 
of immune function in clinical trials are difficult and expensive. Therefore, one 
must carefully use the preclinical studies to determine which measures of 
immune function should be performed and at what time points these should be 
determined. Better understanding of how each of these agents mediates its 
effects on various immune functions and more accurate, as well as more repro­
ducible, evaluations of immune function may make the determination of the 
most effective immunomodulatory dose more feasible in the future. 

Therapy with Specific Biologic Response Modifiers 

Interferons 

Interferons (a, (3, y) are a family of glycoproteins produced by mammalian cells 
in response to viral infections and a variety of other inducers [8]. They can be 
viewed as the prototypic BRM agents because of their multitude of biologic 
effects, which include antiproliferative, direct antitumor, differentiating, and var­
ious immunomodulatory effects (some of these diverse actions possibly being 
mediated through the inhibition of oncogene expression). In addition, they have 
antiviral properties, which could also conceivably playa therapeutic antitumor 
role in those malignancies where viruses are felt to play an etiologic role. With 
these multiple possible modes of antitumor activity, it has been difficult to deter­
mine which ones are important for mediating interferon's antitumor effects 
against a particular malignancy, and clearly, different effects or a combination of 
effects may be involved for different malignancies and different sites of disease. 
Most of the data from clinical studies to date suggest that for most malignancies 
responsive to a-interferon, the antitumor effect is a direct one; however, the 
evidence for this is largely indirect. 
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All classes of interferons (a, (3, and y) have undergone preclinical and clinical 
testing. On the preclinical level, the various a-interferons and (3-interferon have 
similar properties and activities for the most part. In addition to the properties it 
shares with a- and (3-interferons, y-interferon appears to be a more potent im­
munomodulating agent, especially with respect to its ability to stimulate class II 
major histocompatibility complex surface expression and to activate monocytes. 

Clinically, the initial interferon trials were with natural interferons. Although 
these were purified and consisted largely of one class of interferon, they still 
contained a variety of interferons, in addition to other proteins. This made it 
difficult to be certain that both the antitumor effect and all of the toxicities seen 
were being mediated by a single subclass of interferon. Trials with these natural 
interferons suggested sufficient antitumor activity to encourage the rapid cloning 
and production of recombinant interferons once the techniques were available. 
The recombinant a-interferons, and especially the a2 subclass, have been the 
most extensively studied. Early phase trials have also been completed for recom­
binant (3- and y-interferons. Overall, pharmacokinetics of different interferons 
are roughly similar, with rapid clearance from the blood after IV administration 
and more prolonged serum levels after 1M administration, at least for a- and 
y-interferon. Although biologic effects are seen after 1M administration of 
recombinant (3-interferon, serum levels are usually low or nondetectable. Sub­
cutaneously administered a-interferons have kinetics similar to those after 1M 
administration, while the bioavailability of subcutaneously administered (3- and 
y-interferon is still being determined. 

Side effects, although varying somewhat qualitatively and quantitatively be­
tween the interferons, are also largely similar, with fever, fatigue, chills, and/or 
myalgias occurring in the majority of patients. Except for fatigue, the frequency 
and severity of these symptoms usually lessen with continued therapy, and they 
are also controllable by pretreatment plus frequent treatment with acetami­
nophen. Fatigue generally does not lessen and, especially at high doses, is one of 
the major dose-limiting side effects. Other toxicities occur less frequently; of 
these, anorexia, weight loss, and (much less commonly) central nervous system 
side effects (confusion, etc.) are the most common side effects that lead to dis­
continuation of therapy. Although some differences exist, similar side effects are 
seen with most of the biologic agents that have been used. Table 2 gives the side 
effects of interferon therapy. 

Therapeutic Response to a-Interferon 

Table 3 lists those diseases with reasonable response rates to a-interferon ther­
apy. Of these, the most gratifying results so far have been seen in hairy-cell 
leukemia (HCL), where a-interferon has taken its place as one of the important 
treatment modalities and clearly prolongs survival [10]. High clinical response 
rates have also been seen in patients in the chronic phase of chronic 
myelogenous leukemia (CML) , malignant pancreatic endocrine tumors, and car­
cinoid tumors [8]. However, it is not yet known whether these high response 
rates will translate into meaningful improvements in survival. The other two 
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Table 2. Side effects of interferon therapy 

Acute 
Fever·/chills·/myalgias· 
Nausea/vomiting/diarrhea 
Hypotensionlhypertensionlarrhythmiaslmyocardial infarctionb 
Headaches/dizziness/seizuresb 
Local inflammation/urticaria 
Reactivation of oral herpeslstomatitis 

Subacute to chronic 
Anorexia·/weight loss·' C 

Lethargy·' c/decreased concentrating ability· 
Altered taste 
Mood alterations/peripheral neuropathy 
Mild alopecia 

• Frequent. 
bUncommon. 
cOften dose limiting. 

Table 3. Response rates of diseases to interferon 

High (>50%) 
Hairy-cell leukemia 
Chronic myelogenous leukemia (chronic phase) 
Carcinoid tumors 

. Malignant endocrine pancreatic tumors 
Medium (>20% <50%) 

Low-grade non-Hodgkin lymphoma 
Cutaneous T-cell lymphoma 
Kaposi's sarcoma 
Glioma 
Ovarian cancer (interferon given IP) 

Low (> 10% < 20%) 
Melanoma 
Renal cell carcinoma 

Minimal « 10%) 
Breast cancer 
Colon cancer 
Lung cancer 

diseases where therapeutic results may be most relevant clinically at the present 
time, although they have low overall response rates (15%-25%) to interferon, 
are metastatic melanoma and renal cell carcinoma since these are malignancies 
that have been refractory to most forms of therapy [8]. 

There are several interesting features concerning the responses of malignan­
cies to a-interferon that may provide insights into how a-interferon might be 
mediating its antitumor effects. The most responsive tumors (HCL, CML, and 
malignant endocrine pancreatic tumors) respond to relatively low doses (3-6 
million units/m2 daily), raising the possibility that effects other than or in addi­
tion to direct antitumor ones may be important in the responsiveness of these 
tumors [8]. However, careful dose escalation trials have not been done in these 
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malignancies to determine whether higher doses might produce more frequent 
or more prolonged responses that might suggest a direct antitumor effect. The 
mechanism or mechanisms involved in a-interferon's antitumor effects against 
these or any other malignancies still remain unknown. For several of the other 
malignancies [especially renal cell carcinoma, non-Hodgkin lymphoma (NHL), 
and Kaposi's sarcoma], there is a suggestion of a dose-response effect which is 
consistent with the possibility that for these malignancies the major mechanism 
of response may be a direct antitumor one. Most responses to a-interferon are 
partial ones, with a lower percentage of complete responses; this is even true of 
the most responsive malignancies. There may be disease stabilization in some 
patients, so that some beneficial effect may occur even in individuals who do not 
have measurable responses. Another interesting feature is that responses can 
occasionally take several months to occur, again raising the possibility that 
mechanisms other than or in addition to direct antitumor ones may be involved 
in some of the responses. Median duration of response varies by disease, with 
the more responsive diseases having longer response durations. For example, as 
long as patients continue receiving a-interferon therapy, the median response 
duration has not yet been reached in HCL. For most solid tumors, the median 
duration of response is 4-12 months despite continued interferon treatment, 
although occasional patients have prolonged responses lasting several years. 

A potential problem with interferon (or any BRM) therapy is the develop­
ment of antibodies against the agent, which might then limit its effectiveness. 
Studies have shown that antibodies develop in a proportion of patients receiving 
a-interferon therapy, and less commonly, neutralizing antibodies develop which 
can inhibit interferon activity [11]. Most patients who develop antibodies do not 
appear to have loss of interferon activity, but there are patients in whom the 
development of neutralizing antibodies has correlated with a loss of interferon 
activity. What is not known is the overall frequency of antibody develop­
ment (although it appears to be low) and whether it might vary by subclass 
of a-interferon. Antibodies have also been detected in patients receiving 
,B-interferon, but the overall frequency with which this occurs has not been 
established [12]. Preliminary studies suggest that patients receiving y-interferon 
have a very low rate of antibody formation [13]. 

In summary, a-interferon has sufficient activity against HCL for it to have 
become one of the major treatment modalities for this disease. High (> 50%) 
response rates are also seen against the chronic phase of CML, malignant endo­
crine pancreatic tumors, and carcinoid tumors, although it is not yet known 
whether these will translate into survival benefits. Response rates in the 30%-
50% range are seen for low-grade NHL, cutaneous T-cell lymphoma (CTCL), 
and AIDS-associated Kaposi's sarcoma, all diseases which are also responsive to 
chemotherapy and radiation therapy, so that the exact role of interferons in the 
overall treatment of these diseases still needs to be established. Lower response 
rates are seen in a variety of malignancies, including metastatic melanoma and 
renal cell carcinoma, where even these low response rates are somewhat 
encouraging since these diseases are largely refractory to all current forms of 
therapy. Very low response rates are seen in patients with lung, colon, and 
breast cancer. 
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f3- and y-Interferon 

Results from preliminary studies using /3 and ,},-interferon indicate some antican­
cer activity for each of these agents-primarily against malignancies which are 
responsive to a-interferon [8]. One exception may be HCL, in which preliminary 
studies suggest that /3-, but not ,},-interferon, produces responses. Whether these 
interferons might have unique antitumor activity not seen with a-interferon has 
not yet been determined. 

Future Directions with Interferons 

Studies evaluating (a) whether one interferon might be more effective than 
another for a given malignancy; (b) the mechanism or mechanisms of interfer­
on's antitumor effects for each malignancy; ( c) whether combinations of interfer­
ons with each other, with other BRMs, or with chemotherapy (all of which have 
been shown to be synergistic in various combinations) might have synergistic 
antitumor activity; and (d) whether the use of interferons (especially ')'­
interferon, with its more potent immunomodulating properties) in the adjuvant 
setting might be beneficial are all ongoing or planned. Despite several years of 
study, the best way to integrate interferon therapy into anticancer treatment still 
needs to be defined. 

Interferon Inducers 

A variety of interferon inducers, most notably polyinosinic polycytidylic acid 
in poly-L-Iysine solubilized in carbonylmethylcellulose) (poly IC:LC) and poly­
adenylic poly-uridilic acid (poly AU), have also been used to treat cancer pa­
tients [1]. Detectable interferon levels have not been reproducibly induced by 
any of these agents, and response rates have been low. However, it is not yet 
clear whether the interferon inducers have been optimally administered, in the 
fashion that would maximize the chances of detecting significant antitumor 
effects. 

Interleukin-2 and Interleukin-2 plus Lymphokine-Activated Killer 
Cell Therapy 

An ever-increasing number of products secreted by monocytes and lymphocytes 
have been discovered which have been named interleukins because they mediate 
interactions between hematopoietic and lymphoid cells. Interleukin-2 (IL-2) is a 
lymphokine produced by T cells with multiple effects on the immune system, 
including activation of other T cells, natural killer (NK) cells, and lympokine­
activated killer (LAK) cells. [14] LAK activity is mediated by human blood 
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leukocytes which are lytic for fresh autologous, syngeneic, and allogeneic pri­
mary tumors when tested in vitro. The LAK cell precursors do not have T- or 
B-Iymphocyte markers, and LAK activity appears to be generated by several 
lymphocyte subsets. After activation with IL-2, the majority of LAK activity 
appears to be mediated by cells bearing NK surface markers, but a minor con­
tribution also comes from cells bearing some T-cell surface markers. Both of 
these subsets express the Leu 19+ surface marker. IL-2 is also an essential factor 
for the growth of T cells and augmentation of various T-cell functions, it sup­
ports the proliferation and augments the function of NK cells, and as IL-2 recep­
tors are found on other cells including monocytes, IL-2 clearly affects many cells 
of the immune system both directly and indirectly. 

Animal studies have shown that IL-2 can restore immunologic responsiveness 
in certain immune-deficient states, and at high doses it has antitumor effects. A 
variety of human studies have used IL-2 alone in a number of doses and schedules 
to treat cancer patients [14, 15]. At low doses (up to 1 million units/m2 daily), 
there has been minimal therapeutic activity. Higher doses of IL-2 (from 3 million 
units/m2 daily to 0.1 million units/kg every eight hours) have produced responses 
in cancer patients. Overall, melanoma appears to be the disease most responsive 
to IL-2 used alone. The variability in doses and schedules used and the small 
numbers of individuals treated in each study make it impossible to define a re­
sponse rate for melanoma for any dose and schedule of IL-2. Occasional patients 
with renal cell carcinoma have also responded, but most patients with renal cell 
cancer and malignancies other than melanoma who have been treated with IL-2 
alone have not responded [14, 15]. There is some evidence that 1 million units/ 
m2 administered on a weekly basis can result in significant long-term augmenta­
tion of immune function, but it is not yet clear whether this will result in anti­
tumor effects. There are a number of ongoing studies attempting to define the 
best dose, route, and schedule of IL-2 therapy for maximal antitumor response, 
and whether combination with other agents (such as cyclophosphamide, various 
interferons, or monoclonal antibodies) will yield higher response rates. 

In an attempt to enhance the efficacy of immunotherapy in the treatment of 
cancer, one can directly activate immune cells ex vivo, which can then be infused 
into the patient to mediate an antitumor response either directly or indirectly­
so-called adoptive immunotherapy. In the past, a variety of approaches have 
been used to do this on a limited scale without much success. The availability of 
highly purified BRMs with potent ability to activate cells (such as y-interferon, 
which primarily activates monocytes and NK cells, and IL-2, which primarily 
activates T cells, NK, and LAK cells) has renewed interest in this approach. 

An adoptive immunotherapy approach piloted by Steven Rosenberg at the 
National Cancer Institute (NCI) utilizes LAK cells in combination with IL-2 
[14]. Studies in animals had shown that this combined approach decreased the 
number of metastases and prolonged survival to a greater extent than either 
LAK cells or IL-2 alone. Several human malignancies have been treated with 
this therapy. It appears to have greatest activity against renal cell cancer; mela­
noma; perhaps indolent, non-Hodgkin lymphoma; and to a lesser extent colon 
cancer [14]. Overall response rates for both renal cell carcinoma and melanoma 
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are in the 15%-33% range, whereas colon cancer response rates are in the 10%-
20% range. Three of four evaluable patients with nodular lymphomas who have 
been treated have responded, whereas one with diffuse histiocytic lymphoma did 
not. This therapy has been tried in a limited number of patients with other malig­
nancies, with partial responses being reported in patients with Hodgkin's disease 
and lung, parotid, and ovarian cancer [16]. However, too few patients with any 
of these diseases have been treated to know what the overall response rates or 
durations will be. 

The toxicities associated with this treatment are significant. The mechanisms 
of all of the toxicities seen have not been clearly elucidated. However, one ma­
jor mechanism appears to be related to increased capillary permeability induced 
by IL-2 or a lymphokine product of IL-2-stimulated cells. Related to this, the 
majority of patients develop hypotension requiring vasopressors, over one-third 
of patients gain over 10% of their body weight in retained fluid, and a significant 
percentage have decreased urine output requiring fluid and dopamine treat­
ment. Other toxicities include abnormal liver function (both transaminases and 
bilirubin elevations) in over 50% of patients, diffuse pruritic desquamating skin 
rash in most patients, anemia requiring red blood cell transfusions in 60%, 
thrombocytopenia in 28%, and alterations in mental function ranging from con­
fusion to psychosis in approximately one-third of patients. Cardiac arrhythmias 
have been seen in about 13%, and angina or myocardial infarctions in 6%. All of 
these toxicities except for the myocardial infarctions are promptly reversible 
upon discontinuation of the IL-2. 

In an attempt to deliver high concentrations of IL-2 plus activated cells locally 
while minimizing systemic toxicity, the Biological Response Modifiers Program 
of the NCI has begun studying the intraperitoneal administration of LAK cells 
plus IL-2 in patients with peritoneal carcinomatosis from ovarian and colon can­
cer [17]. Five patients with ovarian cancer are evaluable at this time, and two 
have demonstrated partial responses. Partial responses have also been seen in 
two of five patients with colon cancer with intraperitoneal carcinomatosis. 
Although these studies are preliminary, this approach would appear to hold 
some promise, with qualitatively similar but quantitatively less toxicity than is 
seen with systemic IL-2 plus LAK therapy. 

There are many questions that still need to be answered concerning IL-2 plus 
LAK therapy. What role are LAK cells (or other adoptively transferred cells) 
playing in the antitumor response? Can improvements be made in dose, sched­
ule, or route of administration of the IL-2 which might decrease toxicity or 
enhance activity? Can the cells be activated to a greater degree or more efficient­
ly? Might IL-2 or IL-2 plus LAK be particularly effective in the adjuvant setting 
when the host tumor burden is low? What will the overall response rate be in 
NHL, and are there other tumor types that might be responsive? Will main­
tenance therapy or repeated treatment cycles yield more durable responses? 
Combinations with other treatment modalities-including chemotherapeutic 
agents such as cyclophosphamide or doxorubicin, or other BRMs such as inter­
ferons, which have shown synergistic activity in vitro in combination with 
IL-2-are ongoing or planned. 
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Another approach using adoptively transferred cells is the isolation and 
expansion of tumor-infiltrating lymphocytes (TILs), which have been shown to 
have 50-100 times greater activity than LAK cells do against the specific tumor 
from which they were derived [18]. Hopefully, these can be given with lower 
doses of IL-2, thus reducing toxicity, while still retaining high antitumor activity. 
Only future clinical trials will reveal how effective this approach might be. 

In summary, preliminary studies have shown some activity for IL-2 alone or 
in combination with LAK cell therapy in the treatment of various malignancies, 
but especially melanoma, renal cell carcinoma, and possibly low-grade NHLs. 
This is encouraging since metastatic melanoma and renal cell carcinoma are 
malignancies which have low response rates to all therapies attempted to date. 
The adoptive transfer of LAK cells and IL-2 is a new form of immunotherapy 
about which much still needs to be learned in order to maximize its efficacy. 
Very preliminary results have shown an overall response rate of approximately 
20%. The regimen as currently given has moderate to severe toxicity. Attempts 
are ongoing in the laboratory and through a variety of clinical trials to improve 
the efficacy of this therapy, to decrease toxicity, and possibly to combine this 
therapy with other treatment modalities to help establish what role IL-2 alone 
or in combination with LAK cells might have in the overall treatment of 
cancer. 

Other Cytokines/Lymphokines 

A large number of cytokines/lymphokines have been described, but the evalua­
tion of most of these is still at the laboratory level [19]. A few have undergone 
clinical study. Thymosins are hormonelike peptides derived from the thymus, 
which have multiple in vitro and in vivo effects on the immune system but espe­
cially that of enhancing T-cell-mediated immune effects. Clinical studies to date, 
although limited, have not shown substantial antitumor activity [1, 19]. Tumor 
necrosis factor (TNF) is a glycoprotein produced by macrophages in response to 
sequential stimulation with any of a variety of priming agents (such as BCG) and 
then endotoxin, and it appears to be one member of a family of proteins­
similar to the situation with interferons [6]. It has preferential cytotoxicity 
against transformed cells as opposed to normal cells and can produce hemor­
rhagic necrosis of murine and human tumor grafts in mice. TNF receptors have 
been demonstrated on tumor cells, and TNF has been shown to have direct 
antitumor activity against human tumors in clonogenic assays. It has also been 
shown to have significant antiviral activity. TNF has been cloned, and phase I 
trials have been performed with TNF, showing that it can be given at tolerable 
doses. Antitumor activity so far has been limited, but further studies are needed 
to define the overall antitumor activity of TNF alone. In addition, TNF and 
y-interferon have marked synergistic antitumor activity in vitro and in vivo, and 
combination therapy using these two agents in patients are planned in the near 
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future. Other cytokineS/lymphokines include (a) interleukin-1 (IL-1), a protein 
produced by macrophages (among other cells) with both a variety of immuno­
modulating properties (such as activation of various lymphoid cells) and a large 
number of other biologic effects (such as fibroblast proliferation or bone resorp­
tion) and (b) colony-stimulating factors [granulocyte/macrophage (GM-CSF) 
and granulocyte (G-CSF)] which have a variety of biologic effects, including the 
terminal differentiation of leukemic cells, macrophage activation, and-prob­
ably most importantly from an immediate clinical standpoint-augmentation 
of marrow generation of granulocytes and macrophages [19]. These cytokines/ 
lymphokines have been cloned and are undergoing preclinical testing to deter­
mine whether they might play a role in cancer treatment. As more are dis­
covered, purified, and characterized, they should provide an ever-expanding 
pool of agents, which can be used to modify the host-tumor interaction in a 
large variety of ways. 

Monoclonal Antibodies 

Monoclonal antibody cancer therapy is extensively discussed elsewhere in this 
volume, so it will be discussed only briefly here. The concept behind monclonal 
antibody therapy is an attractive one, with the theoretical ability to deliver treat­
ment specifically targeted for a given tumor. One attempts to develop an anti­
body targeted against a surface antigen present either only on malignant cells or 
at least in much higher concentrations on malignant cells than on normal ones so 
that there is relatively specific targeting of these cells. Hopefully, the binding of 
the antibody to these cells will lead to immune-mediated killing of the cells; 
alternatively, the monoclonal antibody can be used to deliver cytotoxic agents 
(radioisotopes, toxins, chemotherapeutic agents, hormonal or antihormonal 
agents, or other biologic agents) specifically to these cells. 

However, despite multiple clinical studies, the attempts to make this therapy 
clinically effective have been largely unsuccessful. It has been difficult to define 
tumor-associated antigens which are both sufficiently specific and present in suf­
ficient concentrations on malignant cells to allow significant antibody binding. 
Even when these can be defined, and monoclonal antibodies developed against 
them, a number of remaining problems can be listed. Rapid modulation of cell 
surface antigens off the malignant cells frequently occurs, effectively removing 
the target for the monoclonal antibody (especially in leukemias and lympho­
mas). Most antibodies used so far have been murine antibodies that poorly acti­
vate human immune effector cells which might be important in the antitumor 
response. Insufficient numbers of host effector cells may be present locally when 
the tumor is large. There may be sufficient circulating tumor antigen in the 
serum to bind most of the monoclonal antibody before it can bind to the malig­
nant cells. Clearance of the antibodies by the reticuloendothelial system (espe­
cially liver and spleen) may occur before they can bind to malignant cells. 
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Antimouse-immunoglobulin antibodies may develop. Finally, there may be im­
munoselection for the outgrowth of malignant cells which either do not express 
the particular antigen targeted by the monoclonal antibody or express it at very 
low levels. All of these factors could allow the tumor to escape attack by mono­
clonal antibodies. Therefore, it is not surprising that although a few patients have 
had a good therapeutic response to unconjugated monoclonal antibody therapy, 
most responses have been partial and transient. Even for B-cell lymphomas­
where one has a highly specific antigen, the immunoglobulin idiotype (antigen 
recognition site), against which specific antibodies can be developed, and where 
one patient did obtain a prolonged complete response when treated with anti­
idiotype antibody, the ability to achieve clinically significant responses has been 
limited by problems with modulation of the antigen and selection for outgrowth 
of cells with minor differences in the antigen recognition region of the surface 
immunoglobulin molecule [3]. 

The major attempt at improving monoclonal antibody therapy has been to 
conjugate them to various compounds (toxins, radioisotopes, or chemothrapeu­
tic agents) in an attempt to specifically deliver these agents to malignant cells 
while limiting their delivery to normal tissues [4]. These conjugates potentially 
take advantage of internal modulation of surface antigens by malignant cells, 
leading to accumulation of these compounds within cells or concentration of 
radioisotopes in the proximity of tumor cells. There still remain significant tech­
nical problems that have limited monoclonal-conjugate therapy (e.g., designing 
highly stable antibody-conjugate bonding to prevent dissociation of the complex 
in vivo and nonspecific uptake of the monoclonal antibody by the reticuloen­
dothelial system in organs such as liver and lung, with accumulation of large 
amounts of the toxin, drug, or radioisotope in these organs). Despite these 
difficulties, several studies have used monclonal antibodies conjugated with 
radioisotopes or toxins with limited success so far. One study using antiferritin 
antibodies linked to 1311 did show some promise in the treatment of hepatocellu­
lar cancer [20], but as antibody-conjugates would be expected to accumulate 
nonspecifically in the liver, it is not clear what the specific monoclonal antibody 
contributed to the response. 

Although monoclonal antibodies have not yet been dramatically effective 
when used therapeutically, they have achieved a useful role in a variety of di­
agnostic applications in cancer therapy. These include their use in the immuno­
histologic determination of the tissue of origin of certain tumors; radioimaging 
of metastases in malignancies which express known tumor antigens on their cell 
surface (e.g., CA12S in ovarian cancer); and radioimmunoassays to detect the 
presence of various tumor markers, which have been especially useful in detect­
ing relapses in certain malignancies post-treatment [4]. Therapeutically, they 
have been used either through complement fixation or conjugated to toxins to 
eliminate cells from bone marrow (either malignant cells in autologous trans­
plants or normal T cells to prevent graft-versus-host disease in allogeneic ones) 
prior to bone marrow transplantation. 

A variety of approaches are being used to try to improve the efficacy of 
monoclonal antibody therapy in cancer therapy. These include antibody frag-
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ments, which are specific but have decreased antigenicity; chimeric antibodies 
(mouse variable regions combined with human constant ones), which retain the 
antigen specificity of the mouse variable region while having the benefits of de­
creased antigenicity and improved activation of human immune effector func­
tions; better methods of in vitro priming of human lymphoid cells, which to date 
have generally produced IgM antibodies of low affinity; heteroconjugates com­
bining an antitumor antibody with an antibody directed against an effector cell 
(such as a cytotoxic T cell), leading to enhanced antigen-specific lysis of the 
tumor by the T cell; antibodies against growth factor receptors; combinations of 
antibodies against several antigens to prevent escape of the tumor by modulation 
of one antigen or the selection for outgrowth of cells which do not express that 
specific antigen; and combination therapy, using antibodies combined with 
chemotherapy or other biologic agents, such as interferon, IL-2, and/or effec­
tor cells. These approaches and those yet to be developed should lead to an 
enhanced role for monoclonal antibody therapy in the treatment of cancer in the 
future. 

Differentiating Agents 

A fair amount of information has been acquired from in vitro studies on the 
effects of various agents on cell differentiation and maturation [21]. A large 
number of compounds or combinations of compounds have been shown to in­
duce differentiation in various cell systems. These agents include growth factors 
(such as nerve growth factor), interferons, prostaglandins, hormones, chemo­
therapeutic agents, retinoids, vitamin D analogues, endotoxin, and polar solvents 
like dimethylformamide. However, clinical trials using these agents have been 
limited. Most commonly studied have been retinoid derivatives, which have 
not shown a high degree of clinical activity against established malignancies, 
possibly because these compounds might have their greatest efficacy in the pre­
cancerous or early cancerous state. Studies of retinoids as chemopreventative 
agents are ongoing. Also, it is not clear what relevance the ability of differentiate 
a particular cell in vitro has to attempts to differentiate other types of malignant 
cells in patients. Work is in progress attempting to define and develop more 
potent cell-specific differentiating agents for use in cancer therapy. 

Antimetastatic Therapy 

The metastatic capacity is unique to malignant cells, and metastases are re­
sponsible for most cancer therapeutic failures. Several approaches are being stu­
died to either prevent metastases from occurring or inhibit the ability of met as-
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tases to grow once they have occurred. The metastatic process is complex, with 
several steps which can be potentially attacked. The approaches include inhibi­
tion of platelet/coagulation factors involved in the binding of metastatic lesions 
to endothelial cell surfaces; inhibition of tumor angiogenesis to prevent metasta­
tic foci from becoming established; inhibition of the action of autocrine motility 
factor, which allows the tumor cell to move through the basement membrane; 
and the use of laminin (a basement membrane component) fragments or anti­
bodies against laminin receptors to block these receptors on malignant cells and 
inhibit their attachment to the basement membrane [22]. Animal studies have 
shown laminin receptors to be important in the metastatic process of at least 
certain malignancies, and blocking them with laminin fragments decreases the 
number of metastases in these animal systems [22]. Laminin receptors have been 
demonstrated on human breast cancer cells, so the animal models would appear 
to have relevance to the human situation. 

Protection or Regeneration of Bone Marrow Cells 
from Toxic Effects of ChemotherapylRadiation Therapy 

Although a variety of compounds have been shown in animals to protect or 
increase the rate of recovery of bone marrow cells from the effects of chemother­
apy or radiation therapy, the cloning of the CSFs (G-CSF and GM-CSF, as 
mentioned previously) has again raised the hope that bone marrow cells in hu­
mans might be either protected or induced to regenerate more rapidly from the 
toxic effects of chemotherapy or radiation therapy [19]. This would allow the 
delivery of higher and/or more frequent doses of these treatments, with greater 
dose intensity and hopefully improved antitumor efficacy. There are a number of 
agents in addition to the CSFs which might also have a role in bone marrow 
protection, and this is an area which is being actively studied. 

Summary 

Despite various attempts over the years to use immunotherapy in treating 
patients with cancer, and despite the demonstration of clinical benefit in some 
patients with a variety of approaches aimed at modifying the host-tumor interac­
tion, the only BRMs well-established in cancer treatment are a-interferon used 
in the treatment of patients with hairy-cell leukemia and BCG used intravesical­
ly for the treatment of superficial bladder cancer. The rapid and large increase 
over the past 15 years in the understanding of biologic factors important in the 
host-tumor interaction and the production of large amounts of purified biologic 
agents with a wide variety of functions has led to a renewal of interest and reeval-
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uation of the role of biologic response modification in the treatment of cancer. 
Prior to this time, the major therapeutic approach in this area was the attempt to 
induce or augment either specific or nonspecific immune responses which would 
hopefully lead to an immunotherapeutic response against the malignancy. This 
approach had been largely unsuccessful. Although improving immunotherapeu­
tic methods remains a critical component of the application of BRM therapy to 
cancer, there are also multiple other possible approaches, including agents 
which have direct antitumor effects and agents which affect various other aspects 
of the host-tumor interaction (e.g., differentiating tumor cells). In vitro and 
animal models suggest that novel applications using all of these approaches 
should have value in the treatment of cancer patients. The accumulating demon­
strations of anticancer activity of various BRM approaches (interferons, IL-2, 
IL-2 plus LAK, and monoclonal antibodies), although limited in number (so 
far), argue that as improvements in these approaches are made, as new agents 
and ideas are developed, and as these treatments are combined with each other 
and with other forms of cancer therapy, they will provide new effective cancer 
treatments. 
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16. The Potential Value of Radiolabelled Monoclonal 
Antibodies in Cancer Therapy 
A.M. Keenan and S. M. Larson 

Introduction 

The use of radio nuclides for therapy in human subjects depends on sufficient 
accumulation of atoms with effective radiation characteristics at a precise ana­
tomicallocation. This has traditionally been achieved by direct introduction of 
radioisotopes to the site of disease, such as intracavitary administration of 
radiocolloids, or by the exploitation of existing metabolic pathways, such as 
iodine concentration in thyroid tissue. In recent years, particularly since the de­
velopment of monoclonal antibodies, the possibility of targeting of radionuclides 
by immunologic means has become a real one. Not only are monoclonal anti­
bodies highly specific, but they can be produced on a commercial scale by mass 
culture techniques using the hybridoma cells from which they are derived, and 
they can be readily purified. 

Basic Principles 

The ideal tumor-specific antigen for radioimmunotherapy is one which is present 
exclusively on tumor cells and is exposed in large numbers to the intravascular 
space (Table 1). For practical purposes, an antigen that is expressed on tumor 
cell surface in more than 100-fold concentration compared with normal tissues, 
is not found on circulating blood cells, and is present in quantities of at least 
100000 molecules per cell is considered adequate [1]. 

Radiolabeled antibodies must bind to tumor antigens in sufficient quantities 
for target-specific therapy to occur. The radioactivity remains at the antigenic 
site as a function of the binding kinetics of the antibody and antigen, the stability 
of the radiolabel, and the metabolic fate of the antigen-antibody complex. Cir­
culating antigens may compete with tumor-bound antigens, and, if present in 
sufficient quantities in serum, they may provide a barrier that is difficult for 
the antibody to penetrate. Undoubtedly, this particular problem will vary from 
patient to patient, and its actual clinical impact is unclear. 

In addition, poor vascular delivery and several other factors can also interfere 
with tumor-specific localization of antibodies: 
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Table 1. Some tumor-associated antigens under consideration for antibody targeting 

Antigen 

Prostatic acid phosphatase 
Human chorionic gonadotropin 
a-Fetoprotein 
Carcinoembryonic antigen 
p97, others 
CDS 

Antigen expression 
Antigen accessibility 
Tumor vascularity 

Expressed in 

Prostate cancer 
Choriocarcinoma 
Hepatoma 
Colon and pancreatic carcinoma 
Melanoma 
T-cell lymphoma and chronic lymphocytic leukemia 

Plasma antibody concentration 
Cross-reactivity with nontarget tissue 
Circulating antigens 
Nonspecific antibody binding 
Labeled irrelevant proteins 
Unincorporated isotope 
Antigen-antibody binding kinetics 
Antigen-antibody complex stability 
Persistence of radio label 

Cross-reactivity with normal tissues, nonspecific binding and host derived anti­
bodies directed against the infused monoclonal antibody can all reduce tumor up­
take. Therefore, careful screening of antibodies against normal human tissues, 
animal studies of in vivo pharmacokinetics, and human studies with tracer doses 
are necessary in the evaluation of an antibody for therapeutic applications. 

Another problem which can give rise to significant nonspecific binding is the 
presence of Fc receptors on a broad range of tissue types. This can theoretically 
be overcome by cleaving the Fc portion from the antibody molecule, yielding 
immunoreactive Fab or F(ab'h fragments [2, 3]. These fragments retain the 
antigen-specific sites and function as monovalent or divalent agents, respective­
ly. Although nonspecific binding can be diminished in this manner, more rapid 
blood clearance occurs, which, in some situations, leads to higher target-to­
background ratios [4]. However, rapid blood clearance also reduces the expo­
sure time of tumor antigens to the circulating antibodies, and monovalent 
antibody fragments may bind more weakly to tumor antigens. Both whole im­
munoglobulin [5] and Fab fragments [6] have been employed in therapy, and 
each type of murine protein has its own properties. 

318 



Clinical Experience 

Most clinical studies have utilized l3lJ-labeled anticarcinoembryonic antigen 
(CEA) or antiferritin derived from the serum of immunized goats, horses, or 
rabbits. Order et al. have conducted several studies in patients with primary 
hepatic malignancies [5, 7, 8]. They have been able to document tumor regres­
sion by serial computerized axial tomography (CAT) in the majority of their 
patients, but none have achieved long-lasting remission. The majority of these 
studies were conducted as combined multimodality therapeutic trials and 
included external irradiation and chemotherapy to shrink the tumor prior to 
antibody infusion. This presumably increases the tumor concentration of im­
munoglobulin by reducing the tumor mass relative to the limited quantity of 
labeled antibody that can be administered at one time [7]. Their data suggest 
that maximum tumor uptake is reached between 48 and 72 h after injection, and 
that the effective half-life ranges from 5 to 8 days, resulting in a tumor dose of 
20-30 Gy [8]. This produces a relatively low dose rate of approximately 0.05-
0.07 Gy/h, compared with 0.4 Gy/h from iridium or radium implants. 

Clinical toxicity from therapeutic doses of radio labeled antibodies appears to 
be dose related. Ettinger et al. [9] reviewed data from 14 patients receiving up to 
157 mCi l31J-Iabeled antiserum to CEA or ferritin and found that the degree of 
leukopenia and thrombocytopenia was dependent on the dose of radioactivity 
administered. Hematologic toxicity, particularly thrombocytopenia, was the 
most significant side effect and appeared to result from circulating radioactivity 
rather than bone marrow localization of labeled antibodies. Whole-body radia­
tion doses ranged from 1.1 to 2.2 Gy, primarily due to circulating radioactivity 
with an effective serum half-life of approximately 3 days [5, 9]. Mild hepatotoxic­
ity was inferred from transient elevations in liver enzymes in 72% of the patients 
and probably resulted from radiation doses to the liver calculated to be in the 
range of 4-10 Gy per infusion. Allergic reactions and immune complexes were 
not clinically evident in this group of patients. 

It is important to realize that the side effects experienced by patients treated 
with radiolabeled polyclonal antisera may differ from those encountered with 
radiolabeled monoclonal antibodies, particularly with regard to the therapeutic 
index. Polyclonal antibody preparations are heterogeneous in antibody content 
and at best are 70% immunospecific even after affinity chromatography purifica­
tion [10]. Tumor radiation doses of 20-30 Gy at low dose rates from 100 to 150 
mCi labeled antibody have proven inadequate for cure, and doses above 150 
mCi have been associated with potentially life-threatening hematologic conse­
quences, presumably due to circulating labeled antibodies lacking immunoreac­
tivity [9]. 

Polyclonal antibodies can only be produced in limited quantities, requiring an 
animal colony to maintain a continuous supply. Monoclonal antibodies, on the 
other hand, can be generated in unlimited quantities at the bench top or in small 
animals and can be readily purified to homogeneity. Jmmunospecificity is in­
herently greater, usually 90% or more, even after radiolabeling, and a much 
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a 

Fig. la, b. Whole-body posterior (a) and anterior (b) images of a patient showing multiple sub­
cutaneous melanoma metastases were obtained 48 h after intravenous injection of a therapeutic dose 
of I3lI-labeled Fab fragments (100 mCi labeled to 50 mg) directed against the p97 melanoma antigen. 
The visualized lesions varied from 2 to 4 cm in diameter. Diffuse body background of radioactivity is 
seen throughout the extracellular space and liver, and free iodide is concentrated in thyroid, sto­
mach, and bladder. This pattern of uptake was reproducible, being seen on three other occasions­
once after a diagnostic dose prior to therapy and again following two other therapeutic doses. (From 
[12)) 

larger percentage of the radioactivity is bound to reactive antibody due to the 
lack of irrelevant proteins. 

Larson et al. have successfully used 13l1-labeled monoclonal IgG and Fab 
fragments directed against the p97 antigen of melanoma for imaging and treat­
ment of metastatic disease [2, 6] (Fig. 1). These investigators have safely infused 
up to 340 mCi 1311 at a time, with cumulative doses of more than 800 mCi. High 
specific activities, ranging from 10 to 20 mCi 1311 per milligram of antibody, have 
been achieved. Experience with labeled fragments indicates that the more rapid 
plasma clearance of Fab fragments results in less hematologic toxicity, allowing 
administration of larger therapeutic doses [2] . Whole-body clearance occurred 
with a biologic half-life of approximately 33 h, whereas tumor clearance was 
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determined to be 46 h, suggesting that weekly therapeutic doses might be 
optimal. 

Practical Considerations 

When considering therapy with radiolabeled antibodies, additional evaluation of 
the patient is required beyond the usual diagnostic and staging studies. When­
ever possible, immunohistologic staining of biopsy material or immunologic 
studies of fresh tumor cells is desirable to measure the reactivity of the antibody 
to be used with the tumor tissue. 

Imaging studies with diagnostic doses of the radiolabeled antibodies may be 
the best means of predicting the efficacy of the planned therapy in each patient. 
Relative distribution throughout the body and biologic clearance from tumor, 
blood, and critical organs are required for dosimetric calculations, and this data 
can be obtained from computer analysis of serial gamma camera images. The 
optimal milligram dosage of antibody has not been established and may vary 
significantly for different antibodies, antigens, or other tumor properties. Recent 
studies have employed doses in the range of 5-10 mg protein [2]. In general, 
antibodies should be labeled to the highest possible specific activity with a 
radionuclide to ensure adequate tumor radiation doses. 

Large-scale labeling procedures require facilities that provide adequate 
shielding and a remote-controlled labeling apparatus [11]. Highly trained per­
sonnel must devote large amounts of time for consistency of product quality. 
The specific activity of the final product will depend on the optimal milligram 
quantity of antibody, which is limited by the total radioactivity that can be 
administered at one time and tempered by the sensitivity of the antibody to 
radiolabeling. Different antibodies lose immunoreactivity at different specific 
activities [11]; thus, each antibody requires individual evaluation. 

The process of developing a radio labeled monoclonal antibody for clinical use 
is a long, complicated, and expensive endeavor. Tumor-specific antigens are dif­
ficult to isolate and purify, and the development of a viable hybridoma clone 
generating the desired antibody can require painstaking work. Optimal labeling 
procedures must be determined individually for each new antibody, and studies 
in an appropriate animal model are necessary to characterize in vivo pharmaco­
kinetics. Extensive screening is required to rule out cross-reactivity with normal 
human tissues. 

Important Considerations for Future Studies 

Several issues remain to be resolved before radiolabeled monoclonal antibodies 
come into clinical practice [12]. Selection of the most appropriate target antigen 
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and antibody in any given disease is perhaps the most critical of these. Selection 
of the best radionuclide to couple to the antibody is also very important, as is the 
determination of the optimal schedule of administration. Other issues, such as 
the use of antibody fragments, need to be considered as well. 

New antigens are continually being identified and characterized. Those with 
the most abundant expression on tumor cells and with a narrow range of expres­
sion on normal cells with result in the highest target-to-background ratio. Anti­
gens that modulate internally, carrying the radiolabeled antibody with them, 
offer the greatest potential for cell destruction. To avoid the problem of an anti­
gen not being expressed on all tumor cells, the use of mixtures of monoclonal 
antibodies directed towards several antigens expressed by a tumor needs to be 
considered. This approach has been demonstrably more effective in purging 
tumor cells from bone marrow in vitro [13]. 

Antibodies generated to a particular antigen can have distinct properties 
according to their isotype, subclass, and binding characteristics. Antibodies with 
a high affinity and avidity are generally preferable, and these properties can be 
measured in vitro using well-established techniques. Although current anti­
bodies have yielded tumor-to-tissue ratios of approximately 10: 1, calculations of 
the maximum achievable uptake for high-affinity antibodies indicates that ratios 
between 100: 1 and 1000: 1 are theoretically obtainable (1]. 

Antibody fragments will continue to playa larger role in future studies, but 
several issues remain to be settled. Fab fragments clear more rapidly from the 
circulation, reducing background activity from the blood pool [2], but shorter 
circulation times may also reduce the time of exposure of antigen to the anti­
bodies, and the avidity of binding may be less than with divalent antibodies. 
Smaller molecules provide fewer labeling sites, which may reduce the potential 
for high specific activities. On the other hand, removal of the Fc portion of the 
antibody molecule reduces the potential for nonspecific binding. For these 
reasons, it has been suggested that F(ab')z fragments may represent the best 
compromise between whole antibodies and small, monovalent Fab fragments 
[3]. Murine monoclonal antibodies have so far been the only antibodies available 
for human use, but present work with human-human hybridomas may soon pro­
vide human monoclonal antibodies which may have a longer half-life and less 
potential for allergic responses [14]. Batteries of monoclonal antibodies may 
become available for "crossmatching" of patient tumor samples, and it is possi­
ble to envisage the individualization of antibody mixtures for individual tumors; 
however, it seems more practical at present to develop antibody "cocktails" as 
appropriate for each histologic entity. 

Labeling methods with radioiodine are well established, and both 131J and 1251 
have therapeutic potential. The beta radiation from 1311 can act within a radius 
of several cell diameters, and this can enhance the overall tumoricidal effect in 
tumors with heterogeneous expression of antigen. A single cell with 1311 concen­
trated on its surface can irradiate surrounding cells that lack antibody accumula­
tion. The short-range Auger electrons of 1251 could provide effective therapy if 
delivered in close proximity to the nucleus of each and every tumor cell, and 
they may reduce irradiation to adjacent nontumor tissue [15]. 
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Techniques for conjugating bifunctional chelates such as diethylenetria­
minepentaacetic acid (DTPA) to antibody molecules have allowed chelation of 
a number of metallic radionuclides [16], and many beta- and alpha-emitters have 
come into consideration for radioimmunotherapy. In addition to its beta radia­
tion, 47SC has abundant 160-keV photons for imaging. 212Bi is both an alpha­
and beta-emitter that is available as a generator product of 212Pb. 109Pd has 
shown great promise for therapy in preliminary animal studies due to its pre­
dominant beta radiation, 13-h half-life, and ready availability in large quantities. 
67CU and 90Y have also been proposed as possible candidates for therapeutic 
applications, but 67CU has the advantage of gamma radiation, which can be 
imaged to monitor biodistribution. The search for novel radio nuclides for medi­
cal applications will no doubt continue. The suitability of the radiation charac­
teristics of an individual radionuclide will depend to a large extent upon the 
pharmacokinetics of the antibody or antibody fragment to be used. 

The delivery of an antibody to a tumor antigen after intravenous administra­
tion is dependent on the vascularity of the tumor, the percentage of the cardiac 
output recieved by the tumor, and the plasma concentration of antibody. Clear­
ance of antibodies from the circulation reduces the time during which the deliv­
ery process can occur. Preferential distribution can be achieved through the use 
of intra-arterial or intracavitary catheters and through intralymphatic infusion 
or subcutaneous injection, thus directing the delivery of antibodies to tumor, 
organs, body spaces, or lymph nodes. These methods have several advantages 
over intravenous administration: (a) smaller administered dose, (b) less systemic 
toxicity, (c) less competition by circulating antigens, (d) less cross-reactivity with 
antigens expressed on normal cells, and (e) faster localization [17]. 

Clearly, much work remains to be done to bring radioimmunotherapy into 
routine clinical use, but ongoing efforts in tumor immunology, hybridoma tech­
nology, and radio labeling techniques provide hope that effective primary or 
ancillary therapy with immune-targeted radionuclides will become a reality. 
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17. Monoclonal Antibody Conjugates with Cytotoxic 
Agents for Cancer Therapy 
V.S. Byers and R. W. Baldwin 

Introduction 

The difference in the cytotoxicity of chemotherapeutic agents between tumor 
cells and normal cells is generally not sufficient to permit curative doses of drug 
to be administered without producing unacceptable toxicity. Methods are being 
sought, therefore, for selective delivery of antineoplastic agents in order to 
improve their therapeutic potential. This approach also opens up the possibility 
of using agents such as naturally occurring plant and bacterial toxins, which 
hitherto would not have been acceptable in view of their very significant toxicity. 

Antibody-targeted therapy, in which drug-tissue interactions are restricted to 
tumor sites by linking cytotoxic agents to antibodies reacting with tumor cells, 
was proposed many years ago. In the past, this approach had limited, if any, 
practical significance in view of the difficulties in producing antibody prepara­
tions of sufficient purity and in the amounts needed for drug conjugation. The 
technique of immortalizing individual clones of antibody-secreting cells by fusing 
them with cultured myeloma cells to form hybridomas which continuously 
secrete antibody [49] has for the first time made possible the reproducible produc­
tion of antibodies. Firstly, these hybridomas can be maintained continuously in 
culture or as ascites in mice, allowing the production of monoclonal antibodies 
on an appropriate multi gram scale. Secondly, since the hybridomas are pro­
duced by fusion of a single antibody-producing lymphocyte, the "monoclonal" 
antibody is directed against a single epitope on the antigen molecule; therefore, 
the problem of separating antibodies of different specificities is obviated. This 
means that an antibody produced against a cancer cell-associatoo antigen will be 
specific for that antigen, and cross-reactivity with normal tissues will only occur 
if the epitope to which it binds is also expressed in these tissues. 

Monoclonal Antibodies to Human Tumor-Associated Antigens 

Monoclonal antibodies have been produced which react with a wide range of 
human cancers [7, 8]. Typically, these are murine antibodies produced by hybri­
domas formed following fusion of spleen cells from immunized mice with mouse 

325 



myeloma cell lines. Donor mice have been immunized with whole human tumor 
cells, subcellular fractions, or secretory products such as carcinoembryonic anti­
gen (CEA). Antibodies have been produced which react with many types of 
solid tumor, including carcinomas of colon, rectum, breast, ovary, lung, pan­
creas, and bladder, as well as malignant melanoma and bone and soft tissue 
sarcomas. Antibodies reacting with leukemia cells have also been generated. It 
is important to recognize that antibodies generated by immunizing mice with 
human tumor cells or subcellular fractions do not necessarily recognize tumor­
specific antigens. Rather, they may react with normal or modified tissue antigens 
which are either preferentially or inappropriately expressed upon malignant 
cells. In most instances, the nature and function of the tumor-associated antigens 
recognized by monoclonal antibodies is unknown. 

One class of "neoantigen", the so-called oncofetal antigens, are tumor cell 
products expressed on fetal and malignant cells but either absent from or ex­
pressed at low levels in normal adult tissues [36]. These are typified by CEA, a 
complex molecule expressing both protein and carbohydrate determinants [65], 
which is widely associated with colorectal cancer. Another oncofetal antigen 
used to generate monoclonal antibodies is a-fetoprotein, found in the serum of 
patients with hepatocellular carcinoma and teratoblastomas of testis and ovary 
[71]. 

Other tumor-associated antigens against which monoclonal antibodies have 
been generated include glycoproteins and glycolipids associated with colorectal 
cancer [37] and high-molecular-weight mucins associated with breast and ovar­
ian cancer [15, 59]. 

Monoclonal antibodies produced against these antigens are not tumor spe­
cific, and they may react to a certain degree with a number of normal tissues. 
Monoclonal antibodies produced against human milk fat globule membrane 
(HMFG) react with breast and ovarian cancer cells but also with normal tissues. 
For example, HMFG1, recognized by a monoclonal antibody generated against 
human milk fat globule membrane, is present upon breast carcinoma cells and 
also in a number of normal secretory epithelial cells, including lactating breast 
epithelium [15]. 

It is important to recognize that many of the murine monoclonal antibodies 
being developed for drug targeting do have some normal tissue reactivity since 
this has to be taken into account when evaluating immunoconjugates for ther­
apy. Furthermore, as described later, immunoconjugate evaluation by reaction 
with cultured tumor cells and by treatment of human tumor xenografts in 
athymic mice does not provide any assessment of potential toxicity for normal 
human tissues. This can only be derived from phase I clinical trials, together with 
knowledge of normal tissue reactivity derived primarily from immunohistolog­
ical studies. 

It has been proposed that human monoclonal antibodies may be more 
appropriate for drug targeting, and methods for generating hybridomas secret­
ing human monoclonal antibodies are now available [18]. This involves fusion of 
sensitized B-lymphocytes from the human donor (e.g., peripheral blood lym­
phocytes or lymphocytes derived from lymph nodes draining a tumor) with human 
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myeloma cell lines to produce a human-human hybridoma, or with mouse 
myeloma cell lines to produce a heterohybridoma, both of which secrete human 
antibody. There are numerous obstacles in this approach, including hybridoma 
stability (a particular problem with heterohybridomas) and the generation of 
hybridomas which produce acceptable levels of antibody. 

A more fundamental problem is whether human tumors do express neo­
antigens which are recognized by the tumor-bearing patient [6]. Opinions on 
this issue remain divided, but there is still little, if any, evidence that human 
tumors evoke tumor-specific T-cell responses or specific antibodies in patients. 
Moreover, hybridomas have not been produced which secrete antibody specific 
for cell surface antigens on human cancer cells. Most of the antibodies described 
show cross-reactivity with normal cells and seem to recognize cytoplasmic 
antigens. For example, more than 4350 human immunoglobulin (Ig)-secreting 
hybrids have been produced in one study [25], and of the 305 reacting with 
tumors, only 5 antibodies reacted with the cell surface. 

Tumor Localization of Monoclonal Antibodies: 
Immunoscintigraphy 

Monoclonal antibody targeting of drugs to tumor requires that the antibody 
localizes in the tumor following systemic administration. The most convincing 
evidence for this comes from trials in which patients are injected with radio­
labelled monoclonal antibodies. Images obtained with a gamma camera have 
clearly show tumor localization of radioisotope [6, 11,35,55, 60]. 

For most tumor-imaging studies, patients have received 0.1-10 mg monoclo­
nal antibody labelled with 2-6 mCi 1311, 1231, 1111n, or 99Tcm • Imaging is then 
carried out 2-3 days later, using either a gamma camera or rectilinear scanner to 
produce planar images, or tomographic cameras which allow construction of 
image slices similar to those generated by X-ray or computerized tomographic 
(CT) scanning [55]. 

A representative sample of radio labelled monoclonal antibodies which have 
been used in imaging studies is given in Table 1. The primary objective of these 
studies is to evaluate immunoscintigraphy as a diagnostic procedure, but they 
also provide a means of establishing the tumor-localizing capacity of selected 
monoclonal antibodies. Numerous studies have demonstrated that anti-CEA 
monoclonal antibodies localize in colorectal cancer [11, 28]. The localization of a 
monoclonal antibody (791T/36) which recognizes a tumor glycoprotein (gp72) 
has also been demonstrated in extensive trials with 1311- and lllJn-labelled anti­
body [1-3]. Other monoclonal antibodies shown to localize in colorectal cancer 
include antiglycolipid antibodies 19-9 and 17-1A [21-23]. 

Imaging of ovarian cancer has been reported in several trials using monoclo­
nal antibody HMFG-2 produced against human milk fat globule membrane [53] 
and anti-placental alkaline phosphatase antibody [27, 34]. Monoclonal antibody 
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791 T/36 has also been used extensively in imaging primary and recurrent ovarian 
cancers [58, 75], while anti-HMFG antibodies have also been used to image 
breast cancer [33, 61]. Several antibodies have been used to image malignant 
melanoma [14, 50, 51], and monoclonal antibody 79IT/36 has been used for 
imaging bone and soft tissue sarcomas [4]. 

A more direct assessment of tumor localization of monoclonal antibody in 
humans has been feasible in instances where patients with primary tumors have 
undergone imaging with radioisotope-labelled monoclonal antibodies prior to 
surgical resection of a tumor [1-3, 35]. In this case, it is possible to directly 
determine the levels of radioactivity in tumor, compare them with normal tissue, 
and so construct a tumor-to-normal tissue ratio of radioactivity (antibody) 
levels. This is illustrated by trials in patients with colorectal cancer, where the 
tumor-to-normal colon ratios of radioactivity were found to range up to 10: 1 
following injection of l3lI-labelled monoclonal antibody 791T/36 [1-3]. 

Immunotoxins 

Ribosome-inactivating protein toxins of plant and bacterial origin represent a 
class of highly cytotoxic agents which can be used for linking to monoclonal 
antibodies to form immunotoxins [39, 40, 79,81]' One type of toxin, typified by 
ricin (from castor beans), consists of two polypeptides (A and B chains) linked 
through a disulfide bond. In the natural course of events, the toxin binds through 
a site on the B chain to receptors which are expressed upon essentially all cells in 
a susceptible host. The A chain is then internalized, probably through the endo­
some, and produces cell kill by inactivation of protein synthesis. This process is 
highly efficient at terminating the metabolic activity of a cell, so that one mole­
cule of toxin entering the cytoplasm is sufficient to produce a lethal response 
[79,81]. 

Immunotoxins constructed by linking the whole toxin (holotoxin) to antibody 
are highly toxic, and their activity may even exceed that of the native toxin. 
However, since these immunotoxins contain the B chain, which binds to most 
mammalian cells, they lack the specificity of the antibody component. One 
approach to this problem is to "block" the interaction of the B chains with cell 
receptors. For example, ricin B chain "recognizes" galactose-terminating gly­
coproteins or glycolipids, and this interaction can be blocked by the presence of 
high levels of free galactose or lactose [78, 80]. This can readily be achieved 
when immunotoxins are used in vitro for purging T -lymphocytes or malignant 
cells from bone marrow [16], but it is less practicable for in vivo immunotoxin 
therapy. An alternative approach, therefore, is to separate the A- and B-chain 
polypeptides following enzymatic cleavage of the whole toxin. The A-chain com­
ponent is then linked to antibody to form an A-chain immunotoxin [79,81]. The 
coupling is generally effected by introducing an activated disulfide reside (e.g., 
dithiopyridine) into the antibody, which is then reacted with free sulfydryl 
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Fig. 1. Cytotoxicity of an immunotoxin constructed by linking monoclonal antibody 79IT/36 to ricin 
A chain (RTA) [32]. Osteogenic sarcoma 791T cells were incubated with immunotoxin (791TI36-
RTA or B14-BB-RTA) or free ricin A chain for 5 days. Colony formation by treated tumor cells was 
then determined 

groups of the toxin A chain. This forms a conjugate in which the A-chain toxin is 
linked to antibody through a disulfide bond. 

Immunotoxins containing ricin A chain (RTA) linked to monoclonal anti­
body have been produced which are cytotoxic for many types of solid human 
tumor, including carcinoma of colon, breast, lung, and ovary; malignant mela­
noma; and osteogenic sarcoma [32, 39, 40, 44]. Immunotoxins cytotoxic for 
leukemic cells have also been synthesized [20, 47, 62, 63, 74]. When tested in 
vitro, these immunotoxins are exquisitely specific for target tumor cells which 
express the antigen reacting with the antibody component. This is illustrated in 
Fig. 1, showing that an immunotoxin constructed by linking RTA to monoclonal 
antibody 791 T/36 is highly cytotoxic for tumor cells (e.g., osteosarcoma 79IT) 
which express the gp72 antigen recognized by this antibody [32]. The dose of 
immunotoxin producing 50% inhibition of tumor cell growth (colony formation) 
was 4.5 x 10-12 M, compared with 6.3 x 10-8 M with free RTA. 

There are multiple steps in immunotoxin-directed cell cytotoxicity, the first 
being immunotoxin binding to target cell antigen. For cytotoxicity to occur, it is 
then necessary for the bound immunotoxin to be internalized by the target cell in 
order for the A-chain component to be released and inactivate the 60S subunit of 
ribosomes [78, 79]. With whole ricin, the B chain plays an important but as yet 
ill-defined role in the internalization of the toxin, so that A-chain immunotoxins 
may lack the high cytotoxicity of intact toxin. The cytotoxicity of A-chain im­
munotoxins can, however, be potentiated by synergistically acting B-chain con­
jugates [80]. Other agents may potentiate cytotoxicity, and this phenomenon can 
be utilized most effectively in in vitro systems [19, 20, 41]. This is illustrated by 
the use of potentiating agents in conjunction with an immunotoxin containing 
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RTA linked to monoclonal antibody nOl (CD5) for eliminating leukemic cells 
from bone marrow. The in vitro cytotoxicity of the immunotoxin for leukemic 
cells was potentiated some 6700 times by inclusion of ammonium chloride in 
the incubation medium. Even more pronounced potentiation is achieved with 
carboxylic ionophores, so that monensin produced a 50 OOO-foid increase in cyto­
toxic potency [19]. These potentiating agents probably function by modifying 
the fate of immunotoxins following their entry into cells through the endosome. 

RT A and to a lesser extent diphtheria A chain have been used quite exten­
sively for designing immunotoxins [44, 82]. This has led to a search for other 
ribosome-inactivating proteins (RIPs). RIPs which occur naturally as single 
polypeptide chains (A chains) have a pragmatic advantage since this obviates the 
necessity to purify A chain from contaminating B chain, which may produce 
toxic side effects in vivo. Naturally occurring A-chain RIPs include gelonin from 
Gelonium multi/orum seeds and saporin from Saponaria officinalis (soapwort) 
seeds [73]. There are, in addition, other plant RIPs which, like ricin, occur 
naturally as two polypeptide chains. These include abrin from Abrus precatorius 
(jequirity bean) seeds and modeccin from Adenia digitata roots. 

In addition to plant RIPs, considerable effort is being devoted to extending 
the range of immunotoxins containing bacterial toxins. This work stems pre­
dominantly from original studies with diphtheria toxin [44], and some success 
has been achieved, as exemplified by an immunotoxin containing pseudomonas 
exotoxin linked to antitransferrin receptor antibody, which is cytotoxic to cul­
tured ovarian carcinoma cells [57]. 

Immunotoxins have also been constructed by linking the antibiotic neocarzi­
nostatin to an antimelanoma antibody [52]. Neocarzinostatin (Mf 10 000) con­
sists of a protein and nonprotein chromophore, the latter being the biologically 
active component which interacts with DNA. The neocarzinostatin-antibody 
conjugates are highly cytotoxic in vitro for melanoma cells, 50% inhibition of 
tumor cell survival being obtained with 5-6 ng/ml, compared with 480 ng/ml 
with free neocarzinostatin. 

In Vivo Efficacy 

The in vivo efficacy of immunotoxins administered systemically is being evalu­
ated against human tumor xenografts in T-cell-deficient (athymic) mice. Only a 
limited number of immunotoxins have reached this stage of evaluation and been 
shown to be therapeutically effective. This is illustrated by trials with an im­
munotoxin containing monoclonal antibody 791 T/36, which recognizes a tumor 
membrane glycoprotein (gp72), linked to RTA [32]. Treatment of sarcoma 791T 
xenografts by daily intraperitoneal injections of immunotoxin produced a signif­
icant inhibition of tumor growth (Fig. 2). In contrast, unconjugated RTA or an 
immunotoxin containing an antimelanoma antibody not reacting with the target 
cells did not inhibit 791T tumor growth [17]. The antimelanoma immunotoxin 
did suppress growth of human melanoma xenografts. 

The gp72 antigen reacting with monoclonal antibody 791 T/36 is expressed 
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with immunotoxin [17]. Mice in which 
791T xenografts were implanted were 
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sured at termination of the experiments. 
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treated groups, and the influence of im­
munotoxin was determined from the 
TIC ratio, i.e., the weights of tumors in 
treated and control groups, respectively. 
At termination, TIC was 0.30 (P 
< 0.(01). • P < 0.05 

upon a wide range of human tumors, including colorectal and ovarian carcino­
mas [29]. This antibody has also been shown in extensive immunoscintigraphy 
trials to permit the imaging of colorectal [1, 3] and ovarian [58, 75] cancer. The 
potential value of the RTA-791T/36 immunotoxin in the treatment of these 
tumors is demonstrated by its ability to suppress the growth of color ectal carci­
noma xenografts [9]. 

Therapeutic efficacy has also been observed after the systemic administration 
of immunotoxins reacting with malignant melanoma and breast carcinoma [39, 
40]. In addition, immunotoxins administered intraperitoneally have suppressed 
peritoneal growth of human ovarian tumor cells in immunodeficient mice. These 
include an immunotoxin containing antitransferrin receptor monoclonal anti­
body linked to pseudomonas exotoxin [38] and RTA linked to monoclonal anti­
body 791T/36 (Byers and Baldwin, unpublished work). 

Monoclonal Antibody-Drug Conjugates 

Chemical conjugation of cytotoxic drugs to monoclonal antibodies requires that 
the compound has a reactive functional group such as an amino, hydroxyl, or 
carboxyl group available for protein conjugation. Also, these reactive groups 
should not be required for drug action or, if so, they should become available 
following intracellular release of the drug from the antibody conjugate. Cyto­
toxic drugs are much less active than the plant toxins used to construct immuno­
toxins. It is therefore necessary to couple the maximum number of drug residues 
to the antibody molecule whilst retaining as much as possible of the antibody 
binding activity. Since some of the functional groups in the antibody which can 
be linked to drug are likely to contribute to the functioning of the immunoglobulin 
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-either as a component of the forces retaining its three-dimensional structure 
or as part of the binding site of the antibody-the optimal molar substitution 
ratio (moles of drug bound per mole of immunoglobulin) represents a com­
promise between the desire to maximize toxicity and to minimize reduction in 
antibody specificity. Substitution ratios of up to 32 have been reported for im­
munoglobulins with retention of a proportion of antibody reactivity. Generally, 
however, substitution of more than ten drug residues per antibody molecule 
will produce an unacceptable degree of antibody damage [5, 10,31, 67]. 

Several classes of cytotoxic drugs have been investigated for drug-antibody 
conjugate design, including alkylating agents, such as chlorambucil [5]; cis­
platinum [45]; anthracyclines [42]; and antimetabolites, e.g., methotrexate 
(MTX) [43, 48], cytosine arabinoside [5], and the vinca alkaloid analog vinde­
sine (desacetyl vinblastine amide) [67, 68]. These drugs have either been directly 
linked to antibody or linked via an intermediate carrier between drug and anti­
body, which has been used to increase the amount of drug which can be coupled 
to immunoglobulin. A variety of carriers have been used for this purpose, in­
cluding dextran, human serum albumin (HSA), and polY-L-lysine [5, 10,67]. 

MTX has been directly coupled to antibodies using mixed anhydride, water­
soluble carbodiimide, and active ester methods [43]. Of these, the active ester 
method appears to be most favorable since it is sufficiently mild for drug not to 
be degraded and for antibody polymerization to be avoided. This procedure has 
been used to conjugate MTX to a range of monoclonal antibodies, including 
250-306 and 791 T/36-which react with human colorectal carcinoma cells-and 
an antitransferrin receptor antibody [43, 48]. 

MTX-carrier conjugates have been prepared by initially linking drug to HSA 
using water-soluble ethyl carbodiimide. Since the HSA does not have any essen­
tial biological activity, it is possible to produce highly substituted conjugates 
containing up to 40 mol MTX per mole HSA. The MTX-HSA conjugate is then 
coupled to monoclonal antibody to yield MTX-HSA-antibody conjugates. This 
synthesis has been utilized with monoclonal antibody 791T/36 to produce MTX­
HSA-79IT/36 conjugate containing up to 35-40 mol MTX per mole antibody 
[43]. 

These MTX conjugates with monoclonal antibody 791T/36 are cytotoxic in 
vitro for tumor cells expressing the target (gp72) antigen, including osteosarco­
ma and colon carcinoma cells. Clinical trials with MTX linked directly or using 
HSA carrier with antibody 791 T/36 are in progress, and initial studies have 
shown localization of the directly linked conjugate in colorectal tumors [54]. In 
15 colorectal cancer patients injected with 1311 -labelled MTX -791 T/36 conjugate, 
immunoscintigraphy examination and radiochemical analysis of resected tumor 
specimens demonstrated tumor uptake, with tumor-to-normal tissue ratios of 
radioactivity ranging up to 7.9: 1. These findings, together with studies on conju­
gates prepared with monoclonal antibodies reacting with experimental tumors, 
demonstrate the therapeutic potential of MTX conjugates [5, 10]. 

Vinca alkaloid conjugates with monoclonal antibodies have been prepared 
using either azide or active ester conjugation [13, 30,67,68]. Initially, desacetyl 
vinblastine hydrazide was converted to the azide and reacted with monoclonal 
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antibody. Alternatively, an active ester method was used, in which 4-succinyl­
vindesine was reacted with antibody. This active ester method produces conju­
gates with a greater substitution ratio for the same efficiency of reaction and with 
comparable retention of antibody-binding reactivity. These procedures have 
been used to construct vindesine conjugates with several monoclonal antibodies, 
including an anti-CEA antibody (11.285.14) and 791T/36-which react with col­
orectal cancer-and antimelanoma antibody 96.5 [67, 68]. Lung monoclonal 
antibody KS1I4 has also been conjugated to 4-succinoyl-vinblastine [13]. These 
conjugates retain antibody-binding reactivity and inhibit in vitro growth of 
tumor cells. Trials with vindesine linked to anti-CEA antibody (11.285.14), anti­
melanoma antibody 96.5, and 791T/36 have shown that these conjugates sup­
press growth of colorectal carcinoma, melanoma, and osteogenic sarcoma 
xenografts, respectively [68]. 

The anthracyclines doxorubicin (Adriamycin) and daunomycin have been 
conjugated to antibodies by a number of different methods [5, 10, 42]. In one 
approach, the sugar ring of daunomycin is cleaved by periodate oxidation to 
leave aldehyde functional groups in the drug, which can then be coupled to 
antibody [5]. In another approach, glutaraldehyde has been used to cross-link 
the anthracycline sugar amino group to antibody. In both of these methods, the 
resulting bonds were stabilized by reduction with sodium borohydride [5]. An 
alternative approach involves conjugation through the 14-carbon position, and 
in studies with monoclonal antibody 791 T/36, four different procedures were 
compared [42]. 14-Bromo-daunomycin was linked to antibody amino groups 
directly by nucleophilic substitution, or dithiopyridyl residues are introduced 
into the monoclonal antibody using N-succinimidyl-3 (2-pyridyldithio) propio­
nate. Free sulfydryl groups were then generated by mild reaction with 
dithiothreitol and reacted with 14-bromodaunomycin to produce thioether 
bonding through the drug side chain. Conjugation was also effected through the 
sugar amino group of daunomycin. For this purpose, daunomycin was reacted 
with cis-aconitic acid or succinic anhydride, and the carboxyl groups of these 
derivatives were linked to the amino groups of the lysine side chains of antibody 
using carbodiimide to produce peptide bonding. 

Daunomycin and doxorubicin conjugates have also been synthesized using 
dextran and HSA as drug carriers [5]. The dextran carrier (dextran TlO, Mr 
10 000) was oxidized by sodium periodate and reacted first with daunomycin and 
then with antibody. This conjugation, viewed as involving Schiff base formation 
between aldehyde groups in protein and the sugar residue of daunomycin, was 
stabilized by partial reduction with sodium borohydride. Conjugates involving 
HSA as carrier were prepared by linking HSA to daunomycin through several 
intermediates, including 14-bromo-daunomycin, cis-aconityl, and succinyl ester 
(Baldwin and Ogunmuyiwa, unpublished work). 

Conjugates containing daunomycin or doxorubicin linked directly to antibody 
or through a polymeric carrier are cytotoxic in vitro for tumor cells and show a 
degree of inhibitory activity when tested in vivo against experimental tumors or 
human tumor xenografts [5,10,42,56]. In general, however, the studies suggest 
that direct linkage of anthracycline to antibody does not permit sufficient drug 
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targeting to effect a significant therapeutic response. The carrier systems show 
that sufficient drug can be attached to antibody to effect tumor cell kill. How­
ever, these conjugates do not have optimal properties with respect to in vivo 
biodistribution. Improvements in design are therefore being investigated with 
respect to both the carrier system and the anthracycline analog, the goal being to 
improve therapeutic effectiveness. 

Cis-platinum has been complexed to antibodies to yield conjugates cytotoxic 
for tumor cells [45]. The conjugation procedure is not satisfactory, however, 
and, as shown in Table 2, conjugates produced with monoclonal antibody 791 TI 
36 do not show high levels of reactivity. Carboxymethyl-dextran has also been 
investigated as a carrier for cis-platinum [69, 70]. Carboxymethyl-dextran com­
plexes were formed by reacting cis-diaminedichloro platinum II (cis-DPP) and 
cis-diaminediaquo platinum nitrate (cis-aq) with two dextran carriers, dextran 
T10 (Mr 10000) and dextran T40 (Mr 40000). The dextran was substituted with 
carboxymethyl groups, and complexes were formed by interaction with cis­
DPP or cis-aq. These complexes containing platinum compounds bound in a 
reversible manner were cytotoxic for tumor cells and, in view of earlier work on 
anthracycline-dextran antibody conjugates [5], may provide carrier systems for 
antibody targeting of cis-platinum complexes. 

Conclusions and Discussion 

Direct conjugation of cytotoxic drug to monoclonal antibodies generally results 
in a substantial reduction of drug activity when compared with that of free drug. 
This is illustrated in Table 2, which compares the concentrations of a range of 

Table 2. Cytotoxicity of monoclonal Antibody 791 T/36-drug conjugates 

Molar Cytotoxicityb ICso(nglml) 
substitution 

Conjugatea ratio Free drug 

Methotrexate-791 T/36 3:1 5 
Vindesine-791 T/36 6:1 10 
Doxorubicin-791 T/36 4:1 10 
Daunomycin-79IT/36 4:1 30 
Cis-platinum-791T/36 1.5:1 100 
Ricin toxin A chain-791T/36 1.5:1 5000 

ICso: concentration inhibiting ['SSe] selenomethionine incorporation by 50% 
aDrugs directly linked to antibody. 

ConjugateC 

180 
10000 
15000 
3000 
2000 

5 

bDetermined using an in vitro assay. Tumor cell survival determined by ['SSe] selenomethionine 
incorporation [31, 32]. 
cExpressed in terms of nanograms of drug content per millilter. 
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drugs in free form or conjugated to monoclonal antibody 791T/36 producing a 
50% inhibition (ICso) of cytotoxicity for tumor 791T cells. For example, the ICso 
of MTX is increased from 5 to 180 ng/ml following antibody conjugation. With 
other drugs such as vindesine and the anthracyclines, the influence of antibody 
conjugation is even more marked. In this respect, it should be noted that the 
situation is completely reversed with the plant toxin RTA, where antibody con­
jugation produces a 1000-fold increase in cytotoxicity [32]. This is because the 
toxin A chain is not readily internalized in the absence of the B chain. In con­
trast, antibody conjugation of cytotoxic drugs essentially abrogates their normal 
pathways for entry into a cell, which is probably more efficient than antibody­
mediated endocytosis. The aim of antibody targeting of drugs, however, is to 
deliver drugs specifically to tumor cells, and it is envisaged that the introduction 
of this specificity will compensate for loss of drug activity. 

Unfortunately, it is often the case that insufficient amounts of the drug can be 
directly linked to antibody to effect a significant cytotoxic response in the target 
cell. The dose is based upon calculations of the amount of drug which can 
be attached to antibody without damaging immunoreactivity, the number of 
antibody-binding sites on a tumor cell, and the amount of drug required to effect 
a cytotoxic response. For example, with MTX-mediated cytotoxicity for tumor 
791 T cells, it has been calculated that approximately a million molecules of drug 
are required to delivered to the intracellular compartment to effect a cytotoxic 
response (Durrant, personal communication). There are approximately 2 x 10L 

106 antibody 791T/36-binding sites on the target cell [64], and since maximum 
MTX substitution ratios of 4: 1 can be achieved, it is not considered feasible to 
deliver cytotoxic doses of drug using drug directly linked to antibody. 

Two avenues of approach are being explored which aim to improve drug de­
livery by monoclonal antibodies. Firstly, drug carrier systems are being de­
veloped, this being exemplified by the use of HSA with MTX, and dextran with 
a range of cytotoxic drugs [5,10]. This provides the means for conjugating grea­
ter levels of drug to antibody, but in so doing it increases the size of the conju­
gate. This in turn alters the pharmacokinetics of the conjugates and may reduce 
their capacity to extravasate and localize in tumor. For example, the half-life in 
the circulation of conjugates containing MTX directly linked to monoclonal anti­
body 791 T/36 in colorectal cancer patients is not markedly different from that of 
the antibody [54]. In contrast, conjugates prepared with MTX linked to HSA as 
a carrier are rapidly eliminated from blood, with liver uptake being the major 
route of metabolism. This effect is thought to be influenced by changes in the net 
charge of conjugates. Based upon these observations, modifications in conjugate 
design are being investigated, the aim being to produce conjugates which pref­
erentially localize in tumors. This is one of the problems being addressed in the 
design of other immunotoxins which are preferentially taken up into liver. 

The alternative approach for improving the therapeutic efficacy of drug­
antibody conjugates is to use drugs with much greater cytotoxicity. Second­
generation drug conjugates are being designed, taking advantage of the large 
range of synthetic agents which have been synthesized but not brought to clinical 
trial simply because they were too toxic. In this way, it should be practicable to 
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synthesize conjugates of a single antibody or antibody combinations with a range 
of cytotoxic drugs operating through different metabolic pathways. 

Significant progress has been made in the use of immunotoxins. RT A conju­
gates with antimelanoma antibody and 791T/36 [9, 17] have proven efficacy 
against tumor xenografts and are now in phase 1111 clinical trials in melanoma 
and colorectal cancer patients [9]. Also, RTA linked to an anti-T-Iymphocyte 
monoclonal antibody directed against the CD5 antigen has been shown to be 
effective in vivo for the treatment of acute graft versus host disease (GVHD) in 
allogeneic bone marrow transplantation [16]. A phase I clinical trial is in pro­
gress in which bone marrow transplant recipients with grade II-IV steroid­
resistant GVHD are treated with immunotoxin (Byers et aI., to be published). 
The treatment was well tolerated and was accompanied by a drop in circulating 
T cells throughout the course of infusion (14 days). Target tissue clearing was 
seen, with skin, gut, and liver lesions responding to treatment. 

Refinements in immunotoxin design may be expected to further improve their 
efficacy. Pharmacokinetic studies of a range of RTA-containing immunotoxins 
have shown that they rapidly localize in liver [12, 77]. This is because the RTA 
component has a man nose-contained oligosaccharide structure, which is rec­
ognized by mannose receptors on hepatic Kupffer's cells [77]. It follows from 
these findings that RTA in which the mannose receptor is blocked or elimi­
nated may have an improved blood survival and result in increased therapeutic 
efficacy. 

The efficiency of immunotoxin internalization into target cells is clearly an 
important factor, and with some antibodies, potentiators are required to pro­
duce high cytotoxic activity. This has proved to be a requirement with some of 
the immunotoxins acting against leukemic cells and T-Iymphocytes in bone mar­
row purging [16, 47]. In contrast, potentiators have not proved of any benefit 
with some immunotoxins, e.g., RTA-791T/36 active against solid tumors. 

It is appropriate that a range of immunotoxins containing other plant and 
bacterial products are being evaluated. These include pseudomonas exotoxin 
[38, 57] and plant toxins such as gelonin and saporin [73]. One anticipates that 
further toxins will be introduced for antibody conjugation, and from what is 
already known with RTA-containing immunotoxins, it is hoped that they will 
have cytotoxicities at least comparable to, if not better than, that of ricin. 

The potential of monoclonal antibodies for targeting cytotoxic agents in can­
cer treatment has been substantiated with immunotoxins and drug conjugates. 
Further research will be directed towards developing new antibody conjugates 
and refining existing products. In addition, it is conceivable that cocktails of 
immunotoxins and drug conjugates will be used to resolve problems related to 
antigenic heterogeneity of tumors [29]. RTA conjugates have been prepared 
with monoclonal antibodies reacting with CEA and the anti-gp72 antigen ex­
pressed on colon carcinoma cells. Already, therefore, it is possible to use these 
immunotoxins together for the treatment of colorectal cancer [9]. 

Finally, one of the outstanding problems in the use of monoclonal antibody 
conjugates for repeated treatment is the generation of antimouse antibody re­
sponse. Even low doses of radiolabelled murine antibody administered for pa-
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tient imaging have resulted in the generation of anti mouse antibody responses, 
especially anti-idiotype antibodies [26, 55, 66]. The importance of this is illus­
trated by tests on the treatment of renal allograft patients with the murine 
anti-T-lymphocyte antibody OKT3 (CD3), where the generation of anti-OKT3 
(anti-idiotype) antibodies abrogated its therapeutic activity [24, 46]. Chemical 
immunosuppression, such as treatment with corticosteroids and azathioprine in 
the case of OKT3 antibody trials [46], is one approach. Immunotoxin trials are 
being devised in conjunction with immunosuppressive drugs, so allowing patient 
retreatment to be carried out. In addition, trials are in progress aimed at de­
vising protocols for inducing unresponsiveness to murine antibodies and other 
foreign proteins such as RT A. 

Design of antibody conjugates with cytotoxic drugs and toxins has advanced 
rapidly over the past 5 years. It is evident that numerous problems remain to be 
solved, but nevertheless immunoconjugates have been designed for clinical trial 
in the treatment of cancer. RTA-containing immunotoxins are in phase 1111 
clinical trials in the treatment of colorectal cancer and malignant melanoma and 
for ablating GVHD in patients receiving allogeneic bone marrow transplanta­
tion. Drug-antibody conjugates are also in trials in colorectal and lung carcino­
ma patients. These trials now in progress justify all the efforts in the basic re­
search designing and evaluating immunoconjugates. It is anticipated that the 
clinical trials, together with studies on the biodistribution of immunoconjugates, 
will lead to the design of even more effective conjugates for cancer treatment. 
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18. Bone Marrow Purging 
M.e. Favrot and T. Philip 

Introduction 

In the management of leukemia and malignant solid tumors [if one excepts the 
graft-versus-Ieukemia (GVL) effect of an allograft], bone marrow transplanta­
tion (BMT) is not therapeutic per se, but is simply a method designed to over­
come myelotoxicity after high-dose chemotherapy. The main limitations of this 
method are graft-versus-host disease (GVHD) in allogenic BMT and the con­
tamination of the graft by residual malignant cells in autologous BMT. A com­
mon approach, so-called purging, has been proposed to eliminate unwanted cells 
from the BM before its reinjection-either allogenic normal T cells responsible 
for GVHD or autologous malignant cells. 

This ex vivo manipulation only represents one step of a complete process that 
includes high-dose chemotherapy and BMT. The indications and future of the 
purging procedures, especially for autografting, are thus closely linked to those 
of high-dose chemotherapy, an approach which continues to be controversial 
with regard to its place in the treatment of leukemia or solid tumors. It remains 
to be proved, for example, whether the results of high-dose chemotherapy and 
BMT would be better than those of conventional therapy in high-risk patients 
early in the clinical course of the disease (i.e., in first complete remission) and 
whether the toxicity could be reduced to acceptably low levels. At present, 
methods of sufficient sensitivity are not available to determine whether, in such 
clinical conditions, the autologous BMT is free of disease, i.e., whether purging 
is indicated, especially in leukemia. If, on the other hand, autologous BMT, 
especially in solid tumors, were restricted to high-risk patients in partial re­
mission, relapse, or with progressive disease, purging would presumably be 
necessary in most cases. However, the clinical relevance and efficacy of such 
a procedure could not be demonstrated unless high-dose chemotherapy were 
sufficiently effective to eliminate residual disease outside the BM. 

A third approach to the use of autologous BMT is to harvest the BM early in 
the course of the disease, but to reserve BMT for relapsing patients. Even if 
theoretically ideal, and feasible in some patients, this approach is unlikely to be 
applicable on a large scale in solid tumors because of considerations of cost and 
availability of resources. It is worthy of consideration, however, in leukemia. 

In this brief review, we will first describe the purging techniques and then 
consider the experimental and clinical aspects of the major methods used either 
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for T-cell depletion in allogeneic BMT or for removing malignant cells from 
autologous BM grafts. 

Purging Techniques 

In considering bone marrow purging, it is usual to distinguish between physical, 
chemical, and immunological methods, as follows: 

1. Physical separation. Techniques such as percoll or bovine serum albumin 
(BSA) gradients were the first methods described, and more recently, tech­
niques such as counterflow centrifugation have been published [1]. The selection 
of hematopoietic precursors for reinfusion is based on their density, and these 
methods can be used as a preliminary step in purging. Sheep red blood rosetting 
or soybean lectin separation have more restricted applications in T-cell depletion 
[2), although soybean lectin separation has been shown to allow a poor elimina­
tion of neuroblastoma cells or T and B acute lymphoblastic leukemia (ALL) 
cells [3). 

2. Chemical methods. Chemotherapeutic agents may destroy malignant cells 
with at least a partial preservation of normal hematopoietic progenitors [4). 
Although this last point is still very unclear [5), active derivates of cyclophospha­
mide, either 4-hydroperoxycyclophosphamide (4-HC) or mafosfamide (ASTA Z 
7557), are now extensively used in clinical trials for autografting in ALL or acute 
myeloid leukemia (AML) , as well as for non-Hodgkin malignant lymphoma 
(NHL) or neuroblastoma [6-10]. Other chemotherapeutic agents, such as eto­
poside, which have been tested experimentally have not yet been used systemati­
cally in clinical trials [11). Some nonchemotherapeutic agents are of potential 
interest, among them merocyanine 540, a DNA dye with lytic activity after 
photoactivation [12] and 6-hydroxydopamine (13). 

3. Immunological methods. Unwanted cells are specifically targeted by 
monoclonal antibodies (MoAbs) directed against cell surface antigens. These 
cells are then eliminated by various mechanisms. 

a) Complement-dependent lysis. MoAbs (IgM or IgG2a isotypes) lyse 
targeted cells in the presence of rabbit complement [14-17). Some of these 
MoAbs-such as rat antibodies campath-l or AL2 and mouse MoAbs RFAL3 , 

RFB7 , BAt. BA2, BA3 , and BG6-are claimed to be lytic in the presence of 
human complement [15, 18-20]. 

b) Immunomagnetic depletion. Magnetic particles (either macroparticles or 
colloids) covered with antimouse immunoglobulins bind malignant cells through 
a linkage between the antimouse immunoglobulins and the MoAbs. The mag­
netic particles, coated with cells, are removed by a magnetic field [21-25]. A few 
other methods derive from the same principle: for example, malignant cells can 
be absorbed in a column via MoAbs attached to a solid phase through avidin­
biotin linkages [26]. 

c) Immunotoxins. MoAbs are conjugated to various plant toxins. Ricin, from 
the castor bean Ricinus communis, is the one most commonly studied and used 
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in clinical trials [27]. This consists of two chains: the toxic A chain acts inside the 
cell by inhibiting protein synthesis on the 60S subunit of ribosomes; the B chain 
permits cell entry since it binds to galactose and N-galactosamine residues on the 
cell surface, like a monovalent lectin. The lytic activity of the ricin A chain is 
long (lor 2 days) and is influenced by the presence or absence of the B chain, 
the affinity ofthe MoAbs, and the temperature and pH of incubation [28-31]. In 
spite of these disadvantages, immunotoxins are probably the most efficient 
agents. Other toxins coupled to MoAbs or activators with potential clinical in­
terest have been more recently described [32-35]. 

Purging Procedures in Allogenic Bone Marrow Transplantation 

The aim of T-cell-purging procedures is not necessarily to achieve an absolute 
depletion of T cells since experience has shown that a depletion which results in 
less than 10-6 T cells per kilogram being injected into the recipient is associated 
with a low level of GVHD (Table 1). It remains to be determined whether the 
GVL effect is separable from the broader GVHD, and whether heavy precon­
ditioning regimens can decrease the risks both of graft rejection and of relapse in 
recipients of T-cell-depleted marrow [36]. Although safe engraftment can be 
achieved and GVHD also prevented, the therapeutic possibilities remain very 
limited; despite enthusiastic preliminary reports, several groups have given up 
attempts to prevent GVHD by such BM manipulations in matched transplanta­
tions. In mismatched haploidentical BMT, T-cell depletion does not entirely 
solve the problem since GVHD is not fully prevented, and the rate of nonen­
graftment is very high. A transient suppression of the immune reaction at the 
time of BMT by in vivo therapy with a MoAb directed against the alpha subunit 
of the human leukocyte functional antigen (LFA-1) permits the engraftment of 
T -cell-depleted haploidentical BM in patients suffering from severe immuno­
deficiency [37]. This approach has not yet been tested for leukemia and aplastic 
anemia. Autologous BMT, where the availability of matched donors is not limit­
ing, is an alternative strategy for patients with malignant diseases, especially 
with solid tumors. 

Bone Marrow Purging Procedures for Autologous Bone Marrow 
Transplantation 

In the standardization of purging methods for autologous BMT, two different 
aspects have to be considered: the technique itself and a model for testing its 
efficiency. A clear distinction must be made between experimental models and 
clinical assessment: it should be emphasized that the efficiency of purging differs 
when the method is used on cell lines as opposed to fresh tumor samples. The 
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potentially optimal method may vary from one disease to another, depending 
upon the features of the malignant cells studied (Table 2). 

The development of rigorous methods to detect and eliminate malignant cells 
is necessary if an extensive or even randomized multicentric study is being con­
sidered. Indeed, in only a few clinical situations where autografting has been 
used have malignant cells been detected in the graft, warranting the efforts made 
to remove such cells. Thus, the logical criteria for using a purging method are 
that the efficiency and the lack of toxicity for hematopoietic precursors have 
been proven experimentally, and that the method is reproducible in clinical 
practice in the presence of excess normal BM cells. 

Experimental Models 

Initial experiments on animal models suggested that purging methods can 
eliminate leukemic cells from an autograft and predicted the feasibility of auto­
logous BMT [38, 39]. However, none of the animal models studied to date pro­
vides a precise analogue for autologous BMT in humans, and syngeneic tumor 
transplants have been studied rather than primary autochthonous tumors. The 
capacity of various methods to kill a malignant popUlation has been evaluated 
using the 51er-release assay or the measurement of thymidine incorporation or 
125I-Iabelled UDR uptake. 

More recently, efforts have been made to demonstrate the efficiency of the 
purging methods in models closer to the clinical situation, i.e., bone marrow 
samples contaminated with 1 %-10% malignant cells from various malignant cell 
lines. Either semisolid or liquid culture assays allow the quantification of up to a 
6 log elimination, using limited dilutions and pre-B, T, and null or common ALL 
cell lines or Burkitt's lymphoma (BL) cell lines [14, 16, 33]. However, the 
use of carefully selected cell lines known to have a high clonogenic efficiency 
does not permit measurement of variations due to the heterogeneity of the 
tumor samples. When the clonogenic efficiency is very low (i.e., cell lines estab­
lished from solid tumors), staining of the malignant cells with the vital dye 
Hoechst 342 before their admixture with the BM is an alternative method 
which permits their objective and rapid detection. In this artificial model, 
Reynolds et al. [40] described the detection of as few as 10-6 residual malignant 
cells stained with Hoechst 342 by a computerized analysis. Visual analysis per­
mits detection of 10-4 residual cells within the normal BM [17]. However, this 
method is useful only for the measurement of the immediate elimination of 
malignant cells (i.e., by complement lysis or immunomagnetic depletion) and is 
inappropriate for testing the efficiency of purging with drugs. 

Clinical or Preclinical Assessment of Purging Methods 

Some methods of detection are applicable to the evaluation of the efficacy of 
purging methods both on BM artificially contaminated with cultured malignant 
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cells and on marrow samples freshly obtained from patients. The interest of 
these assays is that they each allow a relatively quick and reproducible evalua­
tion of the potential efficacy of any purging procedure for individual patients. 
We recently developed a liquid cell culture assay, restricted to the BL model, 
which enabled us to detect one residual malignant cell in a million normal BM 
cells in short-term culture (10 days), and to detect a single residual BL cell in the 
BM sample in long-term culture (21 days). The BM can be contaminated with 
Epstein-Barr virus (EBV)( -) or EBV( +) cell lines recently established from 
our patients who are candidates for an autograft, or even with the patient's own 
noncultured tumor cells from the primary tumor [41]. Such an assay allows the 
quantification, in experimental or in clinical assays, of the elimination of up to 5 
logs of malignant cells from BM contaminated with 1 % BL cells. Other pub­
lished assays usually quantify the purging efficiency on populations of 100% 
tumor cells. In such culture assays, the clonogenicity of malignant cells is usually 
very low, ranging from 1%-3%, and for this reason other groups developed 
methods based on immunostaining [42, 43]. Campana and Janossy [44] showed 
that double staining with TdT (terminal deoxynucleotidyl transferase) and a 
specific membrane marker allows the quantification of the elimination of more 
than 4 logs of leukemic cells. BuDR (bromodeoxyuridime) incorporation by 
malignant cells permits one to verify that these cells are really proliferating. 
Similarly, and as described by others [45], we showed that 10-4 to 10-5 residual 
neuroblastoma cells can be detected in the BM by immunocytochemical staining 
or double immunofluorescence staining. 

Even more important with regard to the whole concept of reinjection of a 
purged autograft, immunostaining methods or culture assays (if the clonogenic 
efficiency is sufficient, as in our BL model) make it possible to determine 
whether or not the BM contains residual malignant cells (as few as lO-c 10-5) 

when harvested, and to demonstrate their elimination by purging. 
If one wants to evaluate the efficacy of any purging method for autografting, 

it is fundamental to distinguish clearly in published reports between patients 
treated in relapse or partial remission (PR) with BM involvement but receiving 
an autograft taken in first complete remission (CR) and those rarely reported 
patients treated with BM harvested and grafted in PR or relapse, presumably with 
residual malignant cells in the BM before the purging procedure. For example, 
in none of our stage IV BL cases does the BM contain BL cells detectable by the 
liquid cell culture assay when the patients achieve first CR; consequently, if 
harvested at such a time, the BM would probably not need purging. On the 
other hand, in 40% of patients examined at the time of relapse, the cytologically 
normal BM does contain growing BL cells; consequently, in 2 of our 30 patients 
where BM was harvested and grafted either in PR or in second CR, the har­
vested BM contained BL cells detected only by the liquid cell culture assay be­
fore the purging procedure and eliminated after purging [46, 47]. Similarly, in 
two ALL patients receiving transplants in relapse, Janossy et al. demonstrated a 
contamination of the BM by TdT positive blast cells before the purging proce­
dure and their reduction, after purging, to a level undetectable by immunostain­
ing [15, 44]. 

In our group of 50 unselected patients with stage IV neuroblastoma entered in 
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the autograft program, 16 had pathological BM when it was harvested. In 8 of 
them, malignant cells were detectable only in the trephine biopsy samples, 
whereas in 8 others, clumps of neuroblasts were also detectable by immunocytol­
ogy in the harvested mononuclear BM cells before purging [48]. The clinical 
course of those patients who had pathological BM at the time of harvesting and 
grafting and who further achieved a BM CR following high-dose chemotherapy 
supports the rationale of using a purging procedure. Indeed, the patients would 
have received at least 104 malignant cells per kilogram in the absence of purging. 
Even if the percentage of malignant cells able to find an appropriate microenvir­
onment for regenerating the malignant clone once they were reinjected into the 
patient is unknown, it seems unlikely that none of the tumor cells would have 
been clonogenic after reinjection. 

Comparison of Purging Methods and their Combinations 

In the BL model as in B-cell ALL (B-ALL), the combination of an immuno­
logical purging procedure with MoAbs and complement or an immunotoxin and 
a chemical procedure with mafosfamide improved the malignant cell elimination 
[33, 49, 50]. However, in these systems, the activity of mafosfamide might be 
overestimated, as the target cells that were used are rapidly dividing cell lines, 
different from some resting cells within the leukemic population. 

We recently compared the efficiency of two different immunological pro­
cedures, complement lysis and immunomagnetic depletion (IMD), in the BL 
model (Table 3). When complement lysis was assayed with the two cock­
tails RFB7 + SB4 or Bl + Al2 + Y29/55, the cytoreduction was better with 
RFB7 + SB4 , which resulted in a complete elimination of BL cells in almost all 
experiments, as demonstrated by inhibition of their growth. Using IMD, Bl 
as a single MoAb allowed a 4- to 5-log reduction when a mononuclear BM cell 
fraction, rather than buffy coat, and a double-depletion procedure were used 
[22,23]. The BLw and B~ cell lines were very sensitive to complement lysis, 
and in contrast, the BL93 cell line was partially resistant to it, irrespective of the 
cocktail of MoAbs selected. In the case of BLg3, an optimal BL cell elimination 
was achieved with the immunomagnetic method. It appears, therefore, that the 
two immunological procedures are complementary [51]. The different classes of 
MoAbs required (i.e., IgM for complement lysis and IgG for magnetic beads) 
may explain the results. Whereas some MoAbs, such as SB4 , are highly cytotoxic 
with rabbit complement, even when the antigen they react with is weakly ex­
pressed, the immunomagnetic procedure requires MoAbs of high affinity and 
antigens of high density on the cell surface. Preliminary experiments even sug­
gest that the use of MoAb cocktails does not necessarily improve the efficiency 
of immunomagnetic depletion and may even decrease its depleting power [23]. 

Various groups have suggested combining these complementary methods; 
we, however, do not advocate this. Indeed, the fact that some of the purging 
methods described above are capable, when combined, of removing large quan­
tities of malignant cells is only of theoretical interest. BM contamination reflects 
a resistance of malignant cells to chemotherapy, and, similarly, the residual dis-
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Table 3. Comparison of cytoreduction achieved in two immunological purging procedures (ex­
pressed in decimal logarithms) 

Cell line 

BL99 
(n = 8) 
EBV( +) Caucasian 

B~3 
(n = 5) 
EBV( -) Caucasian 

BL2 
(n = 5) 
EBV( - ) Caucasian 

Complement-dependent lysis procedure 

BI + AL2 + Y29/55 

>5 5 

3 2.5 

>5 5 

Immunomagnetic 
depletion 

4 

5 

4 

The efficiency of the procedure was evaluated by the liquid cell culture assay in short- and long-term 
culture, and results are expressed in decimal logarithms (means of 5-8 experiments). (When BL cell 
growth was fully inhibited and all BL cells then eliminated fom the sample, cytoreduction was re­
corded as >5 log.) Experiments with complement lysis and IMD where performed on the same 
samples and on the same day. Irradiated normal BM samples were contaminated with 1 % BL cells 
from 3 different cell lines recently established from our patients. See refs 8, 14, 22 

ease outside the BM is likely to be resistant to high-dose chemotherapy. The 
most successful clinical application of purging is therefore likely to be on BM 
harvested from patients when the involvement is minimal (i.e., BM containing 
1 % or less malignant cells). The only value in combining procedures will thus be 
to overcome, for a few patients, the possible resistance of malignant cells to one 
procedure or the other. However, such an approach will give rise to practical 
difficulties if applied to all patients and is likely to increase damage to the har­
vested BM simply by doubling the duration of the BM manipulation and the 
number of successive incubations and washings. An alternative approach might 
be to select the most effective MoAbs, or even the most suitable procedure, to 
be used on malignant tumor samples from each individual patient with relatively 
quick and reproducible assays such as those described above. The determination 
of the efficiency of the purging procedure for these patients will permit more 
accurate and meaningful analysis of the clinical outcome. 

Conclusion 

Results recently published by Yeager et al. [6] on the use of autologous 
BMT in AML patients in relapse or in second CR provide evidence that the 
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4-HC purging procedure, shown to be efficient experimentally, may have bene­
ficial effects in this disease. However, in most clinical models, it is difficult to 
demonstrate that purging has been useful on the basis of the clinical results 
obtained. When relapse does occur, it is impossible to ascertain whether it is due 
to residual disease resistant to chemotherapy or to tumor cells reinjected with 
the BM. Until recently, in most clinical trials, there was no proof that the BM 
was infiltrated by tumor and thus needed to be purged and also no method for 
demonstrating total freedom from tumor. Partial answers will be obtained in 
clinical models only if rigorously controlled purging procedures are used and if 
the presence or absence of residual malignant cells in the BM is assayed with 
very sensitive methods before and after purging. Such a rigorous analysis of the 
clinical value of purging methods is fundamental both to the future prospects for 
this approach and to a meaningful assessment of the role of high-dose che­
motherapy and autologous BMT in the management of malignant proliferations. 

Selective in vitro maintenance of normal hematopoietic progenitors [52] or 
the positive selection of such progenitors with relevant MoAbs [53] could be an 
alternative to the reinjection of the whole BM mononuclear cell fraction after a 
purging procedure. Transplantation with peripheral blood hematopoietic stem 
cells could be another alternative, as long as there are no demonstrable circulat­
ing malignant cells [54]. Some experimental therapeutic approaches, such as in 
vitro immunostimulation of the patient's effector cells, involve ex vivo manipula­
tion of either peripheral or BM mononuclear cells [55]; thus, the autografting 
techniques developed in the last decade appear to be a preliminary but essential 
step which may permit the introdution of new immunological approaches to 
therapy. 
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19. Future Prospects for the Treatment of Hormone­
Responsive Tumors 
G. Wilding and M.E. Lippman 

Introduction 

Hormone-responsive epithelial tumors account for more than 230000 new cases 
each year and approximately 60000 deaths yearly [60] (Table 1). Other tumors, 
such as the lymphomas and leukemias, also show varying degrees of hormone 
(glucocorticoid) responsiveness but are treated primarily with cytotoxic agents. 
The most common forms of hormone-responsive cancers-adenocarcinomas of 
the breast, endometrium, and prostate-affect a patient population covering the 
entire adult age range, although the median age for the development of breast 
cancer is 59 years, and for prostate cancer 70. The fact that some human neo­
plasms are responsive to endocrine manipulation was recognized in the 
nineteenth century, but the exact role of the hormones in the genesis and growth 
of cancer remains incompletely understood. Hormonal control of cancer cell 
growth has been well documented, and, more recently, it has attracted added 
attention, with experimental findings suggesting that growth stimulation occurs 
via autocrine or self-stimulating polypeptide growth factors [27]. 

Attempts to alter progression of hormone-dependent tumors have concen­
trated on (a) altering the hormonal milieu by inhibiting hormone production, 
(b) competitive inhibition of hormone-receptor interactions, and (c) additive 
hormonal therapy. Using these approaches, current hormone therapy achieves 
clinical responses in one-third of all metastatic breast cancer patients and two­
thirds of patients with metastatic prostate cancer [60]. Unfortunately, a substan­
tial number of patients do not respond to hormonal therapy. Even in those in 
whom a tumor regression is achieved, the responses are not durable, lasting, in 
general, only 1 year before hormone-independent clones emerge. 

This chapter will focus on several aspects of the role hormones play in 
cancer. First, we will briefly review the clinical and epidemiologic evidence im­
plicating hormones in carcinogenesis and promotion of carcinomas of the breast, 
endometrium, and prostate. Second, we will describe the cellular response to 
hormone stimulation as it has been explored in experimental human breast and 
prostate cancer model systems, emphasizing the hypothesis that polypeptide 
growth factors may be common mediators of growth control for both hormone­
responsive and hormone-independent tumors. Finally, the clinical experience of 
the past and the experimental foundation of the present will be used to formu­
late future therapeutic approaches to hormone-responsive cancers and their 
hormone-independent counterparts. 
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Table 1. Hormone-responsive cancer [5] 

Incidence 
Tumor (X103 cases per year) 

Breast 120 
Endometrium 38 
Prostate 75 
Leukemias 24 
Lymphomasc 31 

"Female population. 
bMale population. 
C All lymphomas included. 

Prevalence 
Mortality (cases per lOS members of 
(X103 cases per year) population) 

38 847" 
3 273" 

24 372b 
17 140 
15 

The treatment approaches discussed are the result of an intensive effort to 
understand the basic mechanisms by which hormones stimulate growth, and to 
understand how cells, initially dependent on hormones, achieve hormone inde­
pendence and proliferate without hormonal limitation. Because these basic 
studies have identified a series of events resulting in sustained cell proliferation, 
we can now devise strategies to disrupt the growth cycle at multiple points, 
thereby increasing our chances of achieveing tumor regression and avoiding the 
development of resistance. In addition, by combining these treatment ap­
proaches with existing therapies, noncross-resistant regimens can be established. 
The current status of hormonal therapy in breast cancer and cancer of the pros­
tate is summarized elsewhere in this volume. 

Hormones and Cancer Etiology 

Breast Cancer 

Breast cancer is one of the leading causes of cancer death in women. In 1987, 
there will be 120000 new cases of breast cancer in the United States, and approx­
imately one-third of these cases will eventually be fatal. The role hormones play 
in carcinogenesis is uncertain; however, three aspects of hormone action may 
be important in the eventual development of a malignant tumor [60]. First, 
estrogens may serve as true carcinogens by covalently binding to DNA and re­
sulting in mutations and a heritable malignant phenotype. Second, hormones 
can function as promoters of the carcinogenic action of other primary carci­
nogens. Third, hormones may have a permissive action in allowing carcinogenic 
events to occur. For example, breast cancer occurs in women who have never 
had functional ovaries with only 1 % of the frequency seen in women with func­
tioning ovaries. Thus, estrogens are stimulatory, at least initially, in nearly all 
breast cancer. However, the permissive and promotional roles of estrogens often 
cannot be distinguished in clinical settings. Experimental breast cancer induced 
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by dimethylbenzanthracene in rats provides substantial insight into this process. 
These animals develop breast cancer when fed the carcinogen shortly after they 
become sexually mature. The carcinogen is ineffective if given before puberty 
or to males. It is also ineffective if the animals are castrated shortly after the 
administration of the carcinogen. 

Epidemiologic studies have provided information concerning genetic, chem­
ical, viral, and hormonal factors which affect the risk of breast cancer [49, 63]. 
The risk factors in which endocrine influences may be significant include geo­
graphical variation, reproductive history, familial clustering, and hormonal 
milieu. Unfortunately, no single factor or combination of factors can accurately 
predict which women would benefit from prophylactic intervention. In fact, the 
absence of all risk factors does not rule out the possibility of breast cancer. 

Endometrial Cancer 

Endometrial cancer is responsible for 3000 deaths a year in the United States, 
with 38000 new cases diagnosed annually. As a hormone-dependent tissue, the 
uterine endometrium responds to estradiol and progesterone with cyclical 
changes in its growth and morphology. As with breast cancer, estrogens are 
implicated as carcinogenic, permissive, and promotional agents [60]. Prolonged 
or unopposed estrogenic stimulation from either endogenous or exogenous 
sources increases the risk of developing endometrial cancer. Epidemiologically, 
this is evident by the association of endometrial cancer with late menopause and 
with the continuous use of estrogens after menopause. Depending on the length 
of estrogen supplementation, the relative risk of developing endometrial cancer 
increases four- to ninefold in postmenopausal women. In addition to the length 
of estrogen exposure, the continuity of the estrogenic stimulation is important. 
The appearance of endometrial cancer in women with gonadal dysgenesis 
treated with estrogens alone is further evidence for this concept. The usual 
interruption of estrogen stimulation by progesterone-induced sloughing of 
the endometrium may playa protective role. For example, the resumption of 
cyclic ovarian function in response to ovarian wedge resection in the polycystic 
ovary syndrome results in regression of endometrial hyperplasia; progesterone 
can also reverse estrogen-induced endometrial hyperplasia. 

After menopause, the predominant blood estrogen is estrone, which is largely 
derived from androstenedione secreted by the adrenal cortex. The percentage of 
androstenedione converted to estrone by peripheral tissues increases with age 
and weight. Since adipose tissue has the enzymatic capacity to convert andros­
tenedione to estrone, obesity is a risk factor for endometrial cancer. 

Prostate Cancer 

The influence of hormones in the etiology of prostate cancer has long been de­
bated. Evidence supporting the importance of hormone factors is provided by 
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several observations: (a) prostate cancer does not develop in eunuchs; (b) the 
incidence of latent prostatic cancer is lower than expected in male cirrhotics, 
who have elevated blood levels of endogenous estrogens [26]; and (c) many 
cases of metastatic cancer of the prostate are hormone dependent [72]. How­
ever, epidemiologic evidence suggests that environmental factors may also play 
a role in the etiology of clinical prostate cancer [72]. For example, the mortality 
for American blacks from prostate cancer is significantly higher than that for 
American whites, and the incidence of prostate cancer in American blacks is six 
times higher than that in Nigerian blacks. In contrast, the incidence of latent 
prostatic cancer is the same in all these populations. This environmental in­
fluence is further supported by the finding that Japanese living in Hawaii have a 
higher incidence of clinical cancer of the prostate than their counterparts living 
in Japan despite a similar incidence of latent carcinoma of the prostate. 

The central role of steroid hormones in the etiology, maintenance, and treat­
ment of a variety of tumor types afflicting thousands of patients each year is 
evident from the above discussion. To develop strategies for preventing and 
treating these tumors in the future, an extensive effort to understand the 
mechanisms of the cellular hormonal response is warranted. The remainder of 
this contribution will be devoted to a review of the cellular response to steroid 
hormones as we understand it today, and a discussion as to how this knowledge 
may be utilized in the development of future therapeutic strategies. 

Cellular Responses to Steroid Hormones 

Despite the high incidence of hormone-responsive cancers and the formulation 
of effective hormonal therapies, the exact nature of the cellular response to ster­
oid hormones has not been completely defined. At the cellular level, steroid 
hormones modulate a wide variety of physiological functions-such as metabol­
ism, differentiation, and proliferation-by regulating the expression of specific 
genes. By understanding the pathways by which steroids exert their effects, the 
role of hormones in carcinogenesis can be better understood, and more effica­
cious means of preventing and treating hormone-responsive tumors developed. 

Hormone Receptors 

Steroids exert their influence via an intracellular protein receptor. Following 
association with receptor, an "activation" step permits the steroid-receptor com­
plex to interact with DNA and chromatin proteins and alters the expression of 
specific genes. Early studies of the estrogen receptor proposed that the un­
occupied receptor was located in the cytoplasm, and that, following ligand 
occupation, the receptor's affinity for chromatin increased and tanslocation 
to the nucleus occured [80]. This concept may require revision since recent im-
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munolocalization studies using monoclonal antiestrogen receptor antibodies 
[53] have shown the apparent presence of unoccupied receptors in the nucleus of 
MCF-7 breast cancer cells [34]. Both forms of the estrogen receptor, occupied 
and unoccupied, are now thought to reside in the nucleus. In either case, activa­
tion by altering the affinity of the receptor for nuclear components permits in­
teraction with the genome. 

Recently, cD N As of the estrogen, glucocorticoid, and progesterone receptors 
have been cloned [13, 28, 31, 43, 85]. The human estrogen receptor mRNA is 
6322 nucleotides in length and contains an open reading frame of 1785 nu­
cleotides, which codes for a 595-amino acid protein of 66182 daltons. Of interest, 
the mRNA also contains a long, 4305-nucleotide, 3' -untranslated region of un­
known significance [29]. Other steroid receptors, such as the glucocorticoid and 
progesterone receptors, have similar structures [31, 43]. Comparison of chicken 
and human estrogen receptor sequences shows 80% amino acid homology, with 
the putative hormone- and DNA-binding regions showing 94% and 100% 
homology, respectively [55]. When the sequences of these two regions of the 
estrogen receptor were examined, one region (region E) contained all of the 
sequences necessary to bind estradiol with high affinity. Another region (region 
C) was rich in cysteine and basic amino acids, and it contained structural charac­
teristics thought to be important for DNA binding in other eucaryotic transcrip­
tional regulatory proteins [56]. 

Amino acid sequence comparison of the estrogen receptor, glucocorticoid 
receptor, progesterone receptor, and the v-erb A oncogene product of the avian 
erythroblastosis virus has shown that there are extensive regions of homology 
between the four genes [55]. The most striking region of homology is region C of 
the estrogen receptor, thought to be the DNA-binding region. This region was 
shown to be 61 % homologous to the corresponding region of the glucocorticoid 
receptor and 53% homologous to v-erb A [25,55,56]. This suggests that c-erb A, 
the cellular counterpart of v-erb A, belongs to a multi gene family of transcrip­
tional regulatory proteins and is derived from a common primordial ancestral 
regulatory gene. Isolation of the steroid receptor genes will open many new 
avenues of investigation into the process of steroid-induced cellular changes. 
Understanding such control mechanisms will allow us to develop new strategies 
for the treatment of hormone-responsive cancers. 

Hormone Effects on Macromolecules 

Using cloned human breast cancer cell lines, the effects of estrogen on cell 
growth, gene activation, and enzyme activity have been explored. Cell lines such 
as MCF-7 respond to physiologic concentrations of estradiol by increasing their 
rate of proliferation [2, 62]. These results can be duplicated in defined medium 
devoid of serum constituents [4]. Potent antiestrogens are capable of inhibiting 
estrogenic stimulation of cells containing estrogen receptors. This effect can be 
prevented by the simultaneous administration of estrogen and reversed by sub­
sequent estrogen administration [61]. A similar mitogenic response has been 
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demonstrated in human prostate cancer cells containing androgen receptors and 
treated with testosterone or dihydrotestosterone in vitro [33]. In contrast, lym­
phoid cells are commonly inhibited by glucocorticoids. 

The mitogenic response of breast cancer cells to estrogen is maintained by an 
increase in the activity of a variety of enzymes involved in both scavenger and de 
novo DNA synthetic pathways. They include DNA polymerase, thymidine and 
uridine kinases, thymidylate synthetase, aspartate transcarbamylase, carbamyl 
phosphate synthetase, dihydrooratase, and dihydrofolate reductase [2]. Addi­
tional proteins whose activities are altered by estrogens are progesterone recep­
tor; plasminogen activator; and several secreted proteins 7000, 24000, 52000 
and 160000 daltons in size [35, 42, 87]. Though progesterone receptor is not 
directly growth modulatory, its presence appears to be coupled to growth regula­
tion by estrogen, and the progesterone receptor content of breast tumors is used 
clinically as a marker for hormone therapy responsiveness. Plasminogen activa­
tor, a serine protease, is thought to contribute to tumor progression and growth 
by allowing the tumor to digest and traverse basement membranes [58]. In 
purified form, the 52000-dalton secreted glycoprotein has been shown to be 
mitogenic for beast cancer cells in vitro [87]. The function of the other induced 
proteins is unknown, though the activity of most can be shown to be unnecessary 
for cell proliferation through the use of clonal variants in tissue culture [15]. Like 
breast cancer, secreted proteins are induced by androgen therapy of human 
prostate cells in culture [9]. One of these, the prostate-specific antigen, is also a 
serine protease [86]. 

Several enzymes are regulated at the transcriptional level; these include thy­
midine kinase and dihydrofolate reductase. Using cDNA probes, estrogens can 
be shown to increase the mRNA levels of these enzymes [47,57]' For thymidine 
kinase, message levels increase as a result of increased transcription rather than 
stabilization of the message. Estrogens also exert transcriptional control over a 
6OO-base pair message, pS2, as demonstrated by lakowlew et al. [42]; the func­
tion of the protein product of pS2 is unknown. Of recent interest has been the 
demonstration that the laminin receptor protein is increased by estrogen treat­
ment of MCF-7 cells [3]. The laminin receptor is thought to mediate attachment 
of cells to basement membranes, a function important to the metastatic process. 
Finally, several investigators have isolated a collection of cDNA clones repre­
senting mRNA species which are induced within 6 h of estrogen stimulation of 
human breast cancer cells [14, 67]. In prostate cancer, Montpetit et al. [69] have 
produced data suggesting that androgens increase the mRNA levels of a variety 
of genes in rat prostate tissue. Viola et al. [84] have demonstrated a correlation 
between histological grade and the level of the oncogene product of ras, p21, in 
human prostate cancers. 

Autocrine-Stimulated Growth 

Several pieces of evidence support the hypothesis that hormones may stimulate a 
growth response via intermediate factors which serve as effectors of hormone 
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treatment (Fig. 1). First, the rate of proliferation of MCF-7 breast cancer cells is 
increased by plating at higher densities [41], suggesting conditioning of the 
media by the cells with factors which support growth. Second, using anchorage­
independent growth to assay for activities capable of inducing a malignant trans­
formed phenotype, a number of growth factor activities have been isolated. 
These can be grouped into the following different activities: platelet-derived 
growth factor (PDGF), epidermal growth factor and transforming growth factor 
a (TGF a), insulinlike growth factors, transforming growth factor f3 (TGF f3), 
and the fibroblast growth factor (FGF) family [27]. Third, some of these peptide 
growth factors alter the phenotype of human breast cancer cells in vitro and, in 
many instances, are produced by the breast cancer cells stimulated with estrogen 
[18]. 

Though studied much less extensively, prostate cancer cells in vitro transcribe 
TGF a, and Bulbul et al. [11] and Maehama et al. [64] have isolated additional 
prostate-derived growth factors. Kaighn et al. [45] demonstrated that two 
human hormone-unresponsive prostate cancer cell lines respond to a variety of 
peptides, including luteinizing hormone-releasing hormone (LHRH) and FGF, 
but do not require the presence of any of these factors to grow. The characteris­
tics and effects of each of these activities are described below. 

Human breast cancer cells produce PDGF. When conditioned media from 
human breast cancer cells are applied to quiescent fibroblasts, DNA synthesis is 
initiated. In addition, the human breast cancer cell lines express RNA com­
plementary to c-sis, and specific antiserum against PDGF will precipitate a pro­
tein with the same molecular weight, heat, and reducing agent stability as au­
thentic PDGF. Production of this activity may be under estrogen control [27]. 
The potential influence of c-sis in human malignancies has been demonstrated by 
Gazit et al. [24], who showed that human c-sis is able to induce cellular trans­
formation. When a similar human c-sis clone under the control of a retroviral 
long terminal repeat (LTR) was transfected into NIH 3T3 cells, high titers of 
transforming activity were observed, and the transformants expressed human 
c-sis translational products. 

The insulin like growth factor (IGF I and II) are found in the blood and medi­
ate the anabolic effects of human growth hormone. They are polypeptides with 
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molecular weights of 7600 and 7500 daltons, respectively, which have consider­
able homology to pro insulin and appear to interact with specific cell surface 
receptors. Authentic serum-derived IGF I stimulates the proliferation of four 
human breast cancer celllines-MCF-7, MDA-MB-231, ZR-75-1, and Hs578T. 
In addition, each of these lines produces and secretes IGF I. The two highly 
tumorigenic, estrogen-independent cell lines, MDA-MB-231 and Hs578T, pro­
duced two- to tenfold more IGF I activity than the estrogen-responsive and less 
tumorigenic cell linese, MCF-7 and ZR-75-1 [18]. Estradiol increases IGF I 
secretion in hormone-dependent human breast cancer cell lines, and secretion is 
inhibited by antiestrogens. Thus, IGF I is hormonally regulated and may func­
tion as an autocrine growth factor [36]. 

Epidermal growth factor (EGF) , with a molecular weight of 6045 daltons, has 
been shown to stimulate a wide variety of cells to proliferate, differentiate, or 
both [79]. It shares 40%-45% homology with another factor, termed TGF ex, 
which is itself produced by transformed cells. Both interact with a common re­
ceptor located on the cell surface. The EGF receptor is an integral membrane 
protein, which serves to transmit signals via an intrinsic EGF-stimulated tyrosine 
kinase. Receptor clustering may also be involved in signal transduction. Auto­
regulation of the receptor may occur by phosphorylation of specific regulatory 
sites, by receptor degradation, or by sequestration of the receptor. The EGF 
receptor appears to be the proto-oncogene to the v-erb B oncogene of the avian 
erythroblastosis virus. 

The role of EGF and its receptor in carcinogenesis is complex. Clearly, the 
addition of EGF to many cell types elicits responses associated with neoplastic 
transformation, such as proliferation, partial loss of density-dependent inhibi­
tion of growth and decreased dependency on serum for growth, loss of fibro­
nectin, and enhanced secretion of plasminogen activator [79]. For these reasons, 
EGF and TGF ex serve as prime candidates for autocrine control factors. 

Secretion of TGF ex by a large variety of tumor cells suggests involvement of 
TGF ex in cell transformation and provides evidence supporting an autocrine­
stimulatory model. More direct evidence was provided by Rosenthal et al. [71], 
who transfected Fischer rat fibroblasts with a human TGF ex cDNA construct. 
Synthesis and secretion of TGF ex by these cells resulted in the loss of anchorage­
dependent growth and induced tumor formation in nude mice. In addition, anti­
human TGF ex antibodies prevented the expressing cells producing TGF ex from 
forming colonies in soft agar. 

Human breast cancer cell lines show a proliferative response to EGF and 
TGF ex [19]; in fact, they also secrete material of the EGFfTGF ex class [73]. As 
shown by Bates et al. [8], hormone-dependent and -independent breast cancer 
cells produce a major species of approximately 30000 daltons as well as a smaller 
species of TGF ex. Estrogen induces this activity in estrogen-responsive cell lines, 
whereas it is secreted constitutively by hormone-independent breast cancer cell 
lines. 

Two androgen-independent prostate cancer cell lines, PC3 and DU145, do 
not respond to exogenously added EGF or TGF ex with increased growth. 
However, both express TGF ex mRNA and contain EGF receptors. A hormone-
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responsive prostate cancer cell line, LNCAP, does, however, respond to EGF 
and TGF u with a proliferative response [88]. It is not known if these cells also 
produce TGF u. Thus, ample evidence exists that this growth factor family may 
serve as an autocrine or paracrine growth stimulator in hormone-responsive 
tumors. Strategies for future therapeutic manipulations based on these data will 
be discussed in a later section. 

Additional stimulatory activities have been isolated from mammary and 
prostatic tumor systems. For example, using an SW13 human adrenal carcinoma 
soft agar cloning assay, Swain et al. [82] isolated a factor with an apparent 
molecular weight of 60 000 daltons, which is secreted in large quantities by the 
hormone-independent breast cancer cell line MDA-MB-231. This factor is dis­
tinct from mammary-derived growth factor [7], endothelial cell growth factor 
(ECGF) [75], and FGF. It is not hormonally regulated in hormone-responsive 
cell lines. 

Using Balb/c 3T3 fibroblasts to assay for mitogenic activity, Tackett et al. [83] 
initially noted activity in tissue extracted from normal and malignant prostatic 
tissue. Subsequent characterization has revealed an affinity for heparin similar to 
basic FGF and ECGF [11]. Unlike the breast cancer factor of Swain [82], which 
was secreted most by poorly differentiated cells, this prostate-derived growth 
factor was present at higher activity in well-differentiated prostate tumors than 
in poorly differentiated tumors. Studies on the hormone-responsive human pros­
tate cell line, LNCAP, have shown that the heparin-binding growth factors, 
basic FGF and ECGF, stimulate thymidine incorporation, though to a much 
lower extent than dihydrotestosterone (88). 

In addition to autocrine-stimulated growth, estrogens may stimulate the pro­
duction of growth factors in other estrogen-responsive tissues, which could then 
directly stimulate the proliferation of mammary tissue, as well as hormone­
responsive breast cancer cells. A series of peptides, estromedins, which are 
mitogenic in vitro for MCF-7 cells have been purified from uteri and pituitaries 
[17, 39]. Estrogen-potentiating factor has been characterized as a pituitary 
growth factor for estrogen-responsive breast cancer cells and is secreted by 
normal pituitary cells as well as pituitary tumors. Unrelated to known pituitary 
hormones, this factor potentiates growth of estrogen-responsive breast cancer 
cells in the presence of estrogen in vivo and in vitro [17]. Therre is no direct 
evidence that these peptides function in vivo as estromedins. 

TGF {3 is a multifunctional peptide that controls proliferation, differentiation, 
and other functions in many cell types. Many cells synthesize TGF {3, and essen­
tially all of them have specific receptors for this peptide. TGF {3 regulates the 
actions of many other peptide growth factors and determines the positive 
or negative direction of their action [77]. Human breast cancer cells secrete 
TGF {3. However, antiestrogens and glucocorticoids, both inhibitory to MCF-7 
cells, may inhibit cell growth by increasing TGF {3 levels and by lowering TGF 
u and IGF I levels. Furthermore, several MCF-7 clones, as well as estrogen­
independent breast cancer cell lines, are inhibited by the exogenous addition of 
TGF {3 [54]. A mutant MCF-7 clone, Ly2 [10], which is antiestrogen resistant, 
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fails to show induction of TGF {3 when treated with antiestrogens. These experi­
ments suggest that TGF {3 is an important autocrine growth inhibitor. Resistance 
to its activity may occur through the loss of production of TGF {3 or the loss of its 
receptor. In addition to TGF {3, Gaffney et al. [23] have found a 68000-dalton 
growth inhibitor for MCF-7 cells in bovine serum. 

The MCF-7 human breast cancer cell line requires the presence of estrogen to 
form tumors in the nude mouse model. As reviewed above, these cells, in vitro, 
produce a variety of peptide growth factors in response to treatment with 
estrogen. This raises the question as to whether these growth factors, produced 
and secreted into the media after estrogen stimulation in vitro, can replace the 
requirement for estrogen and support tumor formation in vivo. When the bio­
logical activity of serum-free, estrogen-free, conditioned medium from estrogen­
treated MCF-7 cells was tested using Alzet mini-infusion pumps in nude mice, it 
contained sufficient growth activity to stimulate tumor growth, thus partially re­
placing estradiol [20] (Fig. 2). However, while early tumor growth was indistin­
guishable from estrogen-induced growth, the incidence of conditioned media­
induced tumors was lower, they were smaller, and they tended to regress after 2 
weeks despite reimplantation of infusion pumps every 7 days. When the con­
ditioned medium was replaced with purified IGF I or EGF, tumor incidence rose 
above controls in the absence of estradiol, again suggesting that growth factors 
may act as estrogen-induced "second messengers" in estrogen-induced growth in 
human breast cancer. 

Oncogene Expression 

Further evidence supporting the role of growth factors as mediators of hor­
mone stimulation of cancer has been provided by experiments in which the v-H­
ras gene was transfected into MCF-7 cells [46]. The resultant cells express v-H-
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ras mRNA and viral p21 and will give rise to tumors in nude mice without the 
need for estrogen supplementation. In addition, although they retain estrogen 
receptors, these cells have increased secretion of growth factor activities, sug­
gesting that the mechanism by which they have become hormone independent is 
that of increased growth factor secretion. 

A clinically important role has been suggested for the expression of ras 
oncogene p21 in prostate cancer. Using an immunohistochemical assay for the 
ras p21 antigen in routine histological sections of benign and malignant prostate 
specimens, Viola et al. [84] did not detect ras p21 in normal or hyperplastic 
prostatic epithelium but found increased levels of p21 in high-grade prostatic 
carcinomas. The antibody used was not able to distinguish wild-type ras p21 
from mutated forms of this gene, known to be associated with transforming 
activities. Little is known of the effects of ras expression on growth factor pro­
duction in human prostate cancer cells, and it has not been established whether 
c-ras or mutated ras playa critical role in prostate cancer. 

In view of the hormone-independent tumorigenicity of v-H-ras-transfected 
MCF-7 cells, it is intriguing that Liotta et al. [59] have demonstrated the secre­
tion of a cell motility factor (AMF) in NIH 3T3 cells transfected with ras. This 
autocrine motility factor is 55000 daltons in size, its activity is neither replaced 
nor blocked by known growth factors, and it is also made by human A2058 
melanoma cells. Its role in human breast and prostate cancers, however, remains 
unknown. 

The role of the nuclear proto-oncogenes has not been defined in hormone­
responsive cancer. The expression of such proto-oncogenes, coding for nuclear­
associated proteins, has been implicated in the control of cell proliferation and 
differentiation in thyroid cells treated with thyroid-stimulating hormone [12], 
promyelocytic leukemia cells treated with dexamethasone [70], and others. The 
critical role nuclear oncogene products play in proliferation has been confirmed 
by two recent, independent sets of experiments. First, growth of NIH 3T3 mouse 
fibroblasts is inhibited by the induction of transfected antisense fos RNA [32]. 
Second, Studzinski et al. [81] have shown that replicative DNA synthesis is effec­
tively inhibited in isolated nuclei in the presence of antibodies directed spe­
cifically against the c-myc protein. Understanding the relationship between 
hormone-induced growth factor production and growth factor-induced c-fos or 
c-myc induction may allow us to further elucidate the mechanisms of hormone­
induced cell proliferation. 

Recently, a member of the tyrosine kinase oncogene family, designated neu, 
was found to be amplified in the human mammary carcinoma MAC 117 [52]. 
The neu oncogene, identified initially in the ethylnitrosourea-induced rat 
neuroglioblastomas, has homology to the erb-B gene coding for the EGF recep­
tor, but neu is distinct from the erb-B gene and is located on chromosome 17 
[74]. In addition, this gene was shown to be amplified in a human salivary gland 
adenocarcinoma [76]. The 185000-dalton protein product contains cell surface 
domains accessible to antibodies. The relationship of the neu gene amplification 
to the etiology of breast cancer has not been determined. 

368 



Table 2. Hormone therapy [22] 

Therapy 

Ablative 

Additive 

Antihormonal 
Steroidogenesis inhibitors 

Releasing hormones 

Breast 

Oophorectomy, 
adrenalectomy, 
hypophysectomy 

Estrogens, 
progestogens, 
glucocorticoids, 
androgens 

Antiestrogens 
Aminoglutethimide 

LHRH agonists 

LHRH, luteinizing hormone-releasing hormone. 

Future Prospects for Therapy 

Tumor type 

Prostate 

Orchidectomy 

Estrogens, 
progestogens 

Antiandrogens 
Aminoglutethimide, 

ketoconazole 
LHRH agonists 

Endometrium 

Progestogens 

Current efforts to control hormone-responsive tumors, which are centered on 
the inhibition of steroidogenesis or interference with hormone-receptor binding, 
fail universally when hormone-independent clones emerge (Table 2). As evident 
from in vitro studies, one mechanism by which tumors may become hormone 
unresponsive is by constitutively activating autocrine growth pathways normally 
under hormonal control. The elucidation of autocrine growth pathways has 
created a wide array of new therapeutic approaches aimed at disrupting the 
hormonal cellular response. This section will focus on new therapies designed to 
disrupt the hormonal response and autocrine pathways by utilizing the products 
of hormone stimulation as specific targets for antibodies, including growth fac­
tors, their receptors, or gene products whose expression is induced by the bind­
ing of growth factors to their receptors. For the most part, the therapeutic 
strategies discussed are still being evaluated in the laboratory and in animal 
studies. However, a number of monoclonal antibody trials have been initiated to 
investigate nonhormonally controlled tumor systems. 

Antibody Therapy 

Several distinct approaches to the use of antibodies designed to achieve anti­
tumor activity have been explored. Initially, antibodies against tumor-associated 
antigens were employed. These antibodies were targeted against specific mole­
cules on the cell surface. Cytotoxicity can be markedly enhanced by attaching 
to the antibody a nonspecific toxin, such as ricin A chain or pseudomonas endo-
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toxin; radioisotopes; or chemotherapeutic agents, such as methotrexate or doxo­
rubicin (Adriamycin). Thus, via the specificity of the antibody, the nonspecific 
toxin is directed to the tumor cells. A second approach is to use an IgG2a 

isotype to achieve cytotoxicity immunologically by activating host macrophages 
and complement. This approach has been applied to human tumors by Koprows­
ki [1, 78] and will be discussed in this section as it pertains to anti-EGF receptor 
antibody activity in animals. A third approach is to aim specifically at interfering 
with growth factor-stimulated growth. This includes the effective removal of 
growth factor by forming antibody-growth factor complexes and by blocking 
growth factor receptors with antibodies. 

Antibody-Toxin Conjugates 

The hormone-dependent tumors offer a unique opportunity to employ anti­
bodies conjugated to drugs, radioisotopes, or toxins, in that they express a num­
ber of cellular proteins in response to hormone stimulation which may serve as 
antigens. For example, human prostatic acid phosphatase is produced in large 
quantities by hormone-responsive prostate tumors and is measurable in the 
blood of many patients. Using the LNCAP human prostatic cancer cell line in a 
nude mouse mode, Deguchi et al. [16] conjugated methotexate to an IgG1 
monoclonal antibody specific for human prostatic acid phosphatase (PAP) while 
retaining both the PAP-binding activity of the antibody and the dihydrofolate 
reductase-inhibitory activity of methotrexate. In vitro, this conjugate was taken 
up by the LNCAP cells with resultant inhibition of DNA synthesis, although to a 
lesser degree than free methotrexate. When injected into nude mice bearing 
xenografted LNCAP tumors, the methotrexate-antibody conjugate preferential­
ly accumulated in the tumor. Preliminary results showed retardation of tumor 
growth in the treated animals. Other proteins, such as the prostate-specific anti­
gen [86] and the numerous secreted proteins found in hormone-dependent 
breast cancer cells, are also candidates for this therapeutic approach. 

A number of problems must be overcome for this approach to be successful. 
Since many of the available antigens are secreted proteins, administered anti­
bodies which bind to extracellular protein are effectively neutralized. Large 
quantities of the antibody must be administered to overcome this. Second, anti­
bodies that bind surface proteins which are not internalized may fail to exert a 
toxic effect, although this does not apply to radionuclides. Likewise, antibodies 
directed against intracellular proteins may not have access to their targets. Final­
ly, most hormone-dependent tumors progress towards hormone independence 
as a consequence of the emergence of hormone-unresponsive clones as the pre­
dominant cell type. This may be associated with the loss of some tissue-specific, 
hormone-induced proteins. 

Anti-growth Factor Antibodies 

Since the proliferation of many tumor cells is controlled by growth factors which 
bind to specific surface receptors, autocrine growth loops provide antigenic 
targets which are required by the cell for growth and which, therefore, are less 
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likely to be modulated during the development of hormone-independent clones. 
Autocrine pathways can be disrupted by directing antibodies towards the ligand 
or its receptor. With the availability of antibodies directed against EGF, TGF a, 
and other growth factors, the kinetics of growth factor-antibody interactions can 
be further evaluated. For example, the use of antibodies against EGF is unlikely 
to lower EGF levels because of the very fast turnover rate of EGF in vivo (half­
life, 1.5 min) [30]; therefore, it would be preferable to use antibodies against the 
EGF receptor. 

Insight into the potential utility of this approach was provided by Johnson et 
al. [44], who treated human fibroblasts transformed with simian sarcoma virus 
(SSV) with antibodies against PDGF. In these experiments, cells transfected 
with SSV -which contains the coding region for p28sis , the product of the sis 
oncogene-showed transformation characteristics such as increased prolifera­
tion and focus formation. Treatment of the transformed cells with anti-PDGF 
IgG resulted in decreased thymidine incorporation and proliferation, as well as 
diminished focus formation. For unknown reasons, however, anti-PDGF only 
suppressed focus formation if the cells were treated within 12 days of infection. 

Anti-receptor Antibodies 

Because a specific receptor located at the cell surface is required for a growth 
factor to interact with a cell, antibodies directed against receptors which block 
ligand binding or which interfere with signal transmission after ligand binding 
occurs offer a new approach to deprive cells of proliferative signals. The feasibil­
ity of this approach has been demonstrated by the studies of Masui et al. [65, 66] 
concerning the antitumor effects of anti-EGF receptor monoclonal antibodies 
(anti-EGF-R Ab) on human A431 xenograft tumors in nude mice. Treatment 
with anti-EGF-R Ab prevented tumor formation in athymic nude mice by A431 
cells implanted subcutaneously if the antibody therapy was started on the day of 
tumor cell inoculation. If antibody administration was initiated when the tumors 
had grown to 1 cm3 , then tumor growth was arrested, but only as long as the 
antibody therapy continued. 

This differential response with regard to the timing of the antibody therapy 
raises several questions as to the mechanisms of antitumor activity. Does the 
antibody prevent the tumor from becoming established when therapy is initiated 
at the time of tumor cell inoculation, or is the antibody cytotoxic to tumor cells? 
In addition, once the tumor has been established, is the tumor growth prevented 
by cytostatic or cytotoxic means? Using the A431 cell system, the above investi­
gators have addressed these questions. First, in vitro, anti-EGF-R Ab are 
cytostatic, not cytotoxic, to A431 cells. Second, antibodies of the IgG2a isotype 
may activate macrophages or complement, which, in turn, could contribute to 
the antitumor activity of the antibody. In vitro, while both IgG2a and IgG1 
antibodies inhibit the proliferation of A431 cells, complement enhanced the 
effect of the IgG2a, but not the IgG1, antibody by inducing cytotoxicity. Of 
interest, cytotoxicity was not observed when the A431 cells were allowed to 
become confluent before the addition of IgG2a antibody and complement [68]. 
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In the presence of IgG2a antibody, macrophages showed a high degree of 
cytotoxicity, >80% at a macrophage-to-A431 ratio of 40: 1. In contrast, in the 
presence of IgG 1 antibody, macrophages showed very little cytotoxicity. Mac­
rophages required activation for IgG2a-mediated toxicity to occur. These results 
would favor the use of an IgG2a antibody. 

Though A431 cells are epidermoid in origin, their inhibition by anti-EGF 
receptor antibodies is relevant to adenocarcinomas, such as breast cancer, which 
possess EGF receptors and whose growth appears regulated by autocrine path­
ways involving TGF u. It is not clear which parameters determine whether a 
tumor will respond to this form of therapy. For example, while a number of EGF 
receptor-bearing human epidermoid tumor xenografts are inhibited by antibody 
therapy, others are not inhibited [68]. 

Because of their proven ability to transform cells, oncogenes coding for cell 
surface receptors provide important targets for monoclonal antibodies. Several 
examples of inhibition or reversion of the transformed phenotype in vitro are 
available. Using neu oncogene-transformed NIH 3T3 cells, Drebin et al. [21] 
demonstrated the rapid but reversible loss of both cell surface and total cellular 
p18S neu protein product when cells were treated with monoclonal antibodies 
against p18S. More important was the reversion of the neu-transformed cells 
to a nontransformed phenotype, as determined by the loss of anchorage­
independent growth. 

Antibody therapy holds great potential as a treatment against hormone­
responsive tumors, whose growth is dependent on autocrine growth mecha­
nisms. In addition, it offers a point of attack in the cascade of events leading to a 
hormonally initiated proliferative response, a point of considerable importance 
in tumors which have achieved hormone independence but still maintain active 
autocrine growth loops. 

Receptor Antagonists 

An alternative strategy to blocking the binding of growth factors to their receptors 
is the use of growth factor antagonists, i.e., molecules which bind to the receptor 
with high affinity, do not activate the signalling process, and prevent other 
ligands from binding to the receptor (e. g., a small peptide containing the binding 
domain of the native growth factor and modified to inhibit degradation and 
increase the serum half-life). Obviously, this sort of pharmacological approach 
would involve the synthesis and screening of numerous compounds to distin­
guish the antagonists from the partial agonists and agonists. 

Additive Growth Factor Therapy 

Additive growth factor therapy with TGF {3 represents another novel approach 
to growth factor therapy. Found in platelets in large quantities, TGF {3 is thought 
to play an important role in wound healing, especially in view of its mitogenic 
effect on fibroblasts. Growth of breast cancer cells in culture, however, is inhi-
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bited by exogenously added TGF {3, and these cells produce additional TGF {3 
when treated with antiestrogens or dexamethasone, both of which are inhibi­
tory. Either the administration of TGF {3 synthesized in large amounts by recom­
binant DNA technology or modifications to the parent molecule so that its high 
receptor-binding affinity is retained but the serum half-life is lengthened would 
be worthy of experimental exploration. 

Prevention of Attachment and Invasion 

A number of cell surface receptors have been shown to be important for cell 
attachment and invasion through basement membranes. Two proteins, laminin 
and fibronectin, are components of basement membranes and subendothelial 
cell matrices and serve as attachment points for cells with the appropriate recep­
tors. The binding of a cell's laminin receptor to laminin, for example, may facili­
tate the exit of that tumor cell from its tissue of origin and aid it in its penetration 
through other basement membranes, resulting in a metastatic lesion. In addi­
tion, the secretion of proteases, such as plasminogen activator and prostate­
associated antigen, by tumor cells may enable them to digest surrounding fibrin 
and penetrate barriers more easily. 

Hormone-responsive tumors produce a number of these molecules, and hor­
mones can alter the levels of some of them, theraby affecting the metastatic 
phenotype of the tumor cells. For example, MCF-7 human breast cancer cells 
produce more plasminogen activator activity and laminin receptor in response to 
estrogen treatment. A treatment strategy aimed at flooding attachment recep­
tors such as laminin receptor with laminin fragments and inhibiting the forma­
tion of metastases would have far-reaching potential. The feasibility of this 
approach was demonstrated by Humphries et al. [38] when they diminished 
metastatic tumor formation in mice injected with melanoma tumor cells by treat­
ing the animals with intravenous injections of fibronectin fragments. A penta­
peptide sequence appears to be critical for cell interaction with fibronectin and 
inhibits the formation of lung colonies in mice injected with B16-FlO murine 
melanoma cells. Inhibition by this peptide was dose dependent, noncytotoxic, 
and specific to an exact pentapeptide sequence since closely related penta­
peptides displayed little activity. 

Differentiation 

The cloning of the hormone receptor genes creates a variety of exciting, new 
investigative approaches to hormone therapy. For example, compounds such as 
the retinoids and 5-azacytidine have long been recognized for their ability to 
induce differentiation in a variety of cell types. The hormone receptor cDNA 
clones could be used to probe for renewed expression of a hormone receptor 
gene following treatment with differentiating agents. If this proved feasible, a 
hormone-responsive phenotype would be maintained, or reinstituted. In addi­
tion, since the hormone receptor complex may induce growth factor gene ex-
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pression by binding to growth factor gene control regions, the cloned hormone 
receptor genes should permit the mechanisms of hormone-induced growth factor 
expression to be elucidated. In the future, such knowledge might be used to 
block hormone-induced gene expression and cell proliferation. 

Antisense Gene Therapy 

RNA molecules containing sequences complementary to a portion of or all of 
the RNA transcribed from a specific gene have been used successfully to de­
crease the concentration of the target gene's product. Antisense RNAs, intro­
duced by DNA transfection techniques, have been shown to inhibit expression 
of cellular genes for c-src, c-fos, thymidine kinase, and actin [6, 32, 40, 51]. 
Though the inhibition of translation probably results from the formation of 
RNA-RNA duplexes, mRNA transport from the nucleus and processing within 
the nucleus may also be affected. This form of technology offers exciting new 
possibilities for the control of cell growth through inhibition of the translation of 
autocrine growth factors. Studies investigating such therapy are ongoing in in 
vitro experiments. 

Supraphysiologic Hormone Therapy 

Some patients with breast cancer respond to very high doses of estrogen or 
androgen; in fact, remission rates of 30%-37% have been reported when 
estrogen has been used as initial therapy [50]. Remission rates of 10% have been 
seen with androgen therapy. The duration of response to estrogen is generally 
greater than that seen with androgens, and the estrogen responsiveness increases 
with years after menopause and with increasing length of the preceding disease­
free interval. The chances of response to addition hormonal therapy after re­
lapse from other therapy are less than 10%. In addition, responses following 
withdrawal of estrogen or androgen therapy have been recorded [48]. The 
growth-stimulatory and/or -inhibitory effects of pharmacologic doses of steroids 
have been demonstrated in vitro in breast cancer cells with and without hormone 
receptors [37]. Unfortunately, the mystery of how these receptor-independent 
hormone effects are mediated remains unsolved. Understanding such clinical 
phenomena would provide clues to future therapeutic approaches towards the 
hormone-responsive tumors. 
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Potential Approaches 



20. Tumor Invasion and Metastases: Biochemical 
Mechanisms 
L.A. Liotta, M.L. Stracke, E. Kohn, S. Aznavoorian, and U.M. Wewer 

Multistep Cascade of Metastases 

A metastatic colony is the end result of a complicated series of tumor-host in­
teractions (Fig. 1). Primary tumor initiation and progression is followed by the 
transition from in situ to locally invasive cancer and angiogenesis [1-6]. Newly 
formed tumor vessels are often defective and easily invaded by tumor cells with­
in the primary mass. At the invasion front, tumor cells also invade preesta­
blished host blood vessels. Tumor cells are discharged into the venous drainage 
in single-cell form and in clumps. From rapidly growing tumors 1 cm in size, 
millions of tumor cells can be shed into the circulation every day. Fortunately for 
the patient, only a very small percentage « 0.01%) of circulating tumor cells 
initiate metastatic colonies. Tumors generally lack a well-formed lymphatic net­
work; therefore, communication of tumor cells with lymphatic channels occurs 
only at the tumor periphery and not within the tumor mass. Tumor cells entering 
the lymphatic drainage are carried to regional lymph nodes, where they arrest in 
the large lymphatics of the subcapsular sinus. Within 10-60 min after initial 
arrest in the lymph node, a significant fraction of the tumor cells detach and 
enter the efferent lymphatics. These tumor cells eventually end up in the re­
gional or systemic venous drainage due to the existence of numerous lym­
phatic-hematogenous communications. Thus, the regional lymph node does not 
function as a true mechanical barrier to tumor dissemination. Lymphatic and 
hematogenous dissemination occur in parallel. 

Circulating tumor cells utilize a variety of means to arrest in the vessels of the 
target organ where they will initiate metastatic colonies (Table 1). Approximate­
ly 80% of the circulating tumor cells are in single-cell form and attach directly to 
the intact endothelial surface or to preexisting regions of exposed subendothelial 
basement membrane. Clumps of circulating tumor cells or tumor cells aggre­
gated with host leukocytes, fibrin, or platelets can directly embolize in the pre­
capillary venules by mechanical impaction. Tumor cells in single-cell or clump 
form adhere to the endothelial luminal surface of arterioles. The fate and time 
course of the arrested tumor cells differs, depending on the mechanism and loca­
tion of lodgement. Tumor cells adherent to the surface of venule or capillary 
endothelium rapidly (in 1-4 h) induce the active retraction of the endothelial 
cells. The tumor cells then attach avidly to the exposed basement membrane. 
Once the tumor cells have attached, the adjacent endothelial cells extend over 
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Fig. 1. Multistep metastatic cascade. Following transition from in situ to invasive carcinoma, tumor 
cells gain access to host blood vessels and lymphatics. Tumor cells enter the bloodstream directly 
(or indirectly via lymphatic-hematogenous communications) and are carried to the distant organ site. 
Here, they arrest in the vascular bed, extravasate, and initiate a metastatic colony. Continued 
growth of the metastases requires angiogenesis and escape from host defenses 

the tumor cells and separate them from the bloodstream. Tumor cells located 
between the endothelium and the basement membrane are held up in this loca­
tion for 8-24 h. Local dissolution of the basement membrane is then observed, 
in association with tumor cell pseudopodia traversing the basement membrane. 
This step is soon followed by complete extravasation of the tumor cell and, quite 
often, reestablishment of blood flow in the breached vessel. Tumor cells arrested 
in the arterial tree can remain in this location for 2-3 weeks. Endothelial retrac­
tion does not occur following arterial arrest. Intraarterial tumor cells can actual­
ly proliferate and expand as colonies. As the tumor colonies enlarge, they be­
come covered by a host endothelial surface which lacks a basement membrane. 
Once the tumor colony fills the arteriole, mechanical damage to the endothelium 
occurs, and this exposes the basement membrane. Tumor cells at the periphery 
of the intraarterial colony then invade through the basement membrane and the 
elastic lamina of the arteriole wall to gain an extravascular position. 

At all stages of the metastatic cascade, tumor cells must overcome host 
defenses [3-5]. Although tumor-specific antigens have been identified in animal 
models, it still remains unclear whether similar antigens playa role in human 
tumors, and whether the recognition of these antigens can be boosted by ad­
juvant immunotherapy. Limited effectiveness of adjuvant immunotherapy for 
metastases may be due to tumor antigen heterogeneity, tumor antigen shedding, 
or absence of tumor cell immunogenicity. "Nonspecific" host defenses such as 
macrophages and natural killer cells may be more effective against hetero­
geneous tumor cell populations. In animal models, these effector cells play an 
important role in the elimination of circulating tumor cells and the destruction of 
micrometastases. 

Extravasated tumor cells proliferate as colonies but require a new vascular 
supply to grow larger than 0.5 mm. Thus, angiogenesis is necessary at the begin­
ning and the end of the metastatic cascade. Metastases can themselves meta­
stasize, further amplifying the level of disease progression. Numerous clinical 
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Table 1. Potential mechanisms of the metastatic cascade of events 

Metastatic cascade event 

Tumor initiation 

Promotion and progression 

Uncontrolled proliferation 

Angiogenesis 

Invasion of local tissues, blood and 
lymphatic vessels 

Circulating tumor cell arrest and 
extravasation 
Adherence to endothelium 

Retraction of endothelium 
Adhesion to basement membrane 
Dissolution of basement membrane 

Locomotion 
Colony formation at secondary site 

Evasion of host defenses and resistance 
to therapy 

Potential mechanisms 

Carcinogenic insult, oncogene activation or 
derepression, chromosome rearrangement 

Karyotypic, genetic, and epigenetic instability, gene 
amplification; promotion-associated genes and 
hormones 

Autocrine growth factors or their receptors, receptors 
for host hormones such as estrogen 

Multiple angiogenesis factors, including known growth 
factors 

Serum chemoattractants, autocrine motility factors, 
attachment receptors, degradative enzymes 

Tumor cell homotypic or heterotypic aggregation 

Tumor cell interaction with fibrin, platelets, and 
clotting factors, adhesion to RGD-type receptors 

Platelet factors, tumor cell factors 
Laminin receptor, thrombospondin receptor 
Degradative proteases, type IV collagenase, 

heparanase, cathepsins 
Autocrine motility factors, chemotaxis factors 
Receptors for local tissue growth factors, angiogenesis 

factors 
Resistance to killing by host macrophages, natural 

killer cells, and activated T cells; failure to express, 
or blocking of, tumor-specific antigens; amplification 
of drug resistance genes 

reports provide circumstantial evidence for the existence of dormant meta­
stases [1]. Up to one-third of the mortality from breast cancer, for instance, 
occurs more than 5 years after removal of the primary tumor. Three potential 
mechanisms of tumor dormancy have been distinguished in animal models: 
(a) immunologic restraint, such that the tumor population death rate equals its 
growth rate; (b) constitutive dependency of tumor cells on host growth factors; 
and (c) avascularity causing the metastasis to be limited in size due to deficiency 
in nutrient diffusion. 

Organ Tropism for Metastases 

The distribution of metastases varies widely, depending on the histologic type 
and anatomic location of the primary tumor (Table 2). The most frequent organ 
location of distant metastases in many types of cancer appears to be the first 
capillary bed encountered by the circulating cells. Major pathways of metastasis 
determined directly by anatomic considerations are as follows: 
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Table 2. Frequency of metastases at autopsy 

Primary tumor (%) 

Organ of metastases Lung Colon Breast Melanoma 

Liver 30-50 50-60 40-60 58-70 
Lung 20-40 25-40 60-80 66-80 
Bone 30-45 5-10 50-90 30-48 
Brain 15-43 0-1 15-30 40-55 
Adrenal 17-38 14 38-54 40-47 
Pituitary 0-2 0-1 20 18 
Ovary 0-2 14 15-30 10-15 
Kidney 16-23 8 13 31-35 
Spleen 9 5 17 31 

1. Sarcomas arising in the extremities metastasize primarily to the lungs. Sarco­
ma cells entering the tumor venous drainage are carried into the inferior vena 
cava, enter the right ventricle, and are carried via the pulmonary artery to the 
lungs (Fig. 2). 

2. Lung cancer disseminates widely to multiple organs, including brain. Lung 
cancer is the only tumor that has direct access to the general arterial circula­
tion via the pulmonary vein through the left ventricle [3] (Fig. 2). 

3. Colorectal carcinomas tend to metastasize to the liver. Colorectal carcinoma 
cells enter the mesenteric lymphatics and portal venous system and are car­
ried to the liver [1, 3] (Fig. 2). 

4. Tumors of the testicle metastasize via the lymphatics to lymph nodes of 
the periaortic area and then enter the subclavian veins by lymphatic­
hematogenous communications. Tumor cells entering the subclavian veins go 
to the right ventricle and then to the lungs [1-3]. 

5. Prostate cancer metastasizes primarily (90%) to vertebral bone. The ana­
tomic route is via Batson's plexus of paravertebral veins [2]. Tumor cells 
entering the prostatic plexus of veins are carried to the veins about the sac­
rum, ilium, and lumbar spine. 

6. Patterns of head and neck cancer metastases correspond primarily to the 
regions of local lymphatic drainage [1]. 

7. Ovarian cancer remains confined for long periods in the abdominal cavity. 
Local spread occurs to the peritoneal surfaces, the posterior gutters, and the 
diaphragm. These tumors invade the liver in only a small percentage of cases 
at a very late stage. The liver is usually invaded directly from omental disease 
or by mesenteric venous emboli derived from omental implants [1]. 

8. Breast cancer metastases are frequently found in vertebral bone. Based on 
dye injection studies, it has been demonstrated that the mammary venous 
drainage can communicate with Batson's plexus of paravertebral veins [2]. 
When dye was injected into a small mammary vein, the dye was found in the 
clavicles, intercostal veins, head of humerus, cervical vertebrae, and trans­
verse cranial sinuses. 
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Fig. 2. Organ pattern of metastases is in 
part determined by blood flow patterns. 
Sarcomas arising in the extremity dis­
seminate tumor cells into the venous 
drainage which are carried through the 
right heart to the lungs. Carcinomas 
arriving in the bowel discharge tumor 
cells into the portal vein and the thoracic 
duct. Lung carcinomas disseminate sys­
temically to other organs including the 
brain. 

SYSTEMIC 

ORGANS 

THORACIC DUCT 

However, there are many metastatic sites which cannot be predicted on the 
basis of anatomic considerations alone, and which can be considered to be 
examples of organ tropism. For example, clear-cell carcinoma of the kidney 
often metastasizes to bone and thyroid, and ocular melanoma frequently 
metastasizes to the liver. Theoretical mechanisms for organ tropism include the 
following [3, 5J: 

1. Tumor cells disseminate equally in all organs, but grow preferentially only in 
specific organs. Preferential growth may be induced by local growth factors or 
hormones present in the target organ for metastases. 
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2. Circulating tumor cells may adhere preferentially to the endothelial luminal 
surface only in the target organ for metastases. This hypothesis predicts 
organ-specific endothelial determinants. 

3. Circulating tumor cells may respond to soluble factors diffusing locally out of 
the target organ. Such factors could act in a chemotactic fashion to promote 
extravasation of the tumor cells. They could also cause the circulating tumor 
cells to aggregate and therefore embolize in the target organ. 

Research with animal models indicates that all of these mechanisms play a 
role to varying degrees, depending on the tumor model system [3, 5]. 

Tumor Cell Interaction with the Extracellular Matrix 

The mammalian organism is composed of a series of tissue compartments 
separated from each other by two types of extracellular matrix: basement mem­
branes and interstitial stroma [4]. The matrix determines tissue architecture, has 
important biologic functions, and exists as a mechanical barrier to invasion. Dur­
ing the transition from in situ to invasive carcinoma, tumor cells penetrate the 
epithelial basement membrane and enter the underlying interstitial stroma. 
Once the tumor cells enter the stroma, they gain access to lymphatics and blood 
vessels for further dissemination. Fibrosarcomas and angiosarcomas, developing 
from stromal cells, invade surrounding muscle basement membrane and destroy 
myocytes. Tumor cells must cross basement membranes to invade nerve and 
most types of organ parenchyma. During intravasation or extravasation, tumor 
cells of any histologic origin must penetrate the subendothelial basement mem­
brane. In the distant organ where metastic colonies are initiated, extravasated 
tumor cells must migrate the through the perivascular interstitial stroma before 
tumor colony growth occurs in the organ parenchyma. Therefore, tumor cell 
interaction with the extracellular matrix occurs at multiple stages in the metasta­
tic cascade. 

General and widespread changes occur in the organization, distribution, and 
quantity of the epithelial basement membrane during the transition from benign 
to invasive carcinoma. The human breast is a particular example: benign prolif­
erative disorders of the breast-such as fibrocystic disease, sclerosing adenosis, 
intraductal hyperplasia, fibroadenoma, and intraductal papilloma-are all 
characterized by disorganization of the normal epithelial stromal architecture. 
Extreme forms can mimic the appearance of invasive carcinoma. However, no 
matter how extensive the architectural disorganization is, these benign disorders 
are always characterized by a continuous basement membrane separating the 
epithelium from the stroma. In contrast, invasive ductal carcinoma, invasive 
lobular carcinoma, and tubular carcinoma consistently possess a defective ex­
tracellular basement membrane, with zones of basement membrane loss around 
the invading tumor cells in the stroma. The basement membrane is also marked-
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ly defective adjacent to tumor cells in lymph node and organ metastases. In 
some focal regions of well-differentiated carcinoma, partial basement membrane 
formation by differentiated structures can be identified. These findings are of 
direct application to diagnostic problems in surgical pathology, such as the dif­
ferentiation of tangential sections of in situ lesions from true invasion, or that of 
severe adenosis from invasive carcinoma. Loss of basement membranes in hu­
man carcinomas significantly correlates with increased incidence of metastases 
and poor 5-year survival. 

Three-Step Theory of Invasion 

A three-step hypothesis has been proposed to describe the sequence of bio­
chemical events during tumor cell invasion of extracellular matrix. The first step 
is tumor cell attachment to the matrix. Attachment may be mediated by specific 
glycoproteins such as laminin and fibronectin which interact with tumor cell plas­
ma membrane receptors. Following attachment, the tumor cell secretes hydroly­
tic enzymes (or induces host cells to secrete enzymes) which can locally degrade 
the matrix (including degradation of the attachment glycoproteins). Matrix lysis 
most likely takes place in a highly localized region close to the tumor cell surface 
where the amount of active enzyme outbalances the natural protease inhibitors 
present in the serum and in the matrix itself. In contrast to the invasive tumor 
cell, the normal cell or benign tumor cell, once attached to the matrix, may 
respond by shifting into a resting or differentiated state. The third step is tumor 
cell locomotion into the region of the matrix modified by proteolysis. The direc­
tion of the locomotion may be influenced by chemotactic factors and autocrine 
motility factors (AMF). The latter are a newly described class of proteins (see 
"Autocrine Motility Factors" below), which bind to a cell surface receptor and 
profoundly stimulate motility [4]. They are distinct from known growth factors, 
and their mechanism of action involves a membrane guanine nucleotide (G) 
protein pathway which can be inhibited by pertussis toxin. The chemotactic 
factors derived from serum, organ parenchyma, or the matrix itself [3, 6] may 
influence the organ specificity of metastases. Continued invasion of the matrix 
may take place by cyclic repetition of these three steps. 

Autocrine Motility Factors 

Cell motility is necessary for tumor cells to be able to traverse many stages in the 
complex cascade of invasion. Such stages could include the detachment and sub­
sequent infiltration of cells from the primary tumor into adjacent tissue, the 
migration of the cells through the vascular wall into the circulation (intravasa-
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tion), and the extravasation of the cells to a secondary site. The movement of 
cells through biologic barriers such as the endothelial basement membranes of 
the vasculature may well occur by means of chemotactic mechanisms. Indeed, 
studies on in vitro chemotaxis of some tumor cells report that a variety of com­
pounds such as complement-derived materials, collagen peptides, formyl pep­
tides, and certain connective tissue components can act as chemoattractants [7, 
8]. While these agents may well contribute to the directional aspects of a motile 
response, they are not sufficient to initiate the intrinsic locomotion of tumor 
cells. The availability of soluble attractants to the tumor cell is greatly dependent 
upon the host, even in those cases in which the production of attractants is the 
result of tumor cell-host tissue interaction. At best, it seems that the cell would 
have access to such motility stimuli at sporadic and irregular intervals, conditions 
unfavorable to a sustained migration of highly invasive cells. 

With these considerations in mind-and stimulated by the studies of Anzano 
et al. [9] in which they demonstrated autocrine growth factors for transformed 
cells-we investigated the possibility that such cells could elaborate AMF. The 
action of these substances might, in part, explain both the markedly invasive 
character and the metastatic property of malignant cells. Thus, under the in­
fluence of such an autocrine material, a tumor cell might move out into the 
surrounding host tissue and also exert a "recruiting" effect on adjacent tumor 
cells in the presence of a gradient of attractant. Conceivably, such factors might 
also attract fibroblastic cells of the host, resulting in the phenomenon of desmo­
plasia, characteristic of invasive tumors. 

We have found that in culture, the human melanoma cell line A2058 and 
human breast carcinoma cells produce a material that markedly stimulates their 
own motility [10]. These cells respond in a dose-dependent manner to various 
concentrations of conditioned medium obtained by incubating confluent cells in 
serum-free medium, an indication that the motility factor is derived from the 
cell. Motility was measured by the modified Boyden chamber procedure. Using 
this assay and the "checkerboard" analysis [11], we have also found that the 
conditioned medium factor has both chemotactic (directional) and chemokinetic 
(randomly motile) properties. 

Isolation and Characterization of a Human Melanoma Autocrine Motility 
Factor 

Conditioned protein-free medium which elicited both large (10%-15% cell 
migration), dose-dependent chemotactic responses and randomly motile re­
sponses (checkerboard analysis) was used to isolate AMF. After concentration 
(Amicon), the conditioned medium was subjected to molecular sieve chro­
matography. AMF emerged as a broad major peak between 40000 and 65000 
daltons (data not shown). The AMF was further isolated by fast-performance 
liquid chromatography. 

The AMF activity was iodinated and found to comprise a single major compo-
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nent (on electrophoresis) of approximately 55 000 daltons without reduction of 
disulfide bonds. Upon reduction with 5 mM dithiothreitol, the migration of this 
component on the gel became slower, indicating the existence of interchain di­
sulfide bonds. Amino acid analysis of AMF revealed a high content of glycine, 
serine, glutamic acid, and aspartic acid residues. Both tyrosine and cysteine are 
present, the latter being concordant with the existence of interchain disulfide 
bonds, as indicated by the altered electrophoretic mobility of AMF after treat­
ment with dithiothreitoi. 

Transduction of the Chemical Signal in the Motile Response 
of Tumor Cells 

Because some cells require ongoing protein synthesis to develop a motile 
response, we determined whether inhibition of protein synthesis affected the 
response of the melanoma cells to the melanoma autocrine factor. We found 
that concentrations of cycloheximide that eliminate de novo protein synthesis 
had no effect on stimulated cell motility; therefore, the cell protein components 
required for development of a motile response appear to be stable for the dura­
tion of migration (4 h). 

Studies with leukocytes [12, 13] have implicated a G protein in the receptor­
mediated initiation of a motile response in these cells. There is convincing 
evidence that the locomotion of certain tumor cells also directly involves a G 
protein [14]. Pertussis toxin, known to inhibit action of the Gi protein of the 
adenyl ate cyclase pathway [15], profoundly and rapidly inhibited the AMF­
stimulated migration of A2058 melanoma cells [4] and two breast cancer cell 
lines in vitro (Guirguis et aI., submitted). In the melanoma cell line, pertussis 
toxin (0.5 JLg/ml) completely blocked motility without affecting growth in culture 
(M.L. Stracke, unpublished results). However, the adenyl ate cyclase pathway 
does not appear to be directly involved in the motility response since agents 
which selectively modulate or have a role in this pathway, e.g., cholera toxin, 
forskolin, the cyclic AMP analogue 8-bromoadenosine-3' ,5'-cyclic monophos­
phate, and the cyclase inhibitor 2' ,5'-dideoxyadenosine, all had minor effects on 
cell migration. It is likely, then, that effector systems other than that of adeny­
late cyclase are mediated by a G protein in producing tumor cell motility. 

G proteins have been shown to act in a variety of second-messenger path­
ways, including phospholipase A2 [16] and phospholipase C [17], and in the 
activation of calcium channels [18]. In the neutrophil, pertussis toxin inhibits 
both lipase enzymes and cell motility [19, 20]. Evidence that suggests a role for 
phosholipase A2 in tumor cell locomotion has been obtained with the melanoma 
cell. Quinacrine, an agent that inhibits phospholipase A2, markedly reduced 
AMF-stimulated migration. Additionally, deaza-adenosine, an inhibitor of 
biological methylation [21], was found to reduce markedly both membrane 
phospholipid methylation and AMF-stimulated motility, whereas AMF itself 
caused a sustained increase in the methylation of phosphatidyl choline (Ptd Cho) 
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in melanoma cells. Since Ptd Cho is the major substrate for phospholipase A2 , 

these findings are consistent with a role for this enzyme in tumor cell motility. 
Studies with a murine tumor cell line, BU-L, suggest that metabolism of arachi­
donic acid, a product of the lipase reaction, may playa role in tumor cell motility 
[22]. Lipoxygenase inhibitiors such as quercetin, nordihydroguaretic acid, and 
nafazatrom signficantly reduced stimulated motility, but indomethacin, a cyclo­
oxygenase-blocking agent, had no effect; calmidazolium also substantially 
inhibited motility. Collectively, these results are in accord with both the lip­
oxygenase pathway for arachidonate metabolism and a calmodulin-mediated 
mobilization of calcium participating in migration of certain tumor cells; how­
ever, a role for the cyclo-oxygenase pathway cannot be ruled out. 

lt has been reported that phorbol myristate acetate and laminin-stimulated 
motility in murine fibrosarcoma cells are inhibited by prostaglandins of the E 
series [23]. Preliminary studies (M. Stracke, unpublished work) with human 
melanoma cells indicate that calcium channel-blocking agents partially inhibit 
AMF-stimulated motility. On the other hand, calcium ionophores were found to 
stimulate motility. These results are consistent with the participation of phos­
phodiesterase (PDE), and the generation of inositol-l,4,5-triphosphate (IP3) in 
the initiation of motility. Preliminary experiments clearly demonstrate that 
lithium, an inhibitor of the IP3 pathway, significantly reduces AMF-induced 
motility (Kohn et aI., in preparation). 

From these considerations, it is likely that the generation of a motile response 
in tumor cells initially involves a direct role for a G protein which interacts with 
an activated receptor and then transduces the signal to an effector system such as 
the PDE IP3 pathway and phospholipase A2• The subsequent production of 
arachidonate and its metabolism via lipoxygenase may contribute to the mobi­
lization of calcium by IP3 and diacyl glycerol (DAG), which could also be re­
quired for changes in the cytoskeleton that are essential for locomotion. With 
respect to a role for cathepsin B, it is conceivable that AMF may stimulate its 
activity within the membrane to cause a specific cleavage of a proenzyme whose 
active form, e.g., protein kinase C [24], is required for the motile response. 

Early events in migration may involve pseudopodia protrusion. During the 
course of invasion, the same tumor cell must interact with a variety of extracellu­
lar matrix proteins as it traverses each tissue barrier. For example, the tumor cell 
encounters laminin and type IV collagen when it penetrates the basement, and 
type I collagen and fibronectin when it crosses the interstitial stroma. lt has 
recently been shown that cells express specific cell surface receptors which recog­
nize extracellular matrix proteins. The first example of such a receptor is the 
laminin receptor, which binds to laminin with nanomolar affinity. Laminin re­
ceptors have been shown to be augmented in actively invading tumor cells, and 
they may play an important role in tumor cell interaction with the basement 
membrane. The integrins are another class of cell surface proteins which bind 
extracellular matrix components recognizing the protein sequence Arg-Gly-Asp 
(RGD) [8]. Such proteins include fibronectin, collagen type I, and vitronectin. 
The process of cell migration undoubtedly requires a series of adhesion and 
detachment steps resulting in traction and propulsion. Studies using the AMF-
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stimulated motility as a model system have revealed an important function of 
pseudopodial protrusion in this process. AMF stimulates motility on a variety of 
different substrata; therefore, its action is independent of the mchanism of 
attachment. Furthermore, AMF induces the rapid protrusion of pseudopodia in 
a time- and dose-dependent manner [25]. Isolation of the induced pseudopodia 
reveals that they are highly enriched in their content of laminin and fibronectin 
matrix receptors. Since cell pseudopodia formation is known to be a prominent 
feature of actively motile cells, we can now set forth a working hypothesis to 
explain the early events in cell motility. Cytokines such as AMF which stimulate 
intrinsic motility may induce exploratory pseudopodia prior to cell translocation. 
Such pseudopodia may express augmented levels of matrix receptors (and pos­
sibly proteinases). The protruding pseudopodia may serve multiple functions, 
including acting as "sense organs" to interact with the extracellular matrix 
proteins and thereby locate directional cues, providing propulsive traction for 
locomotion, and even inducing local matrix proteolysis to assist the penetration 
of the matrix. 

Laminin Receptors 

Cell surface receptors for the basement membrane glycoprotein laminin mediate 
adhesion of tumor cells to the basement membrane prior to invasion [4, 26]. 
Laminin as visualized by rotary shadowing electron microscopy has a distinctive 
cruciform shape with three short arms (35 nm) and one long arm (75 nm). All 
arms have globular end regions. The specialized structure of the laminin mole­
cule may contribute to its multiple biologic functions. Laminin plays a role in cell 
attachment, cell spreading, mitogenesis, neurite outgrowth, morphogenesis, and 
cell movement. Many types of neoplastic cells contain high-affinity cell surface 
binding sites (Iaminin receptors) for laminin with a dissociation constant (Kd) in 
the nanomolar range. The molecular weight of the isolated receptor is 65000 
daltons [25]. The laminin receptor binds to the "B" chain (short-arm) region of 
the laminin molecule. Laminin receptors may be altered in number or degree of 
occupancy in human carcinomas. This may be the indirect result of defective 
basement membrane organization in the carcinomas. Breast carcinoma and co­
lon carcinoma tissue contains a higher number of exposed (unoccupied) recep­
tors than benign lesions. The laminin receptors of normal epithelium may be 
polarized at the basal surface and occupied with laminin in the basement mem­
brane. In contrast, the laminin receptors on invading carcinoma cells are am­
plified and may be distributed over the entire surface of the cell. The laminin 
receptor can be shown experimentally to play a role in hematogenous metas­
tases. Treating tumor cells with the receptor-binding fragment of laminin at very 
low concentrations markedly inhibits or abolishes lung metastases from hema­
togenously introduced tumor cells. The mechanism of action involves blocking 
the adhesion of circulating tumor cells to the subendothelial basement mem­
brane (Table 1). 
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Effect of Antilaminin Receptor Antisera on Laminin-Mediated Haptotaxis 

A2058 human melanoma cells migrate in response to a gradient of laminin, as 
assayed in a modified Boyden chamber with laminin-coated nucleopore filters. 
In this system, the tumor cells are placed on one side of a nucleopore (8 J-Lm pore 
size) filter and the opposite face of the filter is coated with laminin (10 J-Lg/ml). In 
the presence of a solid phase laminin gradient, tumor cells migrate through the 
pores and attach to the laminin-coated side of the filter facing the lower part of 
the chamber. In this manner, the laminin receptor function associated with 
migration on laminin substrata could be separated from its effect on primary 
attachment. The polyclonal antiserum against the natural laminin receptor and 
the polyclonal antisera against the synthetic peptides derived from the receptor 
cDNA clone all inhibited the laminin haptotaxis of A2058 cells in a dose­
dependent manner compared with preimmune controls. The A2058 cells also 
exhibited a significant haptotactic response to a gradient of fibronectin. Anti­
laminin antiserum abrogated haptotactic response to laminin but not to 
fibronectin. In contrast, the integrin recognition peptide, GRGDS (50 J-Lg/ml), 
significantly inhibited haptotaxis on fibronectin. The control peptide GRGES, 
which is not an active binding sequence of fibronectin, did not have an inhibitory 
effect on fibronectin haptotaxis. There was no inhibition of laminin haptotaxis 
with these fibronectin peptides. Furthermore, the antilaminin receptor antisera 
did not significantly inhibit fibronectin haptotaxis compared with controls. These 
results support the concept that different receptors are involved in laminin ver­
sus fibronectin haptotaxis. 

Correlation Between In Vivo Expression of Laminin Receptor 
in Human Tumors and Invasive and Migratory Capacities 

Bearing in mind the in vitro results, we next investigated the possibility that the 
laminin receptor might also be preferentially associated with cells involved in in 
vivo invasion and migration. Invading trophoblasts of decidua basalis in early 
human pregnancy, which are characterized by invasive and migratory prop­
erties, exhibited a prominent cytoplasmic laminin receptor immunoreactivity. In 
the malignant human tumors investigated, the tumor cells aggressively invading 
the extracellular matrix also exhibited intense cytoplasmic staining with the 
polyclonal antilaminin receptor antisera. The identical topographic distribution 
pattern was found using antiserum against the natural laminin receptor or syn­
thetic peptide antisera. Surrounding normal tissues had little immunoreac­
tivity, except for some proliferating blood vessels. Metastatic carcinoma cells in 
liver were strongly immunoreactive, whereas the surrounding parenchyma was 
essentially nonreactive with these antisera. There appeared to be a correlation 

392 



between the degree of differentiation and the level of laminin receptor-positive 
cytoplasmic immunos'aining. The moderately or poorly differentiated carcino­
mas (33 of 48 cases studied) had more abundant and intense laminin im­
munoreactivity than the well-differentiated carcinomas (15 of 48 cases). The 
observation that laminin receptor expression in vivo might be augmented in 
highly malignant tumor cells which are involved in invasion and migration is also 
supported by our finding that metastatic tumor tissue is a successful source for 
biochemical purification of the laminin receptor. 

RGD Recognition Receptors 

A family of cell surface glycoproteins, termed integrins, has been identified 
which bind with low affinity (micromolar Kd) to a variety of adhesion proteins, 
including fibronectin, von Wille brand factor, fibrin, vitronectin, type I collagen, 
and thrombospondin [27]. The integrins are a complex of alpha (140000-dalton) 
and beta (95000-dalton) subunit proteins. The functions of several of the in­
tegrins are inhibited by peptides related to the Arg-Gly-Asp (RGD) sequence of 
fibronectin. RGD sequences present on a wide variety of proteins may serve as 
the recognition site for binding of the integrins. It is likely that specific ligand 
sequences adjacent to the RGD site may confer preferential recognition of one 
type of adhesion protein by certain members of the integrin family. Integrin 
proteins are thought to align adhesion proteins such as fibronectin on the cell 
surface with cytoskeletal components such as talin and actin, thus altering cell 
shape. Integrin-type proteins may play an adhesive role in platelet-tumor cell 
interactions; the binding of lymphoid cells to endothelium; and the interaction of 
circulating tumor cells with endothelial surfaces, fibrin, von Willebrand factor, 
or thrombospondin. In keeping with this concept, it has been reported that 
coinjection of tumor cells with large quantities of RGD peptides will inhibit 
metastases formation in animal models. The RGD peptides may interfere with 
the adhesion of tumor cells to the endothelial surface, which may directly or 
indirectly be mediated through integrin proteins. 

Tumor Cell Proteinases 

In vitro studies of tumor cell invasion of the extracellular matrix have shown that 
cell proliferation is not absolutely required. Invasion of the matrix is not merely 
due to passive growth pressure, but requires active biochemical mechanisms. 
Inhibitors of protein synthesis or inhibitors of proteinases block invasion of the 
matrix [4]. Many research groups have proposed that invasive tumor cells se-
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crete matrix-degrading proteinases. Collagen is an important substrate because 
it constitutes the structural scaffolding upon which the other components of the 
matrix are assembled. Tumor-derived collagenases which degrade interstitial 
collagen types I, II, and III have been characterized by a number of investiga­
tors. They are metal ion (calcium and zinc)-dependent enzymes which function 
at neutral pH. Classic collagenase produces a single cleavage in the collagen 
molecule (interstitial collagen types I, II and III), producing three-quarter- and 
quarter-size fragments (75% of the distance from the NH2 terminal). Tumor 
cells can degrade both collagenous and non collagenous components of the base­
ment membrane [4, 5, 28]. Basement membrane-specific collagen types IV and 
V are not susceptible to classic collagenase, which degrades collagen types I, II, 
and III. A separate family of collagenolytic enzymes (type IV collagenase) [4, 
28] cleave the type IV collagen chain a quarter of the distance from the NH2 
terminal. Type IV collagenases are augmented in highly metastatic tumor cells 
and in endothelial cells during angiogenesis. Antibodies prepared against type 
IV collagenase react with invading breast carcinoma cells and breast carcinoma 
lymph node metastases by immunohistology. Amplification of type IV colla­
genase production is biochemically linked to the genetic induction of metastases 
in experimental models [28]. 

Molecular Genetics of Metastasis 

It is apparent that interactions in the complicated metastatic process involve 
multiple gene products. A cascade or coordinated group of gene products ex­
pressed above a certain threshold level may be required for a tumor cell to suc­
cessfully traverse the successive steps in the metastatic process. The crucial gene 
products may regulate host immune recognition of the tumor cells, cell growth, 
attachment, proteolysis, locomotion, and differentiation. The specific family of 
gene products necessary for metastasis may be different for each histologic type 
of tumor. 

The evidence linking oncogenes to the induction or maintenance of human 
malignancies has become increasingly compelling. In the past, oncogenes have 
been linked to unrestrained tumor growth. Recently, two different types of ex­
perimental approaches [5, 28, 29] have indicated that certain classes or combina­
tions of oncogenes may playa role in the metastatic behavior of tumors. In the 
first type of experimental approach, human tumor DNA samples are surveyed 
for the level of oncogene expression, and this is correlated with disease stage. In 
the second type of approach, tumor DNA or isolated oncogenes are transfected 
into recipient cells. The transfected cells are then studied for their metastatic 
propensity. Notable examples of these two approaches are work with the HER-
21neu oncogene in human breast cancer [29] and transfection of the ras oncogene 
in rodent systems [28]. 

The HER-21neu (neu) oncogene (also termed c-erhB-2 and HER-2) encodes a 
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protein which is a member of the tyrosine kinase family, and it is related to, but 
distinct from, the epidermal growth factor (EGF) receptor gene. At the time of 
writing, the ligand for the neu oncogene-encoded receptor protein has not yet 
been identified. A significant increase in the incidence of neu gene amplification 
is noted in breast cancer patients with more than three axillary lymph nodes 
positive for metastases. Amplification of neu is also highly correlated with dis­
ease relapse (actuarial survival), as well as tumor size. Thus, even though the 
function of neu is unknown, its level of expression may provide important prog­
nostic information for breast cancer. 

Transfection of members of the ras oncogene family into suitable rodent re­
cipient cells, including diploid rat embryo fibroblasts, can induce these cells to 
progress rapidly to express the complete metastatic phenotype [5, 28]. Other 
oncogenes-including myc, src, and los-failed to induce metastases in rodent 
cells. Furthermore, when ras was transfected in combination with the adenovirus 
type 2 E1A oncogene, the recipient cells became very tumorigenic but totally 
nonmetastatic [28). Thus, some genes can suppress the ability of ras to induce 
metastases. The current working hypothesis is that induction of the metastatic 
phenotype requires at least two (and possibly more) complementary genes 
or gene products. In the correct rodent cells, one of these genes may be the 
activated form of the ras oncogene. When these genes interact in the correct 
fashion, a cascade of specific gene products which confer the metastatic pheno­
type is elaborated. 

New Strategies for Metastasis Diagnosis and Therapy 

The elucidation of the biochemical and genetic mechanisms which playa role in 
cancer metastasis (Table 1) have led to new strategies for cancer diagnosis and 
therapy. Obviously, normal host parenchymal cells do not invade and metasta­
size. Thus the biochemical changes which are expressed in the malignant phe­
notype may provide a target for strategies which are more selective for tumor 
cells compared to conventional cytotoxic agents. 

The most immediate application of these basic research findings is in the area 
of tumor diagnosis and prognosis. The clinical aggressiveness of a patient's indi­
vidual tumor could be more accurately predicted by the measurement of genes 
or gene products functionally associated with the phenotype of invasion and 
metastases. These include oncogenes such as ras, myc, neu, newly discovered 
genes which may be associated with suppression of the metastatic phenotype 
[30], and genes which encode receptors, proteinases and motility factors associ­
ated with invasion. The average levels of such metastasis markers could be mea­
sured in a sample of the patient's tumor tissue. On the other hand, antibodies or 
genetic probes for the markers could be applied to a histologic section of the 
tumor to study the tumor cell population distribution of the marker. In this 
manner the proportion of tumor cells reacting with the marker could be used as 
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an index of the aggressiveness of the tumor. Application of antibodies to 
metastasis-associated antigens by the surgical pathologist may provide increased 
accuracy in the identification of micrometastases in lymph nodes. Furthermore, 
immunohistological applications are not limited to tumor associated antigens. 
Host antigens may also be altered in the vicinity of the tumor. This is the case for 
host basement membranes which are locally fragmented or lost in the area of 
tumor cell invasion [4]. Loss of basement membrane antigens has already proved 
to be very useful for the detection of breast cancer microinvasion and in the 
grading and staging of colorectal tumors [31]. 

Some of the proteins associated with invasion and metastasis are secreted by 
the tumor cell. Examples are degradative enzymes such as type IV collagenase 
and heparanase, or hormone-like proteins such as tumor autocrine motility fac­
tors and growth factors. Following secretion by the tumor cell, the proteins 
(whole or as fragments), may accumulate in the blood or urine of the patient. 
Measurement of the level of the proteins by sensitive immunoassay procedures 
may be a means to a) detect the existance of occult metastases, b) estimate the 
body burden of metastatic disease, and c) detect local tumor recurrence. Fur­
thermore, in the case of bladder cancer, the level of the marker in the urine may 
reflect the invasive stage of the transitional cell carcinoma. 

Tumor cell proteins functionally associated with the metastatic phenotype 
may be quantitatively augmented in tumor cells composing the metastatic foci. 
Systemically administered antibodies or synthetic ligands which bind to the 
tumor cell proteins may preferentially accumulate in the metastatic foci, com­
pared to other body sites. This could be of use in the radioscintigraphic detec­
tion of clinically occult metastases. Furthermore, if the antibody or ligand is 
coupled to a toxic agent it may selectively kill the tumor cells in the metastatic 
foci. 

An increased understanding of the mechanisms of tumor cell invasion may 
lead to the development of pharmacologic agents or strategies which block 
tumor cell metastasis [32]. In theory, blocking any of the necessary steps for 
invasion listed in Table 1 could prevent tumor cell invasion and metastasis 
formation. Tumor angiogenesis may depend on mechanisms similar to cancer 
invasion, including proteolysis. Consequently an anti-invasion agent may also 
block tumor angiogenesis. Chronic systemic treatment or local administration 
with an anti-invasion agent may be clinically useful in the following settings. a) 
Preventing the transition from in situ to invasive cancer in high risk patients. b) 
Reduction of local tumor recurrence and invasion following surgical removal of 
primary tumors. c) Inhibition of metastasis formation by circulating tumor cells 
disseminated from inoperable primary tumors, metastases, or released during 
surgical manipulation of the primary tumor. 

The ultimate goal of metastasis research would be to develop strategies to 
selectively eradicate established metastases. This could be based on the targeting 
of toxic agents to the metastatic foci. However actual killing of the tumor cells in 
the metastatic foci may not be necessary to prevent the clinical outcome of 
metastatic disease. Inhibition of the growth of metastases by chronic treatment 
regimens may achieve the same end. This is a hopeful area for therapy strategies 
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since it has been found that common cellular pathways may be derranged by 
genetic events, such as increased ras expression, in such a way as to increase 
both the growth and invasion of tumor cells. An example of a common pathway 
is the inositol phosphate cascade operating through phospholipase C. This path­
way may be altered by a number of oncogenes. Agents which normalize this 
pathway in tumor cells may act to suppress both growth and invasion. 
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21. Prospects for the Development of Antineoplastic 
Therapy Based on Molecular Pathology 
I. T. Magrath 

The Genetic Basis of Neoplasia 

It is only in recent years that it has become apparent that neoplasia is frequently, 
and perhaps invariably, a consequence of somatic genetic aberrations [1-3]. The 
earliest evidence for this was provided by the demonstration of chromosomal 
abnormalities in hemopoietic neoplasms, which are more readily subjected to 
karyotypic analysis than other neoplasms [4]. With improvements in the meth­
odology of cytogenetics, neoplasms of all kinds have been shown to be associated 
with non-random chromosomal abnormalities. Cytogenetic analysis can detect, 
however, only gross structual changes in chromosomes, and the presence of 
multiple karyotypic abnormalities can sometimes obscure the primary genetic 
abnormality. In such circumstances, if the molecular consequences of the 
karyotypic abnormalities have been identified (e.g., in 14;18 translocations [5]), 
molecular analysis may increase the likelihood of detecting genetic changes. 
Knowledge of the molecular changes associated with specific cytogenetic abnor­
malities is, of course, essential to the elucidation of the functional results of the 
genetic rearrangements. Moreover, many relevant genetic changes may be suf­
ficiently subtle not to be detectable by cytogenetic analysis (e.g., mutation in a 
gene such as may occur in Wilms' tumor or retinoblastoma). This new discipline, 
molecular pathology, is likely to become of increasing value in establishing a 
diagnosis. In fact, it seems entirely appropriate that definitions of individual 
tumors should ultimately be based upon structural genetic changes or their func­
tional consequences. This is fast becoming a reality for chronic myeloid leuke­
mia and Burkitt's lymphoma, both of which are associated with chromosomal 
translocations which have been analyzed in detail, and which can be further 
subdivided according to the position of the chromosomal breakpoints, ascer­
tained by molecular biological techniques [6, 7]. 

Whereas the concept of neoplasia as a cellular disorder caused by structural 
genetic changes is useful, a further level of refinement is necessary and, once 
again, insights presently come almost exclusively from the lympho-hemato­
poietic system. Since the genetic changes must involve relevant cellular pro­
cesses, namely proliferation and/or differentiation, they must also cause a 
degree of functional change in the cell itself that minimizes or nullifies the 
normal external mechanisms of control of these vital processes (Le., growth 
and differentiation factors produced by other cells). In circumstances where 
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such mechanisms are intrinsically dysfunctional, e.g., in immunodeficiency syn­
dromes, inappropriate cellular proliferation (of specific classes of lymphoid cells 
in the example given) may occur in the absence of a genetic defect. A concep­
tually intermediate situation is that in which viral infection of a cell increases its 
proliferative potential. Technically, virus infections can cause structural genetic 
changes (in as much as integration of viral or proviral genomes into cellular 
DNA occurs) and may induced cellular proliferation. This occurs in Epstein­
Barr virus (EBV) and HTLV I infection, both of which are associated with 
benign, self-limited proliferations of lymphocytes (B and T cells respectively). 
Normally EBV infection does not cause neoplasia (although it may predispose to 
it in special circumstances), but in the presence of an impairment of the mechan­
isms responsible for the regulation of B-cell proliferation, B cells carrying EBV 
genomes may escape from control and give rise to a localized or generalized 
lymphoproliferative process which may be sufficiently severe as to cause death, 
e.g., fatal infectious mononucleosis [8]. Whether or not such cellular prolifera­
tions are considered to be truly neoplastic is a semantic debate, but there are 
important consequences of these differences in pathogenesis. For example, 
genetically normal cellular proliferation is likely to be polyclonal and can, theo­
retically, be reversed if the regulatory defect can be corrected. Neoplasia arising 
as a consequence of a genetic change, on the other hand, is almost always mono­
clonal, occasionally oligoclonal, and so far, with rare exceptions, has appeared 
to be irreversible (i.e., deletion of the neoplastic clone must be accomplished if 
cure is to be achieved). Although the mechanisms leading to cellular prolifera­
tion are very different-respectively extrinsic and intrinsic to the cell in 
question-the development of monoclonal tumors from initially polyclonal 
lymphoproliferative processes has been observed [9]. This suggests that de­
regulated, but not truly neoplastic cellular proliferation may predispose to 
the development of specific genetic abnormalities in an individual cell in the 
population, giving rise to a monoclonal neoplasm. In fact, many neoplasms 
are preceded by hyperplasia or metaplasia of the target cell population, a find­
ing consistent with this possibility. Immunoblastic lymphomas occur with 
increased frequency (as much as several hundredfold) in immunodeficiency 
syndromes (including AIDS), immunoblastic lymphadenopathy and a-heavy 
chain disease, in all of which there is lymphoid hyperplasia [10]. Environmental 
stimuli may also induce lymphoproliferation which predisposes to lymphoma. 
For example, EBV and malaria, both polyclonal B-cell activators, appear to 
increase the likelihood of Burkitt's lymphoma developing in African children 
[11]. Pre-existing hyperplasia or metaplasia, often a consequence of chronic in­
flammation, usually precedes colon cancer (superimposed upon polyps or 
ulcerative colitis), bilharzial bladder cancer, uterine cervical cancer, hepatoma, 
mouth, esophageal and possibly stomach cancers [12, 13]. 

Factors Influencing the Location of Chromosomal Breakpoints 

Although the reason for the predisposition of hyperplastic cell populations to­
wards cancer is not known, it seems probable that it is a result of an increased 
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likelihood of a genetic change occurring during DNA replication as a conse­
quence either of the increased mitotic rate or greater number of replication cycles 
of a specific cell subpopulation. The role played in pathogenesis by decreased 
genomic stability (i.e., the frequency of occurrence of cytogenetic abnormali­
ties), which appears to be a general feature of cancer cells, is unclear, although 
defective DNA repair systems appear to predispose to cancer in some circum­
stances, e.g., murine plasmacytoma and several inherited disorders in humans 
[8, 14]. To a degree, genetic changes may occur at random. However, chromo­
somal regions have been identified at which breaks are more likely to occur 
(so-called "fragile sites") and which are the sites of breakpoints in neoplastic 
cells bearing translocations or deletions much more often than is explicable on 
the basis of a totally random process [15]. It also appears that "active areas" of 
the genome, i.e., regions where transcription is occurring, are at greater risk for 
chromosomal breakage. In such areas, altered chromatin structure (i.e., an al­
teration in the location of bound histones and nonhistone proteins as well as a 
change in the "packaging" of DNA within the nuclear matrix) occurs in order 
for RNA polymerases to have access to promoter regions. This may well greatly 
increase the possibility of DNA breakage at these sites. The general relationship 
between active regions of the chromosome and fragile sites has not been def­
initively demonstrated, although for individual genes these sites are known to 
coincide. 

Cell differentiation, with consequent expression (and even rearrangement) of 
specific genes and essentially permanent suppression of others, probably in­
fluences quite markedly the likelihood of genetic changes occurring at specific 
locations in the DNA, so that particular cell lineages may be predisposed to­
wards breakpoints occurring at specific chromosomal sites. Only some of these 
genetic changes, however, will give rise to neoplastic growth, and this may well 
be the explanation for the finding of a limited number of chromosomal regions at 
which breakpoints are observed in cancer cells. These regions probably include 
genes involved in proliferation, differentiation, or cellular migration. 

Involvement of Lineage-Associated Genes 

Another factor which influences the location of chromosomal breakpoints is op­
erative in lymphoid cells, which undergo rearrangement of their antigen receptor 
genes as a part of normal differentiation, a process whereby antigen receptor 
diversity is generated. The frequency with which immunoglobulin genes are in­
volved in the specific trans locations observed in B-cell tumors [4, 11, 16] and 
T-cell antigen receptor genes in T-cell lymphoid neoplasms [17-19] is unlikely to 
be a chance phenomenon. While these genetic loci may simply be more fragile, 
due to their obligate activity, an additional potentially contributory factor is that 
during the process of antigen receptor gene recombination, the DNA molecule 
must be broken and religated. At least some translocations probably arise as a 
consequence of mistakes occurring during this process, and hence are probably 
mediated by the recombinases which normally control antigen receptor gene 
recombination. This is supported by the finding that some of the translocations 
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occurring in B-cell and T-cell neoplasms have been shown to have breakpoints in 
regions where site-specific recombinations occur during normal cell differentia­
tion, namely adjacent to the signal sequences (heptamers and nonamers sepa­
rated by 12 or 23 nucleotides) known to be necessary for normal Vl and VDl 
joining [20J. 

Oncogenes 

Another group of genes frequently (possibly invariably) involved in the 
cytogenetic aberrations associated with neoplasia are the proto-oncogenes. 
These genes are conserved throughout evolution, sometimes with a surprising 
degree of precision, and appear to be involved in essential cellular processes 
such as proliferation and differentiation [21, 22). Proto-oncogene products may 
be growth factors, growth factor and other cell surface receptors (which often 
encode a specific protein kinase activity which phosphorylates tyrosine re­
sidues), and molecules involved in the transmission (transduction) of signals 
from the cell surface to the cell nucleus. It is not surprising, therefore, that 
evidence of the "activation" of proto-oncogenes has been obtained in a variety 
of neoplasms. Activation in this context implies altered regulation, a modifica­
tion of function or increased expression of the gene compared to the normal 
counterpart cells of the neoplasm (which in many cases have not been iden­
tified). The mechanisms whereby this may be brought about are numerous, in­
cluding mutation, translocation, and amplification (Table 1). 

Table 1. Mechanisms of proto-oncogene activation in human tumors 

Mechanism 

Translocation 

Mutation 

Insertional mutagenesis 
Amplification 

Recessive mutations 

Consequence 

Structural/functional change 
and/or altered regulation 

Functional change 

Activation of transcription 
Elevated mRNA level 

Loss of function 
Lack of suppression? 

Examples 

Burkitt's lymphoma 
Chronic myeloid 

leukemia (CML) 
Bladder cancer 
Lung cancer 
Breast cancer 
Stomach cancer 
Liver cancer 
T-cell leukemia 
Lung cancer 
Breast cancer 
Neuroblastoma 
Retinoblastoma 
Osteosarcoma 
Wilms' tumor 
Bladder cancer 
Acoustic neuroma 

Oncogene 

c-myc 
c-ab/ 

H-ras 
K-ras 
N-ras 

11-2" 
mycb 
neu 
N-myc 
? 

"11-2 is not normally considered to be an oncogene, but is a growth factor. Enhanced expression in 
T-cell leukemias and lymphomas is induced by transactivating factors rather than cis activation of a 
nearby gene. This may be a premalignant rather than truly malignant lesion 
bThis includes N-myc, c-myc and L-myc 
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Chromosomal translocations in hemopoietic cells often involve a lineage spe­
cific gene (e.g., an immunoglobulin or T-cell receptor gene), or at least a gene 
which is obligately expressed in the cell lineage, and a proto-oncogene, each 
being initially on a different chromosome, but brought into proximity by the 
chromosomal translocation. The best examples of this are Burkitt's lymphoma 
and chronic myeloid leukemia [11, 23, 24]. In each case, although the mecha­
nisms differ, the translocation appears to result in the regulation of a proto­
oncogene (respectively c-mye and c-abl) as if it were a lineage-specific or associ­
ated gene (respectively an immunoglobulin gene and ber). 

In a number of neoplasms (e.g., retinoblastoma, osteosarcoma, Wilms' 
tumor, rhabdomyosarcoma, bladder carcinoma, acoustic neuroma, and possibly 
one form of acute lymphoblastic leukemia) where nullizygosity (i.e., complete 
absence) for a specific gene locus appears to be of pathogenetic significance, it 
has been suggested that the missing gene function is normally responsible for 
suppressing a second gene (presumptively a proto-oncogene). Nullizygosity or 
two mutations causing absence of function of both alleles would therefore permit 
over-expression or inappropriate expression of the second (onco-) gene [22, 25-
27]. Frequently, reduplication of the allelic chromosome which lacks the repres­
sor gene occurs, so that the loss of the normal chromosome may be masked. If 
nullizygosity or mutation in both alleles does result in the loss of repressor genes, 
there is no a priori reason to believe that the involved chromosomal region bears 
lineage-specific genes. Since, however, constitutive chromosomal abnormalities 
which predispose to neoplasia tend to be associated with neoplasms of specific 
organs (e.g., the eye or the kidney), it has been suggested that the involved 
chromosomal regions are concerned with the growth and development of the 
organ in question. While this may be so, it seems unlikely that such genes are 
relevent to only a single tissue. Patients with the familial form of retinoblastoma, 
for example, are also predisposed towards other neoplasms, particularly 
osteosarcoma [22, 28], in which identical genetic findings have been observed, 
although the latter tumor occurs at an older age. 

Significance of Molecular Pathogenesis to Therapy 

Until now, all approaches to cancer therapy have focused upon the eradication of 
neoplastic cells. Furthermore, the methods utilized in this process of eradication 
have taken no account of how the neoplasm arose. Clearly, knowledge of etiol­
ogy and pathogenesis can lead to the development of preventive measures, e.g., 
avoidance of tobacco-perhaps the greatest single environmental cause of can­
cer in the world. It is less obvious how a knowledge of etiology and pathogenesis 
can lead to new approaches to therapy. Nonetheless, knowledge of the molecu­
lar mechanisms of oncogenesis is likely to provide otherwise inaccessible insights 
into potential approaches to overcoming the effects of the genetic abnormality, 
or to provide a target for therapeutic measures. It is worth nothing that the 
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presence of the genetic abnormality in the neoplastic cells confers a unique 
characteristic upon them. As such, this could be the key to the development of 
highly specific therapy. 

At the present time the enormous potential of approaches aimed at the 
biochemical abnormalities of cancer cells cannot be realized. Much more in­
formation needs to be obtained regarding the mechanisms and regulation of 
normal cellular differentiation and proliferation and the nature of the abnor­
malities of these process in cancer cells. Yet it seems inevitable that future 
approaches to cancer treatment will be derived more and more from a knowl­
edge of pathogenetic mechanisms, i.e., the disorders of oncogene expression 
associated with specific types of cancer. It is therefore worth considering, albeit 
of necessity from an inadequate vantage point, what kinds of new approaches to 
cancer treatment can be contemplated at the present time or in the future, utiliz­
ing available information regarding the molecular pathogenesis of neoplasia. 

The Possibility of Reversal of the Malignant Phenotype 

The concept of correcting or bypassing a cellular abnormality resulting from a 
somatic genetic change is not new. Inherited enzyme deficiencies have been cor­
rected by supplying the errant molecule (e.g., adenosine deaminase by blood 
transfusion), and congenital immunodeficiencies and enzyme deficiencies have 
been effectively treated by allogeneic bone marrow transplantation, thereby pro­
viding a new population of potentially immunocompetent stem cells or enzyme­
replete hemopoietic cells. However, the replacement of a missing molecule or 
cell type is a similar and more readily accomplished objective than the restora­
tion of an extremely complex intracellular biochemical equilibrium, disturbed 
because of enhanced or reduced function of one or more of the elements of the 
balance. The probability that neoplasia is the consequence of not one, but sev­
eral genetic derangements, i.e., that progression from a normal to a highly inva­
sive neoplastic cell takes place in a series of steps, possibly involving different 
pathways, renders the concept of phenotypic reversal the more daunting. It may 
not be necessary, however, to correct multiple abnormalities. The possibility 
exists that one or more of the most crucial changes, such as indefinite prolifera­
tion or metastatic potential, can be nullified or bypassed, such that the cell, 
though possibly not totally normal, is no longer neoplastic. In fact, this objective 
appears to have been accomplished in vitro already, albeit temporarily, in cells 
expressing mutated ras oncogenes [29, 30]. 

For the purposes of discussion, it is helpful to consider potential intervention 
measures at two levels. The first level involves a general approach in which an 
attempt is made to circumvent abnormalities of differentiation and/or prolifera­
tion (under one or both of which headings, it would appear, all neoplasms must 
fall) and metastasis. The second level includes direct intervention with respect to 
the abnormal functioning of specific oncogenes. 
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Nonspecific Therapeutic Approaches Directed Towards 
Molecular Abnormalities 

The two quintessential characteristics of malignant neoplasia are abnormal accu­
mulation of a specific cell type and invasiveness-i.e., the spread and subse­
quent proliferation of the neoplastic cells in locations where normal cell counter­
parts of the neoplastic cell are not found (e.g., secondary brain metastases). 
Most hemopoietic neoplasms must be thought of in a somewhat different light, 
since leukocytes, by virtue of their normal functions, naturally migrate to practi­
cally all parts of the body. Therefore, in the context of the hemopoietic system, 
the characteristic of "invasiveness" is not necessarily peculiar to the neoplastic 
state. Abnormal accumulation alone may be sufficient to account for the clinical 
manifestations of leukemias and lymphomas, although the tendency to form 
solid masses, as opposed to a diffusely infiltrating process, and, possibly, in­
volvement of the meninges, may be the consequences of subtle genetic variations 
in the neoplastic cells. The development of the attribute of "invasiveness" in 
solid tumors is probably, at least in some cancers, the result of tumor progres­
sion, i.e., the accumulation of additional genetic abnormalities beyond those 
which are essential to the growth of the tumor locally. 

These characteristics-proliferation and invasion-are not totally aberrant 
forms of cell behavior, but simply misplaced; immature cells, for example, 
manifest both characteristics (tissue migration is an essential component of 
embryogenesis), and the special case of hematopoietic cells has already been 
mentioned. Many other cell types undergo continuous self-renewal throughout 
the life of the organism. In most circumstances, however, proliferation is incom­
patible with terminal differentiation, so that tumor cells, or at least the prolifer­
ating cells within the tumor, remain in a less differentiated state. It is clear even 
from a consideration of purely morphological characteristics-and more so 
when phenotype is also examined biochemically or immunologically-that many 
neoplasms, particularly those of children, manifest the characteristics of imma­
ture ore precursor cells, e.g., embryonal rhabdomyosarcoma, pre-B-cell and im­
mature T-cell leukemias and lymphomas, neuroblastoma, medulloblastoma, etc. 
In neoplastic cells, the regulation of the processes of proliferation, differentia­
tion, and invasion is defective with respect to their counterpart cells in their 
normal tissue environment. Theoretically, the same genetic change in a cell could 
sometimes result in neoplastic behavior in one environment, and normal or only 
slightly abnormal behavior in another. Mouse teratocarcinoma cells implanted 
into a blastocyst, for example, can differentiate quite normally [31]. This, 
coupled to the observation that neoplastic cells can be induced to differentiate 
in vitro [32-34] provides grounds for optimism that it may prove possible to 
reverse, by biochemical means, the basic attributes of neoplastic cells. The 
reversal of a block to differentiation, the inhibition of unbounded prolifera­
tion, and the prevention of metastases represent treatment strategies which 
are not conceptually new, but have only recently become realistic beyond an 
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empirical level because of new knowledge of the biochemistry of these pro­
cesses. 

Correction of a Differentiation Defect 

New information has become available which indicates that some chemother­
apeutic agents may induce differentiation. Ara-C(Cytarabine), anthracyclines, 
and numerous other compounds, discussed elsewhere in this book, have been 
shown to have potent differentiation-inducing properties in vitro [32-34]. Fur­
ther, a number of factors produced by normal cells have been identified to be 
potent inducers of differentiation, particularly in hemopoietic cells. These in­
clude various "colony stimulating" factors, identified through in vitro marrow 
culture systems, interferons (e.g., y-interferon) and B-cell differentiation­
inducing factor [35, 36]. The induction of differentiation as a therapeutic mani­
pulation therefore holds promise [34], and although empirical attempts to 
induce differentiation may be successful, such an approach is more likely to 
succeed when the precise defect in differentiation is known. It is possible that 
the abnormal maintenance of a proliferative state may inhibit differentiation. 
The c-myc gene, for example, which is necessary for proliferation in most cell 
types appears to inhibit the differentiation of Friend erythroleukemia [37]. 
Other possible causes of differentiation failure include lack of one or more 
differentiation factors (an unlikely event unless the normal counterpart cell 
produces its own differentiation factor, which the tumor cell fails to do), lack of 
differentiation factor receptors, a defect in signal transduction from the receptor 
to the cell nucleus, and altered expression of genes which are responsible for 
confering the differentiated phenotype on a cell. These various defects could 
theoretically be replaced by provision of a missing or defective molecule (e.g., 
by synthesis through recombinant DNA technology), by production of a drug 
(e.g., a peptide with similar effects on the cell to the missing factor), by means 
of a monoclonal antibody which binds to and activates the differentiation factor 
receptor, or even by the raising of an anti-idiotypic antibody against a mono­
clonal antibody specific for the growth factor. Such anti-idiotypic molecules re­
semble the structure of the original antigen and may have functional properties 
[38,39]. Where the defect lies in the cell itself (e.g., in a receptor or transducing 
molecule), replacement is a more formidable problem, and a more practicable 
approach would be to bypass the need for such molecules by means of appropri­
ate drugs capable of interacting within the cell at a step in the biochemical path­
way beyond that at which the defect lies, e.g., with protein kinase C. Differentia­
tion in some in vitro systems is believed to be induced by phorbol esters by this 
route [40], although phorbol esters could not be used clinically because of their 
tumor-promoting activity. A more exotic approach might be to consider the use 
of recombinant molecules which mimic activated differentiation factor recep­
tors. This is similar in concept to the causation of neoplastic proliferation by 
molecules such as the erb-B oncogene, which is a truncated epidermal growth 
factor receptor (EGFR) lacking the ligand binding region and probably repre-
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sents a permanently activated growth factor receptor [41]. A potential difficulty, 
but not necessarily an insurmountable problem with such an approach would be 
the need to ensure intracellular penetration. 

In spite of the potential problems associated with the use of differentiation­
inducing agents, a number of attempts to induce differentiation in human 
tumors-mostly leukemias-have been made. Retinoids, for example, have in­
duced remission in patients with acute promyelocytic leukemia, and reports of 
low-dose Ara-C inducing remission in acute myeloid leukemia or pre-leukemia 
have been published [42]. One difficulty with interpreting these results is the 
inability to determine whether remission was truly induced by virtue of dif­
ferentiation induction, or whether some other mechanism led to the destruction 
of neoplastic cells [43]. However, in view of its potential importance, the induc­
tion of differentiation in neoplastic cells as a therapeutic modality is discussed 
further by Glazer (this volume). 

Prevention of Neoplastic Proliferation 

Another approach to the correction of neoplastic behavior is to directly in­
fluence the ability of the cell to proliferate. Inhibition of proliferation is one 
objective of a number of empirical clinical trials currently underway and dis­
cussed elsewhere in this book, listed generally under the title of "biological 
response modification." Such approaches utilize "cytokines" such as interferons 
and tumor necrosis factor which may inhibit growth or even cause cell death. In 
general, however, the use of cytokines is not directed towards recognized cellu­
lar pathology relevant to oncogenesis. The possible strategies which could be 
employed, other than the use of cytokines, are very similar to those discussed in 
the context of differentiation induction, since proliferation similarly involves the 
binding of growth factors to surface receptors followed by activation and signal 
transduction to the cell nucleus (Fig. 1). The fact that different tissues appear to 
utilize at least some factors and receptors specific to the tissue may permit the 
achievement of selectivity. Antibodies directed towards a growth factor or its 
receptor (with the goal of using such antibodies to prevent binding of the growth 
factor to its receptor) can be either highly nonspecific, e.g., via transferrin 
receptor-specific antibodies [44] or much more specific, as in the use of 
bombesin-specific antibodies in small-cell lung cancer [45]. Perhaps the most 
specific approaches which can be envisaged are those directed towards 
oncogenes relevent to proliferation which have been activated in specific cancers 
(see below). 

Prevention of Metastasis 

The complex process whereby a malignant cell spreads from its original location 
is discussed in detail by Liotta et al. (this volume). Knowledge of the biochemis­
try of this process permits the consideration of several approaches directed to-
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Fig. 1. a Schematic depiction of the proliferation receptor cascade. For a resting cell to enter a 
proliferative phase (i.e., pass from GO to G1 and S phase), a sequence of events (1 through 8) is 
necessary. The binding of ligand A to its receptor (A R ) results in the expression of a new receptor 
BR , to which ligand B will bind, stimulating the expression of receptor CR' In this illustration, the 
binding of ligand C to CR is the final initiating event for passage from GO to Gl. In normal T­
lymphocytes, for example, antigen binding to the antigen receptor complex triggers the expression of 
a series of activation antigens, including interleukin-2 receptor. Interleukin-2 binding in turn stimu­
lates the expression of other receptors, including that for transferrin, with the ultimate consequence 
being cellular proliferation. Similar cascades have been described in other cell types, including B-
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wards the specific pathways involved, including the prevention of the binding of 
tumor cells to basement membrance or impairment of their ability to lyse inter­
cellular matrix. The relationship of amplification of the HER-21neu oncogene to 
axillary lymph node metastasis in human breast cancer, and ras oncogenes to the 
development of the metastatic phenotype in rodent cells, provides optimism that 
in the future it may be possible to direct antimetastatic therapy towards specific 
cancers. The HER-21neu gene is a member of the tyrosine kinase family which 
includes a number of cell surface receptors, raising the possibility that inhibition 
of tyrosine kinase activity may, in some tumors, impair metastatic potential. It 
will clearly be critically important to elucidate the precise actions of this gene in 
breast cancer cells if more specific therapy is to be employed. Therapy targeted 
towards the ras family of oncogenes is discussed below. 

The prevention of metastases could have a therapeutic role in localised 
tumors or tumors with limited spread; it would justify exhaustive efforts to deal 
with all known sites of disease by local measures and could limit the appearance 
of subsequent metastases to those already present subclinically. 

Therapeutic Approaches Directed Against Specific Oncogenes 

It seems highly probable, as information accumulates regarding the specific ac­
tions of oncogene products and the precise disorders of oncogene expression 
associated with various types of cancer, that therapeutic measures directed to­
wards individual oncogenes or their products may become a reality (Table 2). At 
the present time it is not possible to envision in any detail the form that such 
future therapeutic interventions will take, nor whether they can provide primary 
treatment or will be ancillary to other treatment approaches. In some cases it 
is not even certain that the observed changes in oncogenes are of primary 
pathogenetic importance [45]. However, it is difficult to escape the conclusion 
that altered oncogene expression is of primary importance in some tumors (e.g., 
Burkitt's lymphoma, chronic myeloid leukemia), and for the purposes of this 

lymphocytes. b Schematic depiction of one of several possible sequences of events which result from 
binding of a ligand to a receptor, and probable roles of some oncogenes. Ligand binding permits a 
G protein to bind transiently to the receptor, and thus itself be activated by binding guanosine tri­
phosphate. Activation of phospholipase C generates inositol triphosphate and diacyglycerol from 
phosphatidylinositol-4,5-biphosphate. Inositol triphosphate leads to the release of intracellularly 
stored calcium ions, while diacylglycerol activates protein kinase C. Calcium ions may also directly 
activated protein kinase C. The latter may have, as at least one of its functions, the alteration of 
Na+/H+ exchange, causing an increase in intracellular pH. Several of these pathways can lead to 
c-myc and c-fos expression, as can direct stimulation of protein kinase C by phorbol esters, vasopres­
sin etc. Platelet-derived growth factor seems also to activate c-myc expression by a pathway other 
than that involving diacylglycerol and protein kinase C. Interferons, transforming growth factor f3 
(TGFf3), and tumor necrosis factor (TNF) provide negative regulation of c-myc. c-myc and c-fos 
expression is necessary for the proliferation of most somatic cells. 
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Table 2. Some potential therapeutic measures directed against oncogenes 

Reduction of Transcription 
Use of drugs or cloned, biologically produced molecules (BRMs) 
Induction of differentiation or impairment of proliferation 

Reversal of amplification 
Removal of factors selecting for amplification 
Use of drugs or BRMs which impair transcription from amplified genes or reverse the process of 
amplification 

Inhibition of translation 
Use of antisense oligonucleotides 

Inhibition of function of oncogene products 
Monoclonal antibodies directed towards specific proteins, including abnormal protein products 
Development of drugs designed to inhibit GTP binding to ras proteins 
Development of anti-tyrosine kinases 

Bypass or inhibition of a deranged cellular function 
Induction of differentiation by drugs or BRMs 
Blockade of growth factor receptors by drugs or monoclonal antibodies 
Use of monoclonal antibodies against growth factors to inhibit binding to receptor 

Gene therapy (?) 
Insertion of appropriate surface receptors (for growth inhibitory or differentiation factors) into 
tumor cells 
Continuous production of antisense oligonucleotides 
Insertion of negative regulator of proliferation or specific oncogene expression into tumor cells 

discussion, it will be assumed that all modifications in oncogene structure, ex­
pression, or function are of pathogenetic significance. Although there is much to 
be learnt, enough information is already available to begin to define at least the 
general stratagems which might be considered in the future. 

As listed in Table 1, several different mechanisms have been identified where­
by proto-oncogenes become "activated." Where activation involves sequence 
alterations in the proto-oncogene leading to an altered gene product, it is dif­
ficult to envisage how, short of genetic repair by homologous recombination (see 
below), such a process could be reversed-not simply in one cell, but in all the 
cells of a neoplasm. In such circumstances, the oncogene function may need to 
be blocked, bypassed, or counteracted. On the other hand, increased expression 
of a normal gene product-in some cases consequent upon gene amplification, 
as occurs in small-cell carcinoma of the lung, squamous carcinoma, some 
gliomas, and neural tumors, including retinoblastoma and neuroblastomas [47-
49]-may prove, in some cases, to be a reversible phenomenon. 

Therapeutic Approaches Directed Towards Amplified Oncogenes 

Amplification of chromosomal domains occurs during the life cycles of many 
different organisms [50] but is rare in mammalian cells, although it may be rel-
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evant to the evolution of gene families, i.e., genes which are structurally related 
and appear to have evolved from a single parent gene, presumably by a process 
of duplication. Examples include the hemoglobins and the immunoglobulin 
supergene family, encompassing a large number of surface receptors on both T­
and B-Iymphocytes [51-54]. Some genes, e.g., ribosomal RNA genes, are pres­
ent in multiple copies in the genome. Gene amplification was first observed in 
mammalian cells which acquired resistance to methotrexate, by amplification of 
the enzyme dihydrofolate reductase (DHFR) [55]. It appears that in the case of 
drug resistance, increased transcription precedes gene amplification, and that 
the degree of amplification and the associated increases in transcription are 
dependent upon the degree of selective pressure to which the cell is exposed 
(see Fojo, this volume). Amplification may, however, be reversed once the 
selective pressure is removed. 

The presence of amplified chromosomal regions encompassing oncogenes in a 
variety of tumors is likely to have etiological significance in some cases, but may 
also be associated with tumor progression, as appears to be the case with am­
plification of HER-21neu in breast cancer [47]. Similarly, in neuroblastoma, 
amplification correlates with clinical stage and prognosis and is absent in most 
patients with early-stage disease [49]. It will be important to determine in more 
detail the similarities and differences between, for example, amplification of the 
DHFR gene in methotrexate resistance or the multi-drug resistance (MDR) gene 
in pleiotropic drug resistance and amplification of the N-myc oncogene in 
neuroblastoma or small-cell lung carcinoma. Is there some kind of demonstrable 
selective pressure in vivo in the latter case? There would appear to be so, since 
the degree of amplification is stable in multiple tumors in the same patient [56]. 
Alternatively, might it prove possible, once more is known of the mechanism of 
amplification, to chemically reverse the process, or alternatively to reduce trans­
cription specifically from genes in an amplified chromosomal region? If the 
methods developed were specific for newly amplified genes, they would presum­
ably be essentially specific for the tumor cells, because the rapidity and degree of 
amplification of localized regions of the genome appear to be attributes of tumor 
cells rather than normal cells [57]. 

Reduction of the expression of amplified genes is a realistic possibility since it 
has been shown that in neuroblastoma cell lines bearing amplified N-myc genes, 
levels of N-myc messenger RNA are markedly reduced by the induction of dif­
ferentiation with retinoic acid [58]. A similar observation has been made in the 
case of the HL60 pro myelocytic leukemia cell line, in which an amplified c-myc 
gene is shut off when differentiation is induced [59]. Whether a reduction in the 
expression of amplified oncogenes in cancer cells, even if it could be readily 
achieved in vivo, would result in a reversion to a nonmalignant state, or perhaps 
to a less invasive one, must await the results of further experimental observa­
tions. It is of interest, however, as demonstrated in the experiments described 
above, that amplified genes appear to retain at least some responses to normal 
regulatory signals. This could prove to be a disadvantage from the perspective of 
developing specificity to the regulation of oncogenes involved in cancer. 

In the case of other oncogenes, a broad variety of mechanisms, frequently 
involving structural changes, are involved in the altered expression or function 
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of these genes. This provides the potential to develop therapeutic methods speci­
fically targeted towards these structural abnormalities. At present, detailed in­
formation regarding the molecular abnormalities involving specific oncogenes is 
available for only a small number of tumors. These neoplasms will hopefully 
provide paradigms for the ultimate development of similar approaches in other 
tumors. 

Therapeutic Approaches Directed Towards the Molecular Abnormalities 
in Burkitt's Lymphoma 

Burkitt's lymphoma provides a good example of a neoplasm in which an essen­
tial component of pathogenesis is believed to be altered regulation of a proto­
oncogene, in this case c-myc. In Burkitt's lymphoma cells the c-myc allele on the 
normal chromosome 8 is not expressed (except to a limited degree in a small 
number of exceptional Burkitt's lymphoma cell lines), but the translocations 
which occur in this disease result in the gene involved in the translocation being 
juxtaposed to an immunoglobulin-constant region (Fig. 2) and inappropriately 
expressed [7]. The breakpoint on chromosome 8 varies considerably and may be 
some distance upstream of c-myc or actually within the gene itself, although 
never within the protein coding region for the major gene product (the second 
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Fig. 2. Schematic depiction of the common feature of the chromosomal translocations in Burkitt's 
lymphoma. d8 represents the derivative chromosome 8 in 2;8 and 8;22 translocations (the less com­
mon "variant" translocations), in which c-myc remains on chromosome 8 while light-chain im­
munoglobulin constant region sequences are translocated distal (3') to c-myc from chromosomes 2 
(K) or 22 (A). Note that the c-myc and translocated immunoglobulin region genes are in the same 
transcriptional orientation. d14 represents the derivative chromosome 14 in 8;14 (the most common) 
translocations. Here the c-myc gene is translocated from chromosome 8 to a location distal (3') to the 
heavy chain immunoglobulin sequences which remain on the chromosome (a part of the immunoglo­
bulin heavy-chain sequence is reciprocally translocated to the distal end of chromosome 8) 
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Fig. 3. Schematic representation of the c·myc gene in Burkitt's lymphoma. The exons (i.e., se­
quence regions represented in cytoplasmic mRNA) of the gene are shown as rectangles, intervening 
sequences as horizontal lines. The second and third exons are shaded black. Lettered arrows indicate 
target sequences for restriction endonucleoses (E = ECoRI, H = HindUI, P = PvuU). a shows the 
regions of the gene or its 5' flanking sequences in which breakpoints occur predominantly in Burkitt's 
tumor in North America; b shows the region upstream of the gene in which the breakpoints occur 
predominantly in African Burkitt's lymphoma, and the nucleotide sequence abnormalities within 
the first exon which frequently result in failure of the restriction enzyme Pvull to cut at its target 
sequence in the first exon. The 5' flanking region of the gene, and its first exon are believed to be 
involved in regulation of expression of c-myc 

and third exons), which is nearly always normal. When the breakpoint is outside 
the gene there are mutations in the first exon, a region believed to be involved in 
the regulation of the gene (Fig. 3). It seems probable that these genetic changes 
result in the gene's being regulated as if it were an immunoglobulin gene, and 
highly expressed in a cell type in which it should be expressed to a limited extent 
or not at all. Since c-myc is believed to be involved in the proliferation of somatic 
cells, it is not difficult to envisage how inappropriate expression of c-myc can 
result in or be an integral component of neoplasia. Moreover, if this is the case, 
inhibition of the expression of c-myc in Burkitt's lymphoma could well cause 
reversion to a nonneoplastic state. 

It might be presumed that the abnormal c-myc is constitutively expressed and 
cannot be down-regulated in Burkitt's lymphoma. However, it has been shown 
that treatment of Daudi cells with various interferons inhibits c-myc expression 
by reducing the half life of c-myc messenger RNA [60]. In addition, in somatic 
cell hybrids between some Burkitt's lymphoma cell lines (but not others) and 
EBV transformed lymphoblastoid cell lines of normal origin, the translocated 
c-myc gene is not expressed even though the Burkitt's lymphoma cell immuno-
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globulin genes are expressed [61]. Thus, control of the expression of the abnormal 
c-mye gene in Burkitt's lymphoma is possible and must ultimately have a bioche­
mical basis. Moreover, since in some of the somatic cell hybrids mentioned, the 
normal c-mye allele is expressed, whereas the abnormal c-mye gene (of Burkitt's 
origin) is suppressed, it ought to be possible, once the regulatory mechanisms 
have been elucidated, to develop a means of specifically influencing the regula­
tion of the expression of the altered c-mye gene in Burkitt's lymphoma without 
affecting the c-mye gene of normal cells. 

Therapeutic Approaches Directed Towards the Molecular Abnormalities 
of Chronic Myeloid Leukemia (CML) 

The 9;22 chromosomal translocation of CML results in the juxtaposition of most 
of the exons of the c-abl oncogene with the ber gene such that a hybrid transcript 
initiated at the normal promoter of ber is produced (Fig. 4). This provides poten­
tial opportunities for cancer treatment. Although the function of the ber gene is 
not known, the altered c-abl gene in CML is regulated exactly as though it were 
the ber gene. Moreover, its tyrosine kinase activity appears to have been acti­
vated by the structural alterations. Potential therapeutic approaches in CML 
based on a knowledge of molecular pathology would thus include modification 
of the transcription of ber, inhibition of the translation of the hybrid berlabl 
protein, inhibition of tyrosine kinase activity, or the development of drugs which 
bind specifically with the fusion protein present in CML, but not with the normal 
gene product. 

Antisense Regulation of Translation 

The role of antisense (anticodon) nucleotide sequences, which prevent transla­
tion by binding to complementary regions of RNA messages, is worthy of con­
sideration as a potential cancer therapy. This method of gene regulation is used 
in some bacteria, e.g., to regulate plasmid replication [62], and has been shown 
to be feasible as a means of altering gene expression in a number of mammalian, 
including human systems [62-64]. Small oligonucleotides which are readily 
synthesized can enter viable cells, but relatively inefficiently. Methods of 
enhancing cell entry will need to be devised if total abrogation of oncogene 
expression is to be achieved. Liposome encapsulation is one method under ex­
ploration. It might also prove possible to couple antisense oligomers to other 
molecules to increase cell penetration and prevent degradation. Such molecules 
could also, if appropriately selected, confer a degree of specificity on the system 
(e.g., the use of molecules, such as monoclonal antibodies, which bind only to B 
cells). Another approach to increasing the specificity of antisense oligomers is to 
synthesize them against sequences present only in the transcripts of structurally 
altered oncogenes. This should be possible for a subset of Burkitt's lymphomas 
and for the abnormal berlabl fusion gene resulting from the 9;22 translocation of 
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Fig. 4. A Schematic representation of the c-abl gene, normally situated on chromosome 9. The 
vertical interrupted line indicates the most 3' limit of the breakpoint within the gene. The breakpoint 
may be anywhere within the first intron, or even within the first exon, without a change in the 
fusion-gene product since 3' first exon and first intron sequences will be spliced out in the mature 
messenger RNA. B Part of the gene in the 'ber' region on chromosome 22. Breaks occur within the 
limited region bounded by the interrupted lines. C Breakpoint region on the derivative chromosome 
22 resulting from the 9;22 translocation. Note creation of a ber/abl fusion gene. D The chimeric 
messenger RNA species resulting from transcription of the bcrlabl fusion gene. E The chimeric 
protein, which has tyrosine kinase activity, resulting from the translocation 

chronic myeloid leukemia. Another problem to be surmounted with antisense 
therapy is that continuous exposure to antisense is necessary if translation is to 
be persistently impaired. Since RNA synthesis is not impaired, a single dose of 
antisense will ultimately be overwhelmed. This could possibly be overcome by 
inserting antisense sequences into tumor cells by means of a retrovirus vector 
(see below). 

Even if therapy with antisense oligomers proves to be impractical, these 
molecules provide a powerful tool with which to dissect the role of any given 
gene product in the genesis of neoplasia. Reversion of the neoplastic phenotype 
with antisense oligomers, even if only accomplished in vitro, would also serve to 
emphasize the principle that the pathogenetically relevant genetic abnormality 
of the neoplastic cell is both the cause of the cancer and the potential Achilles 
heel that could lead to the development of truly specific anticancer therapy. 
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Therapeutic Approaches Directed Towards Mutated ras Genes 

In Burkitt's lymphoma, and a number of other tumors in which abnormal 
oncogene expression has been pathogenetically implicated, the gene product is 
believed to be normal. In other cancers this is not so. Mutated ras genes, capable 
of transforming fibroblasts in vitro, for example, have been detected in a cell line 
derived from bladder cancer, although their pathogenetic role in this tumor is 
unclear [65], while the abl gene is structurally altered and expressed as a hybrid 
protein in chronic myelocytic leukemia [23]. The ras oncogenes bear a single 
mutation, generally at residue 12 or 61, which confers different properties upon 
their protein product (p21), such as reduced inactivation of bound guanosine 
triphosphatase GTP [65, 66]. This is believed to result in a heightened or more 
persistent state of activity and leads to the ability of mutated ras genes to trans­
form cell lines in tissue culture [66, 67]. In the case of both CML and tumors 
associated with mutated ras genes it should be possible to develop antibodies 
which bind specifically to the abnormal proteins. If such antibodies were to bind 
to "active regions" of the oncogene product, they could result in reduction of the 
functional properties of the activated protein. In the case of the activated H-ras 
gene, the potential value of this approach has already been demonstrated by 
reversal of the transformed phenotype in 3T3 cells by direct microinjection of 
p21-specific antibody into transformed cells [29]. 

Many problems must be overcome before such approaches are likely to be 
successful in human cancer. Firstly, where the target gene product is not ex­
pressed at the cell surface the antibody must enter the tumor cell. When the 
oncogene product is a membrane protein, the exposed portion must differ from 
the normal counterpart protein if tumor specificity is to be achieved. Further, 
continuous exposure of the tumor cells to the antibody would presumably be 
necessary, since new protein is being continuously made. Some of these formid­
able difficulties may ultimately be surmounted. Entry into the cell, for example, 
could theoretically be accomplished by linkage to another molecule (possibly 
another antibody molecule) which will bind to a surface receptor and be inter­
nalized, although this in itself contains its own set of problems: the fate of the 
antibody depends upon the intracytoplasmic path of ligand/receptor complexes. 
Intracellular penetration of all cells depends upon many factors including the 
variability of expression of the chosen surface target molecule. Finally, the prob­
lems common to all therapeutic attempts using monoclonal antibody therapy 
apply (see Byers Baldwin, this volume). There is, however, one potential advan­
tage to the use of antibodies directed towards oncogene products rather than 
immunotoxins or radionuclide-coupled antibodies directed towards other anti­
gens. Since the target (if properly selected) is one of the abnormalities, perhaps 
the quintessential abnormality, responsible for the neoplastic state, the cell is 
not able to modulate (reduce) expression of the antigen, and thereby escape 
from the effect of antibody therapy. 

An alternative and possibly more promising approach to the use of monoclo­
nal antibodies is to alter the function of the oncogene product by means of anti­
oncogene drugs. For example, there is good evidence that the ras products (p21) 
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are activated when bound to GTP [67, 68]. It might prove possible to synthesize 
GTP analogues which bind avidly to the protein but do not activate it. Alterna­
tively, synthetic polypeptides could be developed which bind to p21 at its sub­
strate acceptor site. This is likely to become a realistic possibility when the sub­
strate(s) of p21 are identified. The effect of such drugs on normal cells cannot be 
predicted, but if tumor cells have an excess of p21 activity they may be preferen­
tially affected. Further, drugs which bind more readily to the mutated p21 of 
cancer cells than to normal p21 may be developed to enhance the tumor selectiv­
ity still further. Some compounds which affect the function of G proteins (inhibi­
tors and stimulators of adenyl cyclase and probably other intracellular second 
messenger systems) to which the ras genes are structurally related [69, 70] are 
already known (e.g., pertussis and cholera toxins) and could provide a basis for 
the development of such drugs [71]. 

It can be seen, using the ras genes as an example, that the identification of 
abnormal oncogene products can lead to new treatment approaches, one of the 
more promising of which is the development of drugs specific for structurally 
altered oncogene products. Naturally, a prerequisite for the success of this 
approach is that the identified abnormality must be of major pathogenetic im­
portance, although in the case of the ras and HER-21neu genes, and others yet to 
be identified, reversal of some of the consequences of tumor progression such as 
metastatic potential may also prove to be possible. Oncogene-directed therapy 
may thus have an alternative role as adjunctive, rather than primary therapy. 

Therapeutic Approaches Directed Towards Tyrosine Kinase Activity 

As shown in Fig. 1, molecular abnormalities in cancer frequently involve the 
cascade of events which result in cell proliferation. It appears that the specificity 
of the signal to proliferate resides in the ligand-binding portion of the relevant 
cell surface receptors, which will bind only the appropriate ligands. A number 
of cell surface receptors, however, (e.g., insulin receptor, epidermal growth fac­
tor receptor, and platelet-derived growth factor receptor) possess a common 
region in the intracytoplasmic portion of the molecule which contains a particu­
lar protein kinase activity capable of phosphorylating tyrosine residues [72-74]. 
The tyrosine kinase moiety is activated when the appropriate ligand binds to the 
extracellular portion of the receptor molecule and results in autophosphoryla­
tion of the receptor molecule itself and phosphorylation of other protein sub­
strates, including, in the case of epidermal growth factor receptor, ras pro­
teins, with resultant stimulation of guanine nucleotide binding [73]. Whether 
different receptors phosphorylate different proteins or whether this part of the 
pathway is "common" to several different receptors remains unknown. Protein 
phosphorylation, however (of tyrosine, serine, or threonine), is a critically im­
portant means by which enzyme reactions are regulated, and tyrosine phos­
phorylation, in particular, appears to be an integral component of one pathway 
whereby signals are transduced from the exterior of the cell to the nucleus. 
Perhaps not surprisingly, with so essential a cellular function, a number of 
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oncogenes have been shown to encode molecules which contain a tyrosine 
kinase activity and some, e.g., c-abl, have been implicated in human neoplasia 
[22, 74]. There is also evidence that there is an increased level of src-specific 
tyrosine kinase activity in a number of human tumors. Thus, enhanced tyrosine 
phosphorylation may be an important feature of several human neoplasms and 
represents a potential biochemical target for therapeutic approaches. 

In principle, such approaches would be similar to those discussed in the sec­
tion on ras genes. The tyrosine kinase portion of normal growth factor receptors 
and oncogenes is remarkably similar at a structural level and it has proved possi­
ble to develop antibodies specifically directed towards the tyrosine kinase region 
of several different molecules [75], and to synthesize peptides or tyrosine ana­
logues which inhibit tyrosine kinase activity (see also Glazer, this volume) [76]. 
The inhibition of tyrosine phosphorylation is likely to be more specific for tumor 
cells if differences in the substrates phosphorylated in tumor cells and in normal 
cells could be found; an area where, at present, little information exists. 
Nonetheless, the development of molecules (e.g., synthetic peptides) able to 
specifically prevent phosphorylation of the substrates for tyrosine kinase in spe­
cific neoplasms provides an attractive goal for experimental therapeutics. 

Potential Role of Gene Therapy in Cancer 

The possibility of incorporating drug-resistance genes into normal bone marrow 
cells in order to permit the administration of higher doses of myelosupressive 
agents has been briefly mentioned elsewhere in this book. In this section, the 
theoretical possibility of using gene therapy the genetic abnormalities present in 
cancer cells directed toward themselves will be discussed. 

In any form of gene-therapy a number of problems, some of which at this time 
appear to be insurmountable, must be overcome. These include (a) the isolation 
(cloning) of the chosen gene or genes in functional form-a relatively straight 
forward matter today; (b) the introduction of the gene(s) into the tumor cell-a 
much more difficult problem, particularly since entry into all tumor cells (or at 
least all clonogenic cells) must be effected; (c) the introduction of the gene, if 
necessary, into a specific chromosomal location; (d) ensuring that the gene is 
expressed at an appropriate level; and (e) the provision for amelioration of the 
possible harmful effects of entry of the gene(s) into normal cells (which could 
include the induction of a second malignancy). Perhaps the most difficult prob­
lem of all, however, is the development of sufficient knowledge of the cellular 
derangements leading to neoplasia in any given tumor to permit the design of a 
therapeutic approach utilizing gene therapy. At most, we can consider here 
some potential stratagems based on our current, rather limited knowledge of 
pathogenetic mechanisms, and then explore the practical possibilities and major 
problems which must be surmounted if gene therapy of neoplasia is to become a 
realistic proposition. 

One reason for believing that gene therapy is at least a potentially effective 
approach is the very close resemblance of neoplastic cells to their normal coun-
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terparts in tumors where the normal counterpart cells are known. This suggests 
that neoplasia is the consequence of a limited number of genetic changes, the 
reversal of anyone of which may be sufficient to partially or completely reverse 
the malignant phenotype. Since in all known biological systems there are both 
positive and negative regulators, overexpression of a particular cellular function 
ought to be reversible either by direct inhibition of the relevant overexpressed 
gene(s) (at the transcriptional, post-transcriptional, or translational level), or by 
activating or inserting a second gene which is inhibitory for the function in ques­
tion. For this form of therapy to become a reality, a means of developing 
specificity for tumor cells would be needed. Some approaches worthy of consid­
eration, if only at a very general level at present, are discussed below, followed 
by a consideration of possible methods of affecting cell entry. 

Insertion into Tumor Cells of Genes Coding for Cell Surface Receptors 
for Differentiation Factors or Growth Inhibitory Factors 

For this approach to be successful, the cell must possess intracellular systems 
capable of insuring correct positioning of the receptor in the surface membrane 
and transducing the signal, generated by ligand binding, to the cell nucleus. As 
such, success would be more likely in neoplastic cells which lack normal recep­
tors or express abnormal receptors as a component of pathogenesis, but have a 
normal transduction system. In spite of the major difficulties apparent in this 
approach, its feasibility was recently demonstrated by the insertion and expres­
sion of a cloned gene for human insulin receptor into chinese hamster ovary cells 
[77]. 

Insertion of Genes Coding for Regulator Molecules Involved in Signal 
Transduction 

An example of this method would be the insertion of genes coding for molecules 
inhibiting the transmission of signals from an inappropriately activated growth 
factor receptor. Interestingly, it is possible that certain oncogenes such as the ras 
genes may be useful therapeutically, by virtue of their effect on the transduction 
of receptor-generated signals. This possibility is borne out by a recent report of 
the induction of differentiation in a rat pheochromocytoma cell line by infection 
with a retrovirus containing a ras oncogene [78]. A similar effect has been 
observed after infection with the oncogene-bearing (src) Rous sarcoma virus 
[79], while the los oncogene has been shown to promote differentiation in terato­
carcinoma cells [80]. 

Insertion of Genes Coding for Molecules which Directly Influence the Expression 
of Other Genes 

Some genes, such as myc, myb, E1A of adenovirus, the transactivation genes of 
the HTL V viruses, genes involved in development, and many others, are known 
to regulate the expression of other genes [81-84]. Several of the products of 
these genes, including those of myc and myb, are known to be DNA-binding 
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proteins which could directly regulate the transcription of other genes. The in­
corporation, into the genome of a neoplastic cell, of functional genes which have 
an inhibitory effect on other genes which are overexpressed in the neoplasm, may 
have application in some circumstances. In tumors in which loss of function of an 
inhibitory gene is of pathogenetic significance, provision of the missing gene 
function could result in reversion or prevention of the neoplastic state. Wilms' 
tumor and retinoblastoma, which are associated with deletion or inactivation of 
a gene or genes residing on bands llp13 and 13q14 respectively, are tumors to 
which this may apply [25-28]. The insertion of a normal gene into the offspring 
of families susceptible to these tumors (possibly as many as 40% of cases belong 
to such families in retinoblastoma) is possibly within the bounds of presently 
available technology, particularly if recent reports that the retinoblastoma gene 
has been cloned prove correct [85]. In theory, the cloned gene could be inserted 
into a human embryo after in vitro fertilization-a technique which has been 
used repeatedly to create "transgenic" mice but has not so far been used in 
humans. Obviously, numerous ethical and moral issues would need to be re­
solved before attempting such a controversial experiment. 

Insertion of Synthetic Genes Expressing Antisense Sequences 

The possibility of preventing translation by means of antisense oligonucleotides 
was discussed above. If continuous inhibition is to be achieved, one approach 
would be to insert into the tumor cell genome a DNA sequence, complete with 
regulator regions such as viral promoter and termination sequences, which is 
identical to the nontranscribed DNA strand of the gene in question (i.e., con­
tains antisense information). Plasm ids of this kind (e.g., pSP64 and pSP65, or 
more recent derivatives pGEM) which contain the strong bacteriophage pro­
moters SP6 or T7, or both, are already in frequent use for the generation of 
both sense and antisense RNA probes [86]. Not only is this approach already 
within the capabilities of current recombinant DNA technology, but the ex­
perimental demonstration of its feasibility has been accomplished-for example 
in mouse cells transfected with a plasmid expressing an antisense RNA com­
plementary to the normal thymidine kinase transcript. Marked inhibition of the 
thymidine kinase gene occurred [64]. 

Gene Repair and Gene Destruction 

The repair of mutated genes has already been accomplished in vitro by inserting 
the correct sequences into the correct location in the genome by a process of 
homologus chromosomal recombination [87]. At present, the process is relative­
ly inefficient, but it is likely that efficiency will be increased in the future. This 
method could possibly be applicable to tumors like Burkitt's lymphoma and 
chronic myeloid leukemia, although not in the near future. An alternative 
approach, also requiring the insertion of molecules of specific sites, would be to 
destroy a gene by inserting "non-sense" sequences into it. This would have the 
effect of preventing transcription of an oncogene, although the results would be 
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somewhat unpredictable. Whereas gene repair may not necessarily adversely 
influence normal cells, even if the same sequences are inserted, gene destruction 
could be deleterious in nontumor cells, as shown by the chance insertion of 
c-myc sequences into a transgenic mouse which resulted in a recessively inher­
ited limb deformity [88]. Ideally, homologous recombination should therefore 
be aimed at sequences specific to the abnormal gene. Clearly, this approach is 
presently far from human experimentation, but it is currently feasible in in vitro 
systems. Site-specific mutagenesis is frequently employed to study genetic 
structure/functional relationships [89]. 

Gene Vectors and Gene Insertion 

Where a convincing case for further exploration of the possibility of gene ther­
apy for neoplasia can be made, the enormous problem of the method of gene 
insertion must next be broached. Standard transfection methods used in vitro, 
such as calcium precipitation, are clearly not feasible therapeutically because of 
the very low efficiency and the fact that gene therapy must be done in vivo, since 
all tumor cells must receive the gene. This also requires a quite different 
approach from the use of gene therapy to render marrow cells resistant to a 
cytotoxic drug such in vitro transfected cells could be infused, then selected for 
in vivo by treatment of the patient with the appropriate drug. Perhaps the most 
promising approach to in vivo transfection would be the utilization of a gene 
vector consisting of an artificially constructed virus particle [89]. This approach, 
which has already been successfully used to insert genes into mouse embryos, 
cell lines, and hemopoietic precursor cells [90-92] would have several advan­
tages. Firstly, virus infections represent natural means of inserting genes into 
both prokaryotic and eukaryotic cells. Secondly, not only could a degree of spe­
cificity for tumor cells be incorporated into the construction of the vector (e.g., 
by choosing viruses which infect specific cell types or by using coat or envelope 
proteins of such viruses in the vector to confer the same specificity), but a very 
high proportion of tumor cells-theoretically, all-could be infected with multi­
ple high-multiplicity exposures. At present, practically 100% of target cells can 
be infected in vitro. Whether or not this could be achieved in vivo remains spe­
culative, although there is no reason to believe that efficacy, in terms of the 
proportion of cells penetrated, would differ from that in currently employed 
drug or biological therapy. If the artificial virus construct were replication­
defective, the potentially hazardous spread of the virus to other individuals 
would not occur, but a replication-competent particle would have the advantage 
of replication within the patient and a higher chance of infecting all tumor cells. 
Methods may be found of limiting virus replication to within the patient, or even 
to tumor cells. Indeed, if it proved possible to construct the virus vector such 
that it could only replicate in, or only infect tumor cells, the virus infection 
would be self-limited by patient cure. This possibility is presently remote, but 
there are precedents for its becoming a reality in the future. 
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Control of Transcription of Genes Artificially Inserted into Other Cells 

For a gene inserted into a foreign genome to be expressed at all, appropriate 
enhancers or promoters must be linked to it. Some of these are tissue-specific 
and will only function in a limited range of cell types [93]. Thus, in the transgenic 
mice constructed by Adams et al. [92], since an immunoglobulin enhancer with 
tissue specificity was linked to the inserted c-myc gene only B-cell tumors de­
veloped, even though all mouse cells contained the c-myc gene artificially in­
serted into the mouse embryo. Since some promoters or enhancers respond to 
hormonal or other influences, e.g., the hormone-responsive mouse mammary 
tumor virus promoter, or the metallothianine gene promoter, the linkage of this 
type of sequence to the gene of interest would make it possible to control the 
expression of the gene after insertion. Such techniques are used frequently in 
experimental systems. Ultimately, it might even prove possible to use a pro­
moter or enhancer responsive only to a chemical compound not normally 
encountered in humans, which could be administered to the patient to induce 
expression of the transfected gene. Alternatively, if a method could be devised 
whereby promotion or enhancement occurred as a consequence of the binding of 
a molecule present only in tumor cells (e.g., an abnormal protein resulting 
from a somatic genetic change), the expression of the gene or possibly viral 
replication could be rendered truly tumor specific. 

Doubts and Hazards 

Although gene therapy is an exciting concept and will almost certainly eventual­
ly become commonplace for the treatment of a number of human deficiency 
diseases, the use of this approach to deal with cancer involves several more 
orders of magnitude of complexity, such that at present it appears to be quite 
unrealistic. It is, of course, even possible that successful gene therapy directed 
towards the modification of tumor cell behavior may never be accomplished. 
The approach presents formidable technical problems, and until the genetic 
derangements leading to specific neoplasms have been defined precisely, such 
approaches must remain purely theoretical. Except in the cases of Burkitt's lym­
phoma and chronic myeloid leukemia, such knowledge is currently almost total­
ly lacking. Further, potentially serious hazards, both to the patient and, in some 
cases, to other individuals, are associated with gene therapy, raising numerous 
ethical concerns [94]. These include the mutation of a vector with unexpected 
consequences and the insertion of genes or viral sequences, (such as the long 
terminal repeat (LTR) region which contains promoter and enhancer functions), 
into normal cells with possibly serious consequences-even the induction of 
a new neoplasm. The latter problem may well have already been overcome, 
however, by the development of "clipped wing" retrovirus vectors which have 
mutations in the enhancer sequences of the viral LTR regions [95]. Infection of 
germ cells and potential harmful effects on offspring is an additional theoretical 
hazard. Methods of minimizing these risks must be developed alongside the 
primary strategy. If replication-competent viruses were to be used as gene vec­
tors, a series of safety measures would need to be taken to eliminate risks to the 
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normal population before such methods could be contemplated in a clinical set­
ting. Nevertheless, in spite of these legitimate questions, the fact that genomic 
engineering is now frequently performed in cell lines and animals indicates that 
such approaches must be taken seriously, and are worthy of continued explora­
tion in in vitro and animal systems. 

Conclusions 

In this overview of the potential therapeutic relevance of knowledge of the 
pathogenetic mechanisms leading to neoplasia, only a few examples from the 
best understood tumors have been provided and much speculation has been in­
dulged in. Some of this will doubtless prove unrealistic, while new approaches, 
inconceivable in our present state of knowledge, will surely be devised in the 
future. A short while ago, however, it would not have been possible to write a 
chapter of this kind because of the absence of any information. Today, with 
detailed pathogenetic information available from several tumors-notably Bur­
kitt's lymphoma, chronic myeloid leukemia and, to a lesser extent, retinoblasto­
ma and Wilms' tumors-a number of new approaches to therapy can be ex­
plored. Perhaps the most immediately accessible of these is the development of 
new drugs designed to inhibit enzymes or other proteins known to be involved in 
the pathway which has been altered pathologically in the tumor in question. In 
the cases of Burkitt's lymphoma and chronic myeloid leukemia, there is already 
sufficient understanding of the molecular pathogenesis to initiate preclinical 
studies of the feasibility of circumventing or correcting the observed cellular 
abnormalities. 

It is hoped that this chapter has demonstrated that there is indeed hope that, 
in the future, highly selective cancer therapy based upon knowledge of molecu­
lar pathogenetic mechanisms may be possible and that the unravelling of 
mechanisms whereby cells become malignant may prove to have both practical 
as well as purely intellectual value. 
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22. Differentiation of Malignant Cells as a Strategy 
for Cancer Treatment 
R.I. Glazer 

Introduction 

Recent developments in the fields of cell and molecular biology have contributed 
greatly to our understanding of the intricacies of the biological processes under­
lying the differentiation and proliferation of the malignant cell. The purpose of 
this chapter is to give an overview of some of the model cell systems that are 
being utilized to study differentiation and growth, the biochemical processes 
associated with these processes, and the areas that may be exploited for the 
design of new chemo- or biotherapeutic agents. 

Differentiation of Leukemic Cells in Vitro 

The study of differentiation of leukemic cells has been facilitated greatly by the 
use of several human leukemia cell lines. The promyelocytic leukemia HL-60 [1] 
is a pluripotent cell line with the ability to differentiate along either the myeloid 
or monocyte/macrophage pathways. The histiocytic lymphoma U937 [2] and 
myelogenous leukemia K562 [3] can be induced to express phenotypic character­
isitics of macrophage- and erythroid-like cells, respectively. Among the various 
differentiating agents used in vitro, the most widely employed compound is 12-
O-tetradecanoylphorbol-13-acetate (TPA) (Fig. 1). This agent induces HL-60 
and U937 cells to undergo phenotypic changes akin to macrophage-like cells [2, 
4-6]. Although the differentiated cells resemble morphologically mature mac­
rophages, they do not appear to be identical either functionally [4, 9] or antigeni­
cally [7, 8]. The phenotypic changes observed in established leukemia cell lines 
are similar to those found after TPA treatment of leukemic cells from patients. 
Thus, TPA in vitro induces macrophage differentiation of leukemia cells from 
patients with acute and chronic myelogenous leukemia [10, 11]. TPA also in­
duces the appearance of lymphoblastoid and plasmacytoid cells in cultures of 
chronic lymphocytic leukemia cells [12], the induction of cell adherence in hairy 
cell leukemia cells [13], alterations in cell surface markers of chronic lympho­
cytic leukemia cells [14], and the induction of B cell antigens in non-T acute 
lymphoblastic leukemia [15]. 
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Fig. 1. Structures of differentiation-related drugs, chemicals and metabolites 

Functional alterations also result from the treatment of established leukemia 
cell lines with phorbol esters. The T-celllymphoblastoid cell lines MOLT-3 and 
lurkat were induced to "differentiate" along the normal T-cell pathway by TPA 
as assessed by an increase in erythrocyte binding ability and the loss of deoxynu­
cleotidyl terminal transferase with an accompanying arrest in proliferation with­
out loss of viability [16, 17]. Similarly, B-cell function such as immunoglobulin 
secretion was partially restored and proliferation inhibited in six of twelve B-cell 
lymphoblastic leukemia cell lines following treatment with TPA [18]. 

Unfortunately, phorbol esters are tumor promoters and not, therefore, suit­
able for clinical use. Other agents which are not tumor promoters have, how­
ever, been used to induce differentiation in leukemia cells. A promising candi-
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date for clinical use is the metabolite of vitamin D, 1,25-dihydroxyvitamin D3 
[1,25(OH)zD3]. This compound induced phagocytosis and C3 rosette formation 
in HL-60 cells [19], and was subsequently found to induce the differentiation of 
HL-60 cells to a monocytic phenotype as characterized by increased Mac-l and 
OKM-l antigen expression and enhanced nonspecific esterase activity [7, 20-
22]. The latter characteristics are similar to those expressed in HL-60 cells which 
develop a morphologic resemblance to macrophages after treatment with TP A 
[5, 7]. 

One of the most potent agents which induces differentiation of HL-60 cells 
along the myeloid pathway is all-trans retinoic acid [23]. This compound is an 
analog of vitamin A and has differentiation-inducing characteristics akin to those 
of polar compounds such as DMSO [24]. Although retinoic acid has not been 
used as a differentiating agent in vitro as extensively as TPA, it does induce U-
937 cells to differentiate to a monocyte phenotype [25]. Of particular importance 
is the observation that retinoic acid primes HL-60 and U-937 cells to undergo 
differentiation in the presence of differentiation factors derived from con­
ditioned medium of T-Iymphocytes [26] or a cutaneous T-cell lymphoma [1]. 
Similar potentiating effects on differentiation were noted in HL-60 cells treated 
simultaneously with these agents [27]. 

Induction of differentiation in HL-60 cells is also induced by phospholipid and 
diacylglycerol analogs (Fig. 1). Honma et al. [28] showed that the alkyllysophos­
pholipid analogs, 1-0-octadecyl-2-0-methyl-3-glycerophosphocholine and the 
analogous 1-0-tetradecyl derivative induced formation of the mature myelocytic 
phenotype in HL-60 cells. The alkylglycerol derivative, 1-0-hexadecyl-O­
acetylglycerol induced formation of the monocyte-macrophage phenotype in 
HL-60 cells [29]. Since it is believed that the phorbol ester, TPA, mimics the 
physiological effects of diacylglycerol, the differentiating effects of synthetic ana­
logs of this metabolite may indicate therapeutic possibilities. Interestingly, the 
phospholipid analog studied by Honma et al. [28] does possess specific antipro­
liferative properties against HL-60 cells [30-32] and has shown some activity in 
phase I clinical trials in Germany [33]. 

Apart from the more commonly used differentiating agents such as DMSO, 
TPA, 1,25-dihydroxyvitamin D3, and retinoic acid, a diverse spectrum of other 
compounds elicit morphologic changes in HL-60 cells [1]. In general, the more 
cytotoxic the drug, the less differentiation occurs, and the narrower the dose­
response relationship. Antimetabolite drugs such as the nucleoside analogs 5-
azacytidine [34] and neplanocin A (Fig. 1) [35, 36], which preferentially inhibit 
the methylation of DNA and RNA respectively, induce a partial differentiation 
response in HL-60 cells mainly because of their potent cytocidal activities (Fig. 
2). Cell cycle specificity also plays a role in differentiation. The agents DMSO 
and retinoic acid generally produce an accumulation of cells in the GO/G1 phase 
of the cell cycle [37, 38], an event which accompanies or precedes differentiation. 
The cytidine analog, cyclopentenyl cytidine (cCyd) (Fig. 1) produces a rapid 
induction of mature myeloid cells upon treatment of HL-60 cells due to its ability 
to inhibit cytidine triphosphate synthesis, rapidly inhibit DNA synthesis, and 
inhibit cells from traversing S phase (Fig. 2) [39, 40]. The latter effect on HL-60 
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Fig. 2. Differentiation of HL-60 promyelocytic leukemia cells by neplanocin A and cyclopentenyl­
cytidine. NBT, nitrotetrazolium blue. Differentiation was monitored by the cytochemical reduction 
of NBT to formazan [35, 39] 

cells is also expresed by other inhibitors of CTP synthetase such as carbodine 
[39] and 3-deazauridine [41], and by pyrazofurin, an inhibitor of orotidylate 
decarboxylase [41). Drugs which inhibit purine synthesis de novo such as the 
inosine monophosphate dehydrogenase inhibitors tiazofurin and mycophenolic 
acid appear to be less effective inducers of myeloid differentiation in HL-60 cells 
[41,42). 

Biochemical Processes Associated with the Action 
of Differentiating Agents 

The process of cellular differentiation has been predominantly phenomenologi­
cal rather than mechanistic. It is known that several marker enzymes and cell 
surface antigens correlate with morphologic changes in HL-60 cells induced to 
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differentiate along the myelocytic or monocytic pathways in response to a variety 
of agents. However, among all these descriptive studies are very few dealing 
with the key signaling events responsible for initiating the differentiative re­
sponse. At present, cell biologists are addressing this problem and several major 
developments in this field are rapidly being examined. Among these areas are: 
(a) the role of cellular oncogenes in cell proliferation and differentiation, (b) the 
role of inositol triphosphate as a second messenger in signal transduction, and 
(c) the role of protein kinase C in cellular proliferation and function (Fig. 3). 
One of the important points concerning the metabolic processes encompassing 
these areas is that with the exception of the cellular oncogenes c-myc and c-myb, 
they all are associated with the plasma membrane of the cell. Thus, they provide 
a mechanism for regulating the growth and differentiation of the cell at an entire­
ly different level from the approaches exploited in the past in traditional cancer 
chemotherapy. In the following sections, I will highlight some of the major 
findings related to the aforementioned processes and cellular differentiation. 

Protein kinase C (or phospholipid- and Ca + + -dependent protein kinase) was 
discovered by Nishizuka et al. [43]. This enzyme, isolated from rat brain, 
showed a striking dependence on Ca++ as well as specific phospholipids, viz. 
phosphatidylserine or phosphatidylinositol. Since this initial study, numerous 
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reports have appeared regarding the regulation of protein kinase C activity [44, 
45]. Perhaps the most striking development with respect to the regulatory in­
fluence of protein kinase C on other metabolic processes was the discovery that 
this enzyme bound phorbol esters such as TPA with high affinity [46-49]. The 
association of this enzyme with HL-60 cells [50] has led to speculation that it may 
be involved in TPA-induced maturation of these cells along the monocyte­
macrophage pathway. In biological terms, TPA acts as a metabolically stable 
analog of diacylglycerol which activates protein kinase C in the presence of low 
(micromolar) concentrations of Ca ++ [51]. It is this unique TPA-binding proper­
ty of protein kinase C which has been exploited experimentally to infer the con­
sequences of activation of this enzyme on various metabolic processes. Thus, 
TPA or diacylglycerol activation of phosphorylation of a 40-kd protein in 
platelets has been used as a biological response indicative of protein kinase C­
mediated phosphorylation [52-54]. Similarly, the protein kinase C activating 
property of TP A led to the deduction that this enzyme mediated early changes 
(within 1 h) in specific phosphoproteins in HL-60 cells treated with the phorbol 
ester [55-57]. However, it should be noted that TPA-mediated stimulation of 
protein phosphorylation may not always result from its direct effect on protein 
kinase C. In U-937 cells, TPA promotes tyrosine phosphorylation [58], an effect 
not directly attributable to protein kinase C. In the human epidermoid carcino­
ma cell line A431, which overexpresses the epidermal growth factor (EGF) re­
ceptor and its associated tyrosine kinase activity [59, 60], TP A and diacylglycerol 
inhibit EGF binding to the EGF receptor and enhance serine and threonine 
phosphorylation with a resultant loss in phosphotyrosine [61-64]. However, the 
relationship between enhanced tyrosine phosphorylation of the EGF receptor by 
EGF vs. enhanced serine and threonine phosphorylation of the receptor by TPA 
and cell proliferation still remains a mystery, since both EGF and TP A inhibit 
cell growth in A431 cells [57, 65]. 

Thus, the role of protein kinase C in cell growth and differentiation has not 
been clearly defined. It is probable that phosphorylation of specific targets will 
differ in various cell systems according to whether their growth is inhibited or 
stimulated by protein kinase C activators such as diacylglycerol and TPA [57]. 
Alternatively, it is likely that other metabolic processes are affected by TPA, 
and thus not every effect of TPA should be attributed to protein kinase C. Pre­
liminary evidence suggests that the response of HL-60 cells to OMSO, retinoic 
acid, and 1,25-dihydroxyvitamin 0 3 is associated with changes in phospholipid­
and Ca++ -dependent phosphorylation patterns in vitro which are related to the 
respective morphologic changes produced by these agents [66]. However, the 
treatment of HL-60 cells with TP A results in the disappearance of protein kinase 
C activity, and, thus, it is not clear how this enzyme functions during the dif­
ferentiation of these cells to the macrophage phenotype [66]. 

One of the most rapidly expanding fields in cell biology is the study of the 
metabolism of phosphatidyl inositides to inositol phosphates which act as second 
messengers mediating singal transduction from receptors [67, 68]. The hydroly­
sis of phosphatidylinositol( 4,5)-bisphosphate (PIP2) to yield inositol(1,4,5) 
triphosphate (IP3) produces a multitude of pharmacological effects, most of 
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which are presumed to be associated with the mobilization of Ca++ from in­
tracellular storage sites in the endoplasmic reticulum by IP3 [69-71] (Fig. 3). The 
exact roles of Ca++ and IP3 in cellular proliferation and differentiation is not 
clear. Calcium may stimulate protein kinase C in the absence of diacylglycerol 
[43, 51] or affect the activity of phosphatidylinositol polyphospate phosphodies­
terase (phospholipase C) [72], which mediates the breakdown of PIP2 to yield 
IP3 and diacylglycerol (Fig. 3). Evidence has been presented for a role of IP3 in 
mediating the receptor-coupled pathway produced by chemoattractant peptide 
in HL-60 cells differentiated with DMSO [73]. IP3 directly elevates and mobilizes 
Ca++ in this cell line permeabilized with saponin [74], suggesting a direct role of 
IP3-mediated Ca + + release in eliciting the stimulus-receptor response. IP3 also 
directly stimulates phosphorylation of a 62-kd protein in cell lysates of fibro­
blasts and bovine brain in a Ca + + -independent manner [75]. However, in per­
meabilized platelets, IP3 stimulated phosphorylation of presumably the same 
40-kd protein which is the endogenous substrate of protein kinase C [76]. This 
effect was attributed to release of Ca + + since phosphorylation was increased by 
diacylglycerol at low but not at high Ca++ concentrations. Thus, most ex­
perimental evidence suggests that IP3 may influence phosphorylation either by 
mobilizing Ca + + or by stimulating phosphorylation directly, and that the alter­
nate product of PIP2 hydrolysis, diacylglycerol, may function additively with 
Ca++ or IP3 in promoting protein kinase C-mediated phosphorylation. 

One of the more revolutionary developments in the last few years has been 
the elucidation of cellular oncogene expression in normal cellular differentia­
tion, proliferation and transformation [77-79]. Cellular oncogenes are DNA 
sequences in normal cells which are very similar to retroviral DNA sequences 
originally picked by the virus from the host during the course of infection. Since 
the structures of cellular oncogenes are very closely conserved throughout evolu­
tion, it is presumed that they have an essential role in cell differentiation and in 
the regulation of cell division. Recent studies have determined that several cellu­
lar oncogene products are closely related to growth factors or growth factor 
receptors (Fig. 3). The v-sis oncogene product resembles platelet-derived 
growth factor (PDGF) which plays an important role in wound healing [80, 81]. 
Similarly, the human EGF receptor is closely related to the product of the v-erb 
B oncogene. In the latter instance, the overproducing epidermoid carcinoma cell 
line A431 has been used almost exclusively to study the EGF receptor tyrosine 
kinase [59-65] and the messenger RNAs [82-84] encoding the normal and aber­
rant EGF receptor in these cells. This cell line is also the only one, thus far, 
possessing amplified receptor gene sequences and an aberrant truncated form of 
the EGF receptor which is devoid of tyrosine kinase activity [85]. Although the 
latter mutant EGF receptor can be considered a result of a rearrangement and 
amplification in the gene, its presence has not provided any clue to the neoplastic 
properties of this cell line. 

The role of growth factors in cellular differentiation is only beginning to be 
explored. HL-60 cells secrete a number of hemoregulatory peptides after induc­
tion of differentiation by retinoic acid [86] and secrete PDGF-related peptides 
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during normal growth [87]. The fact that many growth factor receptors such as 
the EGF receptor, as well as that for PDGF [88], possess tyrosine kinase activity 
suggests that this enzymatic activity may playa crucial role in regulating prolif­
eration and differentiation. This hypothesis has received support by several re­
cent studies showing the increased expression of c-fms and c-src tyrosine kinases 
during monocytic and granulocytic differentiation of HL-60 cells [89-91], and by 
the elevated activities of total cellular tyrosine kinase and phosphotyrosine phos­
phatase with the onset of differentiation in HL-60 cells induced by DMSO or 
phorbol ester [92]. The induction of the monocytic phenotype in HL-60 cells by 
immune interferon and tumor necrosis factor was also associated with the 
appearance of a new membrane-associated form of tyrosine kinase recently 
found to be c-fes [93]. 

It is believed that for malignant transformation to take place, at least two 
oncogenes must be activated in a concerted manner. One oncogene required for 
malignant transformation is H-ras [94]. Microinjection of the H-ras gene pro­
duct, a 21-kd GTP-binding protein associated with the inner surface of the plas­
ma membrane, results in proliferation of normally quiescent fibroblasts [95]. A 
recent report has shown that EGF enhances the GTP-binding activity of H-ras 
p21 [96], which suggests a direct link between growth factors and their receptors 
and the GTP-binding protein, which itself may be related to the GTP-binding 
regulatory proteins controlling adenylate cyclase [97] and PIP2 phosphodiester­
ase [98] (Fig. 3). Therefore, it is possible that the elevation of IP3 from PIP2 

hydrolysis mediated by ras p21 is an intermediate event in cell proliferation and 
perhaps, in a sustained form, cell transformation. Such a mechanism may ex­
plain why EGF enhances PI turnover in A431 cells [99]. In this context, it might 
be expected that a second oncogene with the ability to elevate PIP2 levels would 
enhance the ability of the ras p21 to mediate proliferation. Such is the case for 
the tyrosine kinase products of v-src and v-ros [100,101]. These kinases were 
originally reported to phosphorylate PI and PIP, thus generating PIP2 and its 
resultant hydrolysis product, IP3 (Fig. 3), although there is recent evidence that 
the phosphorylation of tyrosine and PI in v-src and Moloney leukemia virus 
transformed cells are catalyzed by different kinases [102]. 

Among the cellular oncogenes associated with cell division are c-myc and 
c-myb. The c-myc gene is amplified in HL-60 cells [103-105] as well as in a 
human breast carcinoma [105], gastric adenocarcinoma [106], and small-cell lung 
carcinoma [107] cell lines. Expression of c-myc mRNA correlates with an early 
G1 event and is elevated in concert with the proliferative response of cells to 
mitogens or growth factors [108]. It is believed that the synthesis of c-myc 
mRNA is growth-related, as shown in a B-cell lymphoma cell line stimulated 
with anti-IgM [109], in Daudi lymphoma cells inhibited by interferon [110], and 
in peripheral lymphocytes from patients with systemic lupus erythematosus 
[111]. Reduced c-myc expression has also been reported to be an early event 
which precedes retinoic acid-induced morphologic changes in neuroblastoma 
cells [112] and in HL-60 cells treated with DMSO, TPA, retinoic acid, or 1,25-
dihydroxyvitamin D3 [113-115]. The cellular function of the c-myc protein was 

435 



100 _100 
U o cCyd ~Il. 

~C, 1 day ~ ~ 00 • NPC 

" ~~ , + =c &l 
1->-
alU 

00 \ z ~ 40 e \*1;' c 0.°20 0 
u \ '0 • 
cf. ~ \ c-mye RNA Levels 60 

NPC, 2 days \ rn On Oay 1 {% of Controll 
Qi 
> \ \~ 
Ql 

...J 

« \ z 
a:: 

\ E 40 
'-' 

t\ ::.. 
~ 
u 

20 \~, 
"cCyd, 1 day 

"- "0 

10-8 3.3 X 10-8 10-7 10-6 3.3 X 10-6 
DRUG CONCENTRATION (M) 

Fig. 4. Cellular myc mRNA expression in HL-60 cells treated with neplanocin A and cyclopentenyl 
cytidine. c-myc mRNA levels were monitored by dot-blot hybridization and differentiation by the 
percentage of NBT+ cells, [35, 39) 

recently elucidated, and it appears to be associated with the stimulation of DNA 
polymerase activity [116]. Thus, its reduced synthesis in cells undergoing dif­
ferentiation and its elevation in various tumors suggests a direct role for this 
cellular oncogene in the regulation of proliferation. Recent studies in this 
laboratory have documented a striking correlation between the reduction in c­
myc mRNA levels and the increase in myelocytic differentiation induced in HL-
60 cells by the carbocyclic analogs neplanocin A and cyclopentenyl cytidine [35, 
39] (Fig. 4). The decrease in c-myc mRNA in this instance appears to be an early 
indication of the ability of these nucleoside analogs to reduce the progression of 
cells through S phase. Similar results have been obtained for the related cellular 
oncogene, c-myb, in the myeloblastic cell line ML-l preceding its differentiation 
to monocyte-macrophage-like cells by TP A [117]. 
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Future Drug Development 

There are many points of intervention in the metabolic sequences presented in 
Fig. 3 which may be exploitable therapeutically in the future to differentiate 
or inhibit the proliferation of tumors. The first obvious point of attack is the 
growth factor receptor and its associated tyrosine kinase activity. If the latter 
proves essential for the transduction of the growth factor signal to the nucleus of 
the cell, then specific inhibitors of the kinase may prove therapeutically useful 
in the treatment of growth factor-dependent neoplasms. The possible utility of 
this approach was reported by Braun et al. [118], who synthesized a series of 
polytetrapeptides containing (Tyr-Glu-Ala-GlY)4 as potent inhibitors of several 
tyrosine kinases. This approach may not be useful in tumors with mutated recep­
tors such as the truncated EGF receptor lacking the tyrosine kinase domain in 
A431 cells, but would be useful in cells containing receptors with tyrosine kinase 
activity. 

A second approach might be to understand in more detail the functioning of 
the ras gene product, p21 GTP-binding protein, and its postulated ability to 
regulate phosphatidylinositide hydrolysis [98]. The generation of IP3 from PIP2 

is a key process in the mediation of not only proliferation but several autonomic 
pharmacological processes as well. Drugs such as the dialkylether phosphati­
dylcholine analogs, which show effective antitumor activity against HL-60 cells 
[30-33], may possibly mediate their effects via inhibition of phospholipase C 
activity or disruption of phosphatidylinositol metabolism. Moreover, little is 
known about the importance of Ca++ mobilization by IP3 in the growth and 
differentiation of cells. Perhaps specific blockers of the effect of IP3 on Ca++ 
mobilization, such as inositol analogs, will prove of utility for inhibiting cell pro­
liferation or effecting differentiation. 

A third avenue for chemotherapeutic intervention might be either the 
stimulation or inhibition of protein kinase C. Diacylglycerol analogs, which 
stimulate this enzyme, also induce differentiation in some cell lines [29]. How­
ever, it has also been reported that some phospholipid analogs, which induce 
differentiation in HL-60 cells, inhibit protein kinase C activity in vitro [28]. 
Thus, it is important to establish the relevance of this enzyme to the pathway of 
differentiation vs. growth inhibition in order to assess the usefulness of this 
target enzyme in differentiation therapy. 

Finally, the products of most cellular oncogenes are not well defined as to 
their role in ~ellular differentiation and proliferation. The ability of the c-myc 
product to regulate DNA polymerase [116] suggests that analogs of the 64-kd 
nuclear phosphoprotein [119, 120] may be good therapeutic agents to either re­
duce proliferation or induce differentiation. The inhibitory role of c-myc ex­
pression on cellular differentiation has been demonstrated in transfection experi­
ments with erythroleukemia cells where the continued synthesis of the c-myc 
gene dramatically inhibited differentiation [121, 122]. Obviously, other cellular 
oncogene products, or perhaps the genes themselves, will prove to be ther­
apeutically exploitable targets for future strategies in the treatment of cancer. 
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Therapeutic Trends 
in Specific Neoplasms 



23. Malignant Brain Tumors 
D.C. Wright 

Current Results and Therapeutic Issues 

Malignant gliomas account for approximately 45% of all brain tumors, with 
60%-70% of this group belonging to the highly malignant category (glioblasto­
ma multiforme and anaplastic astrocytoma). These tumors represent a signif­
icant epidemiologic fraction (8%-10%) of malignant disease, with 12000 new 
cases per year and 10200 estimated deaths annually in the United States [7]. In 
terms of overall prevalence, malignant gliomas are largely a disease affecting 
adults in their 5th-7th decades, although they also account for a significant frac­
tion of childhood cancers. Glioblastoma multiforme (GBM) represents the most 
malignant of the group, with fully developed pathologic features, while the ana­
plastic astrocytoma (AA) , anaplastic ependymoma and anaplastic oligodendrog­
lioma complete the pathologic spectrum of malignant gliomas in roughly de­
creasing order of malignancy. These tumors, while capable of metastatic spread 
within the central nervous system (CNS), tend to be regionally confined, and 
rarely metastasize outside the CNS. Ninety percent of patients in whom treat­
ment fails have local recurrence rather than develop diffuse or multicentric 
metastases. This chapter will not consider the well-differentiated astrocytomas 
("grades I-II") of lower malignant potential with variable clinical behavior, 
though approximately 20% of these lesions may undergo malignant degenera­
tion and develop the pathologic characteristics which constitute the criteria for 
the highly malignant glioma group [10]. 

Toxicity of Therapy 

In many of the available therapies directed against brain tumors, the limiting 
factor is local (neural) injury rather than systemic side effects. Surgery, radiation 
therapy, and chemotherapy all have toxic effects on brain function. Mechanical 
distortion, direct destruction or interruption of connecting neural pathways can 
arise secondary to surgery. Radiation can induce or aggravate brain edema, and 
cerebral radionecrosis accompanies conventional teletherapy doses exceeding 
55-65 Gy (Gy = gray, or 100 rads), depending on the length of survival, age of 
the patient, and other factors. Chemotherapy has neurotoxic and myelotoxic 
effects, particularly in patients receiving combination therapy. 
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Clinical Resistance 

Multiple factors are involved in the clinical resistance of malignant gliomas. De­
spite similarities in pathologic classification criteria, wide differences are found 
in tumor cell kinetics, in abnormalities in chromosomal number and DNA con­
tent, in morphologic and cytologic appearance, in expression of biochemical and 
immunologic markers, and in biologic behaviour in terms of physiology and in 
vitro and in vivo growth. Therapeutic failure can be attributed to at least three 
separate problems: heterogeneity of tumor cell populations, cell kinetics, and 
inadequate drug delivery [1, 2, 9,10]. Future therapeutic strategies must address 
these problems in order to exceed currently achieved results. 

Current Results 

The completion of several large-scale multicenter cooperative studies identified 
prognostic variables, established optimal teletherapy radiation doses, and ex­
amined several combination therapy groups. Current optimal therapy of malig­
nant brain tumors includes surgery, radiation therapy, and chemotherapy (nitro­
soureas and other drugs). The median survival in these trials was 51 weeks, with 
an 18-month survival of 27% [7, 10, 12]. These studies confirmed that surgery 
alone (16 weeks) and surgery plus radiation therapy (36 weeks) were less suc­
cessful than triple therapy, but in addition showed those patients treated with 
higher radiation doses (>50 Gy) had an increased median survival. Prognostic 
variables correlating with increased survival were (a) good neurologic condition 
(Karnofsky score) prior to treatment, (b) age less than 45 years, and (c) histo­
pathologic characteristics of the tumor. Minor variables included sex, duration 
of symptoms, blood type, cognitive dysfunction, occurrence of seizures, motor 
symptoms, and multicentricity. Patients with favorable prognostic characteristics 
(e.g. age < 45, Karnovsky > 70, non-GBM, and long duration of symptoms) 
who received combination therapy had a 24-month survival of 46%. Specialized 
brain tumor treatment centers currently achieve a median survival of approx­
imately 66 weeks, using aggressive multimodality therapy in selected patients 
[9]. 

Current Approaches Under Study 

Surgery 

The development of microsurgical techniques, preoperative and intraoperative 
location of tumors with high resolution scanning (transmission X-ray, magnetic 
resonance, ultrasound) neuroanesthesia, perioperative care, and a variety of 
surgical instrumentation advances (laser resection, ultrasonic aspiration, CT-
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directed stereotaxis, etc.) have decreased the risk inherent in surgical proce­
dures while increasing the potential for more extensive resection in many 
patients. Currently, surgical goals for malignant brain tumors are to: 

-Establish a diagnosis and classify patients' disease according to pathologic 
characteristics 

-Reduce the number of tumor cells (cytoreduction) 
-Relieve symptoms arising from mechanical distortion or obstruction of CSF 

pathways 
-Gain time to institute other forms of therapy 
-Alter the kinetics of quiescent cells, thereby increasing their susceptibility to 

therapy [13] 

Radiation Therapy 

Radiation is the most effective adjunctive therapy for primary malignant brain 
tumors. Since the highest tolerated dose delivered to the smallest possible post­
surgical treatment volume results in the greatest cell kill, investigations have 
focused on means of safely increasing the total dose or quality of radiation and 
potentiating the biologic effects of the delivered dose. Two current therapeutic 
strategies with promising preliminary results reflecting these concepts involves 
the use of (true) radiation sensitizers (halogenated pyrimidines), combined with 
conventional or double fractionated teletherapy, and local radiation approaches 
(interstitial radiation). 

In a recently completed phase I-II study [4], 60 patients with malignant brain 
tumors (50 GBM, 8 AA) matched for the known prognostic variables underwent 
systemic infusion of bromo- or iodo-deoxyuridine (BUdR or IUdR) while receiv­
ing conventional or double fractionated radiation doses (65-70 Gy). The median 
survival for the entire group was 12 months, with a 18-month survival of 24%. 
Those patients with favorable prognostic characteristics had a median survival of 
15 months, versus 9.4 months for the group with poor prognostic characteristics. 
Such a study, with variations in drug dose from suboptimal to toxic, is not de­
signed to determine efficacy, but represents a promising therapeutic approach, 
particularly in view of the results achieved in such a patient group dominated by 
glioblastoma multiforme. 

A number of regional (local) approaches under current study are attractive 
since one may potentially limit the neurotoxicity associated with increasing radia­
tion doses. The interstitial radiation approach is a means of increasing the total 
treatment dose without exceeding normal tissue tolerance. Toxicity is dependent 
on the total dose, the treatment volume, and the time over which the radiation is 
deposited. Positioning a radioactive source or a multiple source array within a 
treatment volume (tumor plus an arbitrary margin) delivers continuous low dose 
rate radiation (0.4-1.5 cGy/min) over time (days to weeks) and delivers high 
local doses (80-150 Gy). Conventional fractionated teletherapy utilizes inter­
mittent high dose rate radiation (200-300 cGy/min) delivered over 4-6 weeks, 
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and the total dose is limited by neurotoxicity to 55-65 Gy (or equivalent dose). 
The rationale for low dose rate radiation is to just exceed a certain (and variable) 
"critical dose rate" for neoplastic tissue, at which cell proliferation is arrested 
and the absorbed dose per cell cycle exceeds the tumor's capacity to repair radia­
tion damage. Normal tissue is thought to have a superior capacity to repair sub­
lethal damage, and further sparing of normal tissue is achieved by placing the 
radiation sources within the boundaries of the tumor, attenuation of radiation 
being inversely related to the square of the distance from the source. The theo­
retic advantages of interstitial radiation over conventional teletherapy are thus 
(a) focal delivery of low dose rate radiation to high total doses (b) a differential 
capacity of normal tissue to repair sublethal radiation damage, and (c) prolonga­
tion of cell cycle time by mitotic arrest, increasing the dose absorbed per cell 
cycle. 

The recent renaissance in low dose rate therapy was triggered by the introduc­
tion and clinical use of computers for radiation dosimetry algorithms, high re­
solution images of the brain and the brain-tumor interface (contrast-enhanced 
computed tomography), and stereotactic surgical systems able to utilize directly 
the CT localization of a tumor for preoperative dosimetry planning and sub­
sequent placement of radioactive sources to prescribed coordinates. Figure 1 
is a CT scan showing a stereotactically placed multiple array of 1251 sources to 
a previously specified treatment volume in a patient harboring a glioblastoma. 
In a recent review [3], 43 patients with recurrent malignant gliomas achieved a 

Fig. 1. cr scan showing a temporal lobe glioblastoma prior to therapy (left), and following an 
interstitial implant (right). Note the stereotactically placed multiple catheter array bearing the 1251 
radioactive sources, which cause a metallic scatter artifact on the cr scan. Such an implant approach 
can position sources to an accuracy of 1 mm 

450 



median survival of 18 months after implantation. There was a 51% response 
rate (response was defined as a decrease in tumor volume or increase in the 
patient's neurologic performance). Stabilization of the disease occurred in 16% 
of patients, while in 37% symptoms prgressed despite therapy. The notable toxic 
complications observed were symptomatic radiation necrosis, requiring surgical 
exploration to determine the pathology (necrosis, recurrent tumor, or admix­
ture) or for control of mass effect. Extended survivals were achieved in patients 
undergoing such reoperation following brachytherapy. The remaining clinical 
problems include determining the optimal dose rate for highly malignant 
tumors, accurately localizing the tumor-brain interface and minimizing neuro­
toxicity and radiation-induced brain edema. This form of therapy represents 
the most promising advance in the treatment of malignant brain tumors under 
current investigation. 

Chemotherapy 

Chemotherapy has traditionally been a strategy for malignant disease that has 
spread beyond its site of origin. As previously noted, malignant gliomas are 
largely a regional problem and not ideally suited to a systemic chemotherapeutic 
approach. In a systemic (intravenous) approach, tumor and normal tissue are 
exposed to equal doses of drug in multiple passes through the capillary bed. 
Therapeutic effect depends on biochemical and cytokinetic differences between 
the target and normal tissues. The available cytotoxic agents have a narrow 
therapeutic index and response is usually transient. The intra-arterial route has a 
delivery advantage of 3-5 times the exposure over the intravenous route for the 
same drug, and means of increasing the exposure can be accomplished which will 
increase intra-arterial drug delivery by a log order (2!: 10 times) over the in­
travenous route. Regional infusions of drugs have had limited trials, but the 
overall impact of chemotherapy in the treatment of malignant brain tumors has 
been disappointing despite 30 years' experience with various drug regimens and 
routes of administration. Thus, for brain tumors, chemotherapy is a palliative 
modality and employed as an adjunct to surgery and radiation [9]. 

Two regional chemotherapy approaches showing promise are under current 
investigation. The first makes use of intra-arterial delivery, with novel catheter 
systems, drugs, and means of reducing systemic toxicity. The second combines 
an intra-arterial and intravenous administration of drugs with modification of the 
blood-brain barrier (this topic is discussed in Chapter 13), which transiently 
increases regional permeability to allow the use of water-soluble drugs which 
would otherwise have limited transcapillary passage. 

In a representative intra-arterial study [6], 13 patients with malignant gliomas 
underwent intra-arterial infusion of two agents [BCNU (carmustine), cisplatin] 
via a selective catheter placed in the supraophthalmic carotid artery to avoid 
ocular toxicity. The median survival was 11 months and a response rate of 83% 
was reported, response being defined as a decrease in the volume of tumor as 
measured by CT scan. The treatment had significant neurotoxicity, 15% of 
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patients having a permanent deficit. One patient died due to nephrotoxicity. The 
response of patients and the toxicity was directly related to the total dose admin­
istered. Although no conclusions regarding efficacy are possible from the initial 
studies, large scale cooperative trials are under way investigating this question. 
Focal toxicity arising from selective arterial catheterization and infusions of cyto­
toxic drugs are the major obstacles to the widespread use of this approach. 

Future Approaches 

The poor results of brain tumor therapy have encouraged the development of 
a number of alternate therapeutic strategies, the majority of which involve a 
regional approach. The most promising are still years away from reaching the 
clinic and making a notable impact in the treatment of this group of tumors. 

Immunotherapy as applied to brain tumors has had limited success in the 
past. The recent development of technology for the production of large amounts 
of specific monoclonal antibody (MAb) has significant promise for the char­
acterization, localization, and treatment of malignant gliomas [1]. Potentially, 
identification of specific target antigens present in the majority of malignant 
gliomas will permit passive serotherapy (administration of specific MAb) to be 
used as a primary treatment against malignant gliomas. Problems of target anti­
gen identification, tumor heterogeneity, and delivery of MAb to the tumor re­
main. Possibly, individualized therapy will be necessary, using a panel of MAb 
reacting with specific tumor antigens. 

An adoptive immunotherapy approach already in phase I trials is the use 
of lymphokine factors to stimulate T-Iymphocytes to attack glial tumors [5]. 
In this approach, recombinant IL-2, a T-cell growth factor, is given by systemic 
or local administration to stimulate the patient's own lymphocytes against a 
tumor. A further step employing these lymphokine-activated killer cells (LAK 
cells) is the in vitro stimulation of autologous lymphocytes collected (by plas­
mapheresis and differential centrifugation) from a patient by incubation with 
IL-2, and subsequent re-infusion of these cells directly into the tumor. The initial 
reports do not address efficacy, but have demonstrated minimal toxicity over a 
range of IL-2 doses. The combination of IL-2 with infused LAK cells did not 
appear to increase toxicity in this study, although subsequent studies with higher 
doses of IL-2 and LAK cells have noted reactive brain edema. Despite these 
problems, the future of monoclonal antibodies and lymphokine-mediated 
cytolysis of tumor as therapy appears promising. 

Hyperthermia, used primarily as an adjunct in combination with radiation 
therapy, has also shown some promise. The approach is attractive since it is 
effective against hypoxic cells and dividing cells during the S phase (DNA syn­
thesis) of mitosis; both conditions are highly resistant to ionizing radiation­
hence the adjunctive combination of hyperthermia and radiation. Technical 
problems with production and precise control of thermal fields, a narrow ther-
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apeutic index (normal tissue damage occurs at 44°C) and variable tumor sensitiv­
ity to thermal injury remain, but a phase I trial has been completed showing the 
feasibility and relative safety of this approach [12]. 

Photoradiation . utilizes the property of certain molecules to fluoresce when 
stimulated with appropriate wavelength radiation (laser light). Hematoporphy­
rin and related compounds incorporate into actively dividing cells and liberate 
hydroxyl or superoxide radicals when stimulated. A phase I trial demonstrated 
the feasibility and limitations of such an approach in brain tumors [8]. Patients 
are given a bolus dose of a hematoporphyrin derivative (HpD), normally 
excluded by an intact blood-brain barrier, but incorporated into actively divid­
ing brain tumors. Stereotactic placement of a small fiberoptic cable or similar 
device to transmit energy to the intracranial target is then performed, and laser 
energy is delivered to the target, stimulating the HpD incorporated by neoplastic 
cells. Cutaneous photosensitivity appears to be a toxic manifestation of HpD but 
was easily minimized. The technique has some promise, but technical problems 
with totally implantable light transmission systems has hindered therapeutic 
trials. 

The successful clinical management of malignant gliomas will likely be the 
culmination of a sustained incremental improvement in results, rather than a 
sudden and dramatic therapeutic "breakthrough." Future therapy must place a 
larger fraction of patients with malignant brain tumors in prolonged periods of 
clinical remission as a necessary prelude to achieving a biologic cure. The most 
promising approaches appear to be on the threshold of attaining this goal. 
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24. Head and Neck Cancer 
c. Jacobs 

Current Results and Therapeutic Issues 

Squamous cancers of the head and neck are a heterogeneous group of cancers 
which have variable presenting symptoms, staging, therapy, and outcome [1]. 
Although they account for only 5% of neoplasms in the United States, head and 
neck cancers and their treatment are associated with significant morbidity. In 
contrast to many cancers, most head and neck sites are highly associated with an 
etiologic agent-tobacco. 

Therapeutic plans are based on tumor stage (International Union Against 
Cancer TNM Staging System) and site, since these two factors significantly affect 
outcome. Most Tl and T2 cancers can be treated with either surgery or radio­
therapy with equivalent outcome [2-4]. The decision whether to electively treat 
an NO neck cancer is based on the whether or not occult disease is expected 
to be found. Most T3 and resectable T4 cancers are best treated with combined 
surgery and radiation. Some small T3 glottic cancers and all nasopharynx 
cancers are treated with radiation alone. Chemotherapy has been added to the 
primary treatment program in patients with advanced disease in attempts to 
improve curability (a) prior to initial therapy, (b) as a radiosensitizer, (3) follow­
ing standard therapy as adjuvant treatment. Althouth some trials have shown a 
modest improvement in disease-free survival for selected subgroups, most have 
not shown improvement in survival [5-7]. 

Two-thirds of recurrences are local and one-third distal. Chemotherapy is 
palliative in less than half of the patients, but is rarely curative. The best single 
agents are cisplatin, methotrexate, bleomycin, 5-ftuorouracil (5-FU). Combina­
tions appear superior, but randomized trials do not demonstrate a survival 
advantage. 

Current therapy is unsatisfactory for many reasons, including the following: 

1. Therapy is based on clinical staging which is often inaccurate. Better radiologic 
techniques are needed to assess tumor extent. 

2. For stage I and II disease the cure rate is acceptabe-70%-90%-but mor­
bidity can be significant. Radiation toxicities include xerostomia, mucositis, 
chronic otitis media, osteoradionecrosis, laryngeal edema. Lhermitte's 
syndrome, and hypothyroidism. Long-term surgical complications include 
cosmetic deformities, aspiration, pneumonia, speech impediments, and 
shoulder droop from accessory nerve dysfunction. 
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3. For stages III and IV disease, not only are there the above toxicities, but cure 
rates range from 10% to 45%, depending on site. (Glottic cancer-75% ). 

4. For patients with recurrent disease, results from salvage surgery are poor 
(except salvage laryngectomy for glottic cancers). Less than half of the pa­
tients treated with chemotherapy will derive benefit, and that is usually short­
lived. 

5. Even for the patient who is cured, second primary tumors, predominantly at 
lung, esophagus, or other head and neck sites, occur in up to 10% of patients. 

Current Approaches Under Study 

Radiation Therapy 

Radiotherapy for most head and neck squamous cancers consists of 1.8-2.0 Gy 
fractions for 5 days per week. Deviations from this have been tried in attempts to 
increase tumor dose or decrease toxicity. Hyperfractionated radiotherapy refers 
to the use of more than one fraction per day in smaller than conventional doses. 
Several trials of advanced head and neck cancer have suggested improvement in 
loco-regional control with similar acute toxicities [3]. Brachytherapy, or intersti­
tial implantation of radioactive sources, has also been used as a means to deliver 
higher doses to the tumor while minimizing damage to normal tissues. 1251 seeds 
are used for permanent implants, primarily for positive surgical margins, parti­
cularly in the neck or base of skull [3]. Removable implants using 192Ir or 137CS 
have been used in the oral cavity, oropharynx, laryngopharynx, skin, and cer­
vical nodes. The results with base tongue cancer and tonsillo-platine cancers 
have been excellent. 

High linear energy transfer radiation (fast neutrons)has been investigated be­
cause of potentially superior radiobiologic properties [2]. Neutrons have been 
combined with photon irradiation for "mixed beam" treatment. In a randomized 
trial from the Radiation Therapy Oncology Group (RTOG) results were super­
ior for a trial of patients with neck node metastases. Hyperthermia to a tempera­
ture of 42°C or higher, as delivered by radiofrequency, microwave, and ultra­
sound systems, has been shown to be cytotoxic to cancer cells. Hyperthermia has 
shown activity for recurrent disease, and responses are enhanced by concurrent 
chemotherapy [2]. Chemical agents have been used during radiotherapy as sensi­
tizers, many by acting as oxygen mimics. Misonidazole has not produced any 
major therapeutic advantages, and a new agent, SR-2508, is now in clinical trials 
[2]. 
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Surgery 

Efforts in surgical therapy have included improvement in functional and cosmet­
ic disabilities through modification of conventional surgical procedures, recon­
struction, and rehabilitation [1, 3]. the necessity for a radical neck dissection is 
currently being debated, and in many situations a modified neck dissection may 
be appropriate. Extended partial laryngeal surgery is being refined to allow for 
normal voice without reduction in cure rate. Innovative new techniques in re­
constructive surgery, such as mandibular reconstruction and surgical restoration 
of the voice after laryngectomy, have improved quality of life. Laser surgery, 
particularly with the carbon dioxide laser, provides excellent results with early 
glottic and oral cavity cancers. 

Chemotherapy 

Chemotherapy has been added to radiation and surgery in combined modality 
programs in attempts to improve cure. Chemotherapy has been used as a 
radio sensitizer in controlled trials for patients with advanced, unresectabe dis­
ease [2]. Bleomycin and 5-fluorouracil (5-FU) have both been shown to improve 
local control and survival in individual trials. Benefit, however, is marginal. 

Chemotherapy used prior to standard therapy (induction chemotherapy) pro­
duces response rates of up to 90% with 50 to 60% complete clinical responses. 
The most commonly used regimen is cisplatin (100 mg/m2) on day 1 and 5-FU (1 
gm/m2) on days 1 through 5 by continuous infusion [6]. Although response to 
induction chemotherapy may predict for improved overall survival, no study to 
date has shown improvement in disease-free survival or survival of patients re­
ceiving induction chemotherapy vs. controls [5, 7]. The potential advantage of 
adjuvant chemotherapy has been studied mostly following induction chemother­
apy and standard therapy. Results to date are conflicting but are suggestive that 
adjuvant chemotherapy .may reduce the incidence of distant metastases and 
perhaps improve disease-free survival. Most groups have found it difficult to 
deliver adjuvant chemotherapy to this particular patient population. The Head 
and Neck Intergroup is currently studying the use of three cycles of cisplatin plus 
5-FU sandwiched between surgery and radiation, compared to standard therapy. 

A further role of chemotherapy may be to reduce morbidity by acting as a 
substitute for surgery. In a pilot trial, in which surgery was not performed in 
patients whose disease responded completely to induction chemotherapy as 
documented by endoscopy and biopsy, results were as good as with standard 
therapy. This concept is being studied in a randomized trial by the Veterans 
Administration Cooperative Group. 

New approaches for recurrent disease have included creative combinations of 
chemotherapeutic agents, use of high-dose chemotherapy, investigational drugs 
such as carboplatin and CHIP, intra-arterial chemotherapy, and interferon [2]. 
None to date has proven to be superior to conventional single-agent chemother­
apy, but trials are still in progress. 
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Future Approaches 

The role of chemotherapy and the newer techniques in radiation therapy have 
not yet been fully developed or explored. In the future, combinations of these 
new approaches may significantly enhance outcome. More effective chemother­
apeutic agents and biologic modifiers are needed to enhance combined modality 
programs. The use of highly sensitive imaging techniques, such as magnetic reso­
nance imaging, or monoclonal antibody to determine residual disease may be 
helpful in selecting those patients who would benefit from more aggressive pro­
grams while sparing unnecessary toxicity to others. Retinoids have been used to 
treat preneoplastic lesions, and they have a potential role in chemoprevention 
for high-risk groups, including the prevention of second primary tumors [8]. 

Innovative approaches in head and neck squamous cancer will come from the 
laboratory or from pilot studies. However, randomized trials are necessary to 
to establish the superiority of any new approach over standard therapy. The 
current morbidity and mortality from this disease continues to stimulate basic 
science and clinical research. 
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25. Lung Cancer 
R.L. Comis 

Current Results and Therapeutic Issues 

In the United States alone there will be approximately 140000 cases of lung 
cancer during 1987. Functionally, these diseases are divided into tumors of the 
non-small cell (NSCL) and small cell (SCLC) varieties. The former category 
includes squamous cell adenocarcinoma and large cell anaplastic tumors and the 
latter includes small cell anaplastic carcinoma, all defined by light microscopy. 
This functional classification is based upon each category's distinctive clinical 
biology, i.e., (a) the potential for surgical curability of NSCL; (b) the propensity 
of SCLC to widespread dissemination; and (c) the relative responsiveness or 
unresponsiveness of SCLC and NSCL to existing cytotoxic modalities. 

During the last decade tremendous advances have been made in understand­
ing the biology of certain types of lung cancer. Particularly, the ability to culture 
SCLC in liquid, non-serum containing media has led to establishing the neuroen­
docrine nature of the disease, the importance of various autocrine growth factors 
in sustaining its growth, and the potential role of specific chromosome abnormal­
ities in the 3p region of chromosome 3 in the genesis of the disease [1]. A similar 
approach is now being taken with non-small cell tumors with interesting pre­
liminary results. It is anticipated that these laboratory efforts will led to novel 
clinical strategies in the future. 

Non-Small Cell Lung Cancer 

Recently a new staging system for NSCL has been proposed. The critical fea­
tures of this system include TNM stages: including only T1-T2, NO disease as 
stage I; defining stage II as T1-T2, N1 disease; dividing stage III into an A and a 
B category to accommodate the potential role for surgery with or without radia­
tion in selected T3 cases, and including stage IV disease for patients with distant 
metastases [2]. 

Surgery remains the primary curative modality for 20% of patients with re­
sectable tumors. Meticulous mediastinal lymph node dissection has become an 
integral part of the accepted surgical approach to NSCL. This approach has 
yielded apparent increases in survival, particularly for stage I and II patients, but 
also for patients with microscopically positive ipsilateral mediastinal nodes. 
These shifts are more a function of the new approach to staging than an increase 
in the ability of surgery to cure. 
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A recent trial re-evaluating the role of radiation therapy in patients with 
clinically detectable N2 disease has shown a reduction in local recurrence in 
patients with squamous cell carcinoma, without a significant impact on survival. 
Although the same group has reported an advantage for adjuvant chemother­
apy with cyclophosphamide, adriamycin (doxorubicin), and cis-platinum (CAP) 
in high-risk groups, this singular result has appropriately not become the stan­
dard until it, or other similar approaches, have been shown to be reproducibly 
effective. 

The evaluation of cytotoxic therapy has progressed from the study of single 
drugs, to nitrosourea/alkylating agent-based combinations, to plant alkaloid/ 
cisplatin-based programs [3]. The latter has yielded somewhat more consistent 
objective response rates and modest, but detectable, advantages in median 
survival. To date, however, no treatment can be viewed as standard. 

Small Cell Lung Cancer 

SCLC represents approximately 25% of all cases of lung cancer. Between 5% 
and 8% of patients present with stage I-II disease (TNM system), 35%-40% 
present with classically defined limited disease, and 55%-60% have exten­
sive disease at presentation. During the last two decades the development of 
moderately effective aggressive combination chemotherapy programs have 
significantly altered the clinical course of SCLC [4]. A small but significant 
proportion of patients with limited disease are cured with combined modality 
treatment, and the majority of patients with extensive disease derive substantial 
palliation from therapy. 

During the 1970s the role of radiotherapy for patients with limited disease was 
questioned. Recent studies have shown that simultaneous radiation therapy 
combined with chemotherapy is superior to chemotherapy alone [5]. A more 
drug-oriented approach in limited disease has been evaluated by the South­
eastern Cancer Study Group. This trial built upon the potential noncross-resis­
tance of etoposide and cisplatin (VP-DDP) with the combination of cyclo­
phosphamide, adriamycin, and vincristine (CAV) [6]. After six cycles of CAY 
therapy, patients were randomly assigned to two cycles of consolidation with 
VP-DDP. The addition of VP-DDP yielded a doubling in median survival from 
the time of randomization. Confirmatory trials are now underway. 

The role of surgery combined with aggressive combination chemotherapy 
has recently been re-evaluated, yielding an apparent increase in disease-free 
survival. These preliminary results are now being evaluated in a randomized, 
controlled national group study. 

Recent trials in extensive disease have evaluated the role of VP-DDP 
alternating with CA V. A study by the National Cancer Institute of Canada has 
indicated a modest shift in median survival with the alternating approach [7]. It 
should be noted, however, that a similar shift in median survival has been found 
in all studies which have used etoposide early in the treatment of patients with 
extensive disease. 
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Current Approaches Under Study 

Non-small Cell Lung Cancer 

Combination chemotherapy prior to the use of radiation and/or surgery is being 
employed in non-small cell lung cancer. These trials are directed towards 
selected stage III patients with T3 and/or ipsilateral N2 disease. Three phase 2 
studies which employed Vinca alkaloid/cisplatin-based chemotherapy prior to 
surgery or radiation therapy have provided some interesting leads. Such studies 
have shown that approximately 50% of patients develop a fesponse to chemo­
therapy; approximately 10%-15% have no histologically detectable disease 
in the resected specimen. The impact of this approach on survival remains to be 
determined. It is possible that this and other approaches combining local modali­
ties with aggressive platinum-based chemotherapy may provide advances in the 
future. 

Laboratory-based programs have reported that approximately 10% of pa­
tients with histologically confirmed NSCL will harbor neuroendocrine markers. 
Preliminary data indicate that patients with such tumors respond better to 
chemotherapy than those without such markers. Further studies are being 
designed to address this issue. 

Small Cell Lung Cancer 

There are several studies which are evaluating increased dose intensity in SCLC. 
Pilot studies in patients with extensive disease have not yielded substantial evi­
dence for increased survival [4]. On the other hand, preliminary data from cer­
tain limited-disease trials may indicate that high-dose therapy with autologous 
bone marrow support may be of some benefit in patients who have achieved a 
complete remission. Such studies evaluating dose intensity are now taking two 
different angles. On the one hand, increasingly intensive treatment with auto­
logous bone marrow support is being pursued by certain groups. In addition, 
the availability of colony-stimulating factors has led to the initiation of early 
trials combining them with high-dose chemotherapy. It is possible that such 
approaches may increase not only the objective response but also survival in 
limited-disease patients. 

Future Approaches 

Biologic approaches to the treatment of lung cancer are in the initial phases 
of development. The United States National Cancer InstitutelNavy Medical 
Oncology Branch has initiated the first trials with an anti-bombesin monoclonal 

461 



antibody. This approach is designed to exploit the critical role of bombesin in 
sustaining the growth of SCLC. Also, trials are now being designed to employ 
substances such as the interferons or interleukin-2 in programs designed for 
patients in complete remission with limited disease. 

As mentioned earlier, it is anticipated that during the next decade there will 
be substantially more trials directed by laboratory investigations. These inves­
tigations may be based on further studies relating to the autocrine growth of 
small cell or non-small cancers. In addition, disease-site directed drug develop­
ment programs will hopefully lead to the development of new compounds, while 
the explosion of information relating to drug resistance may yield new trials 
directed towards altering the inherent or acquired resistance which is the bane of 
the chemotherapeutic treatment of lung cancer. 
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26. Breast Cancer 
G. Wilding and M.E. Lippman 

Current Results and Therapeutic Issues 

Breast cancer is diagnosed in more than 120000 women in the United States 
each year. Although 90% of these women will present with disease limited to the 
breast and axillary lymph nodes, one third of all patients with breast cancer will 
eventually develop metastases and succumb to their disease. From 1976 to 1981, 
a 20% decline in mortality in breast cancer patients below age 50 occurred. One 
of the major causes of this decline in mortality in premenopausal women was the 
widespread use of adjuvant chemotherapy. 

Early-Stage Disease 

Reports of prospective studies by the National Surgical Adjuvant Breast Project 
(NSABP) using melphalan [4] and by the Cancer Institute of Milan using com­
bination chemotherapy [2] demonstrated, after nearly 10 years of follow-up, a 
statistically significantly improved relapse-free survival, most prominent in 
premenopausal women with metastases in 1-3 lymph nodes. Numerous sub­
sequent trials have focused on defining which subsets of women would benefit 
most from adjuvant therapy and which forms of adjuvant therapy are most 
efficacious. A consensus development conference report formulated at the 
National Institutes of Health (NIH) in 1985 summarizes the findings of these 
trials [7]. Currently, for premenopausal women with metastases in axillary nodes 
(premenopausal node-positive women), adjuvant chemotherapy with estab­
lished drug regimens is the recommended care regardless of estrogen receptor 
status. In premenopausal women without lymph node metastases (node­
negative women), a number of factors can be used to identify subsets of women 
who are at greater risk of developing metastatic disease. The high risk factors 
include lack of estrogen and progesterone receptors in the tumor sample evi­
dence for high growth rate in the form of either a high S-phase fraction or high 
thymidine labeling index, lack of tumor differentiation, and age under 35. Sever­
al studies show chemotherapy to have a major treatment advantage in these 
women [7]. Therefore, women with these high risk factors should be seriously 
considered for adjuvant chemotherapy, preferably as part of prospective clinical 
trials. 
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Adjuvant therapy for postmenopausal women shows great promise but again 
it is difficult to draw firm conclusions from the data available. Postmenopausal 
women with axillary node metastases comprise one subset of women most likely 
to benefit from adjuvant therapy. The NIH consensus development conference 
recommended that postmenopausal women with estrogen receptor-positive 
tumors and lymph node metastases receive adjuvant tamoxifen therapy. How­
ever, chemotherapy is the adjuvant treatment of choice for women with estrogen 
receptor-negative tumors and should not be ruled out as a treatment option for 
women with estrogen receptor-positive tumors. Recent studies have indicated 
that intensity is an important factor in determining the effectiveness of adjuvant 
chemotherapy [6]. Investigations at the Cancer Institute of Milan demonstrated 
that patients receiving 85% of the planned chemotherapy dose had a 77% 
relapse-free survival at 5 years, compared to the 48% relapse-free survival of 
those patients receiving 65% of their planned therapy [1]. Clearly, the optimal 
adjuvant therapy for postmenopausal node-positive women has not been deter­
mined. These women should be treated as part of prospective trials designed to 
resolve this therapeutic question. 

Equally perplexing questions can be raised in determining when and how to 
give adjuvant therapy to node-negative postmenopausal women. The NIH con­
sensus development panel concluded that there was no indication for routine 
adjuvant therapy in these women except in those subsets with a high risk of 
recurrence [7]. However, analysis of the tamoxifen trials showed a 30% im­
provement in recurrence-free survival in women with no nodal metastases, a 
figure equivalent to the improvement seen in node-positive women. In addition, 
analysis of chemotherapy results as a function of node involvement failed to 
demonstrate any differences in benefit for women who had no nodes involved 
versus women who did. For these reasons, the usefulness of adjuvant therapy 
in node-negative postmenopausal patients must be considered; definition of 
optimal therapy awaits prospective trial results. 

Significant advances in the local management of breast cancer have also been 
achieved. In one study, life table estimates based on data from 1843 women with 
stage I or II breast cancer indicated that treatment by segmental mastectomy 
with or without breast irradiation resulted in disease-free, distant disease­
free, and overall survival at 5 years that was no worse than that after total 
breast removal [5]. This observation has been substantiated by the early results 
of Veronesi et al. [9] and the National Cancer Institute, USA [3]. Remaining 
issues include the relative merits of the various conservative surgical procedures, 
optimal radiation technique, cosmesis, and the psychological aspects of breast 
preservation and reconstruction. 

Locally Advanced Disease 

Patients with locally advanced disease (stage III) at presentation have a poor 
prognosis, with 5-year survival rates of about 30%. Chemotherapy for a fixed 
number of cycles prior to local therapy has achieved improved local control in 
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approximately 80% of patients and modest improvements in survival of 10-
20%. However, many patients (about 50%) continue to develop metastases by 5 
years and die of disseminated disease. Considering the poor prognosis of these 
patients, more aggressive approaches and the evaluation of chemohormonal 
therapy are clearly warranted. 

Metastatic Disease 

Approximately 10% of patients present with disseminated disease and one-third 
of all breast cancer patients will die from disseminated disease. Nearly half of the 
patients with metastases will respond to chemotherapy, and one-third of those 
will achieve complete remissions. While survival has improved, the duration of 
response is only from 6 months to 1 years. For those patients with hormone­
responsive tumors (about one-third of all patients), hormonal manipulations, 
either additive or ablative, produce responses of 12-18 months' duration. Effec­
tive therapy against hormone-independent tumors is desperately needed. 

Current Approaches Under Study 

The gains made in the therapy of breast cancer have been substantial. To con­
tinue to add to our understanding of breast cancer and improve on existing ther­
apy, all patients should be strongly encouraged to participate in ongoing and 
future controlled trials aimed at improving the therapy of breast cancer. A num­
ber of issues are currently under investigation and require further attention. 
These include refining the division of patients into prognostic subgroups by 
assessing the limits of pathological, biochemical, cytokinetic, and immunological 
variables in determining patient outcome and assessing the need for adjuvant 
therapy. In particular, the question of treatment of node-negative women with 
adjuvant therapy needs considerably more attention. 

The recent observation that dose intensity and scheduling substantially in­
fluence treatment outcome suggest that even with current treatment modalities 
improvements in overall results can be achieved [6]. Endocrine treatment and 
chemotherapy can be combined, but the optimal combination of these two 
modalities remains to be defined. Should these therapies be given sequentially or 
simultaneously, and for how long? Should therapy be administered before or 
after surgery? These are all questions which need to be answered by well­
controlled clinical trials. 

Studies at the National Cancer Institute are addressing some of these ques­
tions. In patients with locally advanced disease (stages IlIA and IIIB ), combina­
tion chemotherapy is given to the point of maximal objective clinical response, 
in efforts to (a) maximally reduce the tumor bulk prior to definitive local therapy 
and (b) destroy occult micrometastatic disease. Endocrine therapy is used with 
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chemotherapy by glvmg tamoxifen and Premarin (conjugated estrogenic 
hormones) sequentially before administration of cell cycle-specific agents, in an 
attempt to synchronize DNA synthesis in a proportion of these tumor cells and, 
thus, make them more susceptible to cytotoxic chemotherapy. Thus far the rate 
of objective response to chemotherapy has been 90%, with 52% achieving com­
plete clinical responses. The median time to disease progression and median 
survival time have not been reached by the 51 patients studied thus far [8]. 

A number of studies have shown that significant tumor responses can be 
achieved using high-dose chemotherapy followed by autologous bone marrow 
transplantation (ABMT). Since high-dose therapy might be of greater benefit 
if used in patients in complete remission but at risk of early relapse, patients 
with inflammatory breast cancer who achieve complete responses with chemo­
hormonal therapy and local treatment are now being randomized to either 
observation or high-dose melphalan therapy with ABMT at the National Cancer 
Institute. 

The approaches described above are also being applied in patients with 
metastatic disease (stage IV). In addition, the problems of drug resistance and 
hormone independence are being addressed. As described by Fojo in this 
volume, a molecular approach to the phenomenon of multiple drug resistance 
has provided insight into the mechanisms of drug resistance. Recent advances in 
the ability to culture primary and metastatic human breast cancer have enabled 
investigators to evaluate drug sensitivity in vitro on biopsy specimens. Finally, 
multiple hormonal manipulations are being applied simultaneously in efforts to 
optimize response to hormonal therapy. 

Future Approaches 

Future advances in breast cancer therapy will depend on expansion of our cur­
rent basic research data base. Findings in the general disciplines of molecular 
biology, pharmacology, genetics, and cell biology alone or in concert could sub­
stantially alter our understanding of ways to disrupt the growth of breast cancer 
in a therapeutically beneficial sense. As outlined by Wilding and Lippman (this 
volume), investigations into the nature of the cellular response to hormones 
have provided us with a glimpse into the future. The discovery of autocrine 
growth loops, driven by steroids in hormone-dependent tumor cells and consti­
tutively active in hormone-independent tumor cells, has provided a variety of 
targets through which cell growth could be disrupted in both hormone­
dependent and hormone-independent tumor cells. Disruption of these growth 
loops by immunologic, pharmacologic, and gene transfer techniques is already 
underway using in vitro and in vivo laboratory models. 

466 



References 

1. Bonadonna G, Valagussa P (1981) Dose-response effect of adjuvant chemotherapy in breast 
cancer. N Engl J med 304: 10 

2. Bonadonna G, Valagussa P, Rossi A et al. (1985) Ten-year experience with CMF-based adjuvant 
chemotherapy in resectable breast cancer. Breast Cancer Res Treat 5: 95 

3. Findlay P, Lippman M, Danforth D et al. (1986) A randomized trial comparing mastectomy to 
radiotherapy in the treatment of stage I-II breast cancer: a preliminary report. Am Soc Clin 
Oncol5: 246 

4. Fisher B, Carbone P, Economou SG et al. (1975) L-phenylalanine mustard (L-PAM) in the 
management of primary breast cancer: a report of early findings. N Engl J Med 292: 117 

5. Fisher B, Bauer M, Margolsese R et al. (1985) Five year results of a randomized clinical trial 
comparing total mastectomy and segmental mastectomy with or without radiation in the treat­
ment of breast cancer. N Engl J Med 312: 665 

6. Hryniuk W, Bush H (1984) The importance of dose intensity in chemotherapy of metastatic 
breast cancer. J Clin Oncol 2: 1281 

7. Lippman ME (ed) (1986) Proceedings of the NIH Consensus Development Conference on 
adjuvant chemotherapy and endocrine therapy for breast cancer. NCI Monogr 1 

8. Sorace RA, Lippman ME, Bagley CS, Lichter AS, Danforth DW, Wesley MN, Young RC (1985) 
The management of nonmetastatic locally advanced breast cancer using primary induction 
chemotherapy with hormonal synchronization followed by radiation therapy with or without de­
bulking surgery. World J Surg 9: 776 

9. Veronesi U, Saccozzi R, Del Vecchio M et al. (1981) Comparing radical mastectomy with quad­
rantectomy, axillary dissection and radiotherapy in patients with small cancers of the breast. N 
Engl J Med 305: 6 

467 



27. Renal Cell Carcinoma 
C.N. Robertson and W.M. Linehan 

Current Results and Therapeutic Issues 

There are 12000-17000 new cases of renal cell carcinoma in the United States 
per year. Renal cell carcinoma is responsible for 7000 to 9000 deaths annually. 
Approximately 56% of the cases are localized, 14% are locally advanced, and 
30% of patients present with metastatic disease. The main occurrence of renal 
cell carcinoma is in the age range 40-70 years. While the youngest reported age 
of occurrence is 6 months, there are less than 100 reported cases in children 
under 10. The most commonly used staging system for renal cell carcinoma is the 
one devised by Robson, in which stage I is tumor confined within the capsule, 
stage II denotes tumor invasion of perinephric fat (confined to Gerota's fascia); 
in stage III there is tumor involvement of the regional lymph nodes and/or renal 
vein and vena cava, and in stage IV there is adjacent organ involvement or 
distant metastasis. The 5-year survival rate for stages I and II renal cell carcino­
ma is approximately 80% [1]. The 5-year survival for stage III is 40%-50%; only 
8%-12% of patients with stage IV renal cell carcinoma survive 2 years. Involve­
ment of the regional lymph nodes in renal cell carcinoma (stage IIIB) is associ­
ated with decreased survival-only 20% at 5 years. Renal cell carcinoma can be 
either clear-cell, granular-cell, or sarcomatoid-type. The sarcomatoid-type renal 
cell carcinoma carries a worse prognosis than either the clear or granular histo­
logic types. Renal cell carcinoma often spreads to the lungs, skeletal system, or 
to lymph nodes. Less often involved are the brain, liver, or skin/subcutaneous 
tissue. 

The current treatment for stage I or stage II renal cell carcinoma is radical 
nephrectomy. Radical nephrectomy most often involves the removal of the 
entire contents of Gerota's fascia including the ipsilateral adrenal gland. Many 
surgeons include regional lymphadenectomy in radical nephrectomy, although 
this is not universally performed and it is not clear that it improves survival. 

Some have advocated the use of nephrectomy in patients with stage IV renal 
cell carcinoma in order to induce spontaneous regression of metastases. In nine 
series reviewed by Montie et al. [2] in which nephrectomy had been performed in 
patients with metastatic renal cell carcinoma, only 4 or 474 (0.8%) had evidence 
of regression of metastatic foci. Angioinfarction of the kidney has often been 
used in patients with metastatic renal cell carcinoma. In a series of 100 patients 
with metastatic renal cell carcinoma treated with angioinfarction, Swanson et al. 
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[3] found no improvement in survival with this technique over patients treated 
with nephrectomy alone. Angioinfarction and/or nephrectomy can, however, 
play an important role in decreasing or preventing the occurrence of local or 
systemic symptoms in patients with metastatic renal cell carcinoma. 

Surgical resection of metastatic foci in conjunction with nephrectomy may 
playa role in management of selected patients with metastatic renal cell carcino­
ma. Up to a 30% 5-year survival has been reported in selected patients in whom 
solitary metastatic foci are surgically resected. 

Hormonal therapy has for a number of years been frequently used in the 
treatment of patients with metastatic renal cell carcinoma, on the basis of work 
in which kidney tumors were induced in male hamsters with estrogen and the 
growth of such tumors inhibited with estrogen antagonists. However, the use of 
hormonal therapy in humans with metastatic renal cell carcinoma is associated 
with a very low response rate. The reported results with progesterone therapy in 
patients with metastatic renal cell carcinoma demonstrate only a 10% (31/299) 
response rate, results with testosterone a 9% (9/115) response rate, and those 
with estrogen antagonists a 6% (101162) response rate [4]. 

The response of renal cell carcinoma to chemotherapy also has been dis­
appointing. Numerous single-agent and multi-agent chemotherapy trials have 
been performed in patients with metastatic renal cell carcinoma. In a review by 
Harris [4] of the reported response rates using single chemotherapeutic agents 
from a number of published reports, there was an overall 9% response rate. The 
response to combinations of agents may be higher than that to single agents and 
there are some complete responses reported. The response to combination 
chemotherapeutic agents seems to be highest with vinblastine-containing 
regimens. However, the toxicity of combination agents is higher than for single 
agents and a significant impact on survival has yet to be demonstrated. 

Current Approaches Under Study 

A number of trials have been performed evaluating the effect of interferon on 
metastatic renal cell carcinoma. The first trials were with human leukocyte a­
interferon, followed by trials with purified human lymphoblastoid a-interferon. 
Purified recombinant a-, f3-, and y-interferon are now available and trials are cur­
rently under way with each of these agents as well as with combinations of these 
agents. The most active agent seems to be a-interferon. The response rates for 
natural interferons have been reported to be 14%; the response rates for the 
recombinant interferons are 12%-20% [5]. Post-nephrectomy patients who 
have had no other treatment and, who do not have bony metastases, but have 
disease at other sites respond the best to this type of therapy. 

Since the description of monoclonal antibody production in 1975, the poten­
tial for specific tumor-associated antigen binding and its use for imaging and 
therapy has been recognized. To date a small number of clinical trials using 
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monoclonal antibodies to renal cell carcinoma have been initiated, evaluating 
both imaging and therapeutic potential, which are currently at an early stage. 

A therapeutic approach to the treatment of metastatic renal cell carcinoma by 
adoptive immunotherapy using lymphokine-activated killer (LAK) cells and re­
combinant interleukin-2 (IL-2) has been recently developed by Rosenberg et al. 
[6, 7]. The goal of this therapy is to develop a method for mediating the rejection 
of established human tumors by the adoptive transfer of lymphoid cells with 
anti-tumor reactivity. The properties of recombinant IL-2, previously called T­
cell growth factor, have been determined by Rosenberg [6]. The lymphokine­
activated killer phenomenon is seen in the incubation of lymphocytes in IL-2, 
which results in the generation of cells capable of lysing fresh tumor cells in 
short-term chromium-51 release assays. It has been shown in the murine model 
that: (a) IL-2 alone can reduce established pulmonary and hepatic metastases, 
(b) LAK cells can reduce the number of established metastases, and (c) therapy 
with LAK cells plus IL-2 is more effective than either agent alone in reducing the 
number of established metastases [6]. 

Clinical trials are now under way exploring combined therapy with LAK cells 
and IL-2 in patients with advanced cancer. Over 100 patients with advanced 
renal cell carcinoma have been treated with either IL-2 alone or IL-2 plus LAK 
cells. A recent report of 157 patients with advanced cancer treated with LAK 
cells and IL-2 or IL-2 alone by Rosenberg et al. included 57 patients with ad­
vanced renal cell cancer. Of the 36 patients with renal cell carcinoma treated with 
LAK cells plus IL-2, 12 (33%) underwent a complete or partial response. Of the 
21 patients treated with IL-2 alone, 1 had a complete response [7]. Although this 
regimen is currently cumbersome to administer and has toxic side effects [7], it 
has induced significant response in diseases for which there are no standard, 
effective therapies. Trials are currently under way to evaluate whether IL-2 or 
IL-2 plus LAK cell therapy is more effective in renal cell carcinoma and to study 
this therapy in patients with smaller tumor burdens, i.e., completely or partially 
resected in locally advanced renal cell carcinoma. 

Another approach currently under study is the use of tumor-infiltrating lym­
phocytes. In murine studies, tumor-infiltrating lymphocytes have been found to 
have specificity and to be more effective than LAK cells in reduction of estab­
lished 3-day micrometastases [8]. Tumor-infiltrating lymphocytes have also been 
grown from surgical specimens containing renal cell carcinoma that are capable 
of being grown and subsequently expanded in media containing IL-2 [9]. Clinical 
trials in the Surgery Branch of the National Cancer Institute are now under way 
to evaluate the effect of treatment with IL-2 and tumor-infiltrating lymphocytes 
in patients with metastatic renal cell carcinoma. 

Future Approaches 

Future directions with adoptive immunotherapy will include studies to further 
increase the effectiveness of therapy and to decrease the toxicity. Lower-dose 
regimens with IL-2 and regimens with prolonged, maintenance administration of 
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IL-2 will be studied. Combinations of agents such as IL-2 with or without LAK 
cells, with or without tumor-infiltrating lymphocytes, plus IL-l, IL-4, tumor 
necrosis factor (TNF) , interferon, chemotherapeutic agents or radiation, or 
combinations of these agents could also be evaluated. The possibility exists of 
cloning an even more active LAK cell or tumor-infiltrating lymphocyte which 
would be more specific and/or require less IL-2. 

Studies of the paracrine, endocrine, and, particularly, autocrine effects of 
renal cell carcinoma-produced growth factors are in progress. In a significant 
number of patients with renal cell carcinoma there is evidence for a paracrine 
and/or endocrine effect from tumor-produced factors, such as hypercalcemia. 
Transforming growth factor (TGF-)a and epidermal growth factor (EGF) have 
been shown to be capable of inducing bone resorption and increasing serum 
calcium levels in rodents when administered systemically [10]. Message levels for 
TGF-a, TGF-f3 and the EGF receptor have recently been shown to be increased 
in renal cell carcinoma, cell lines, and solid tumors [11]. This raises the possibil­
ity that TGF-a, for example, could have an autocrine role in the initiation or 
progression of renal cell carcinoma. Potential therapeutic strategies to block this 
potential autocrine mechanism include use of such agents as monoclonal anti­
bodies or modified EGF-binding peptides to block the EGF receptor. 

New molecular techniques are providing greater insight into chromosomal 
abnormalities in this disease. It has recently been reported by Zbar et al. [12] 
that, by use of restriction fragment length polymorphism analysis, an interstitial 
deletion in the short arm of chromosome 3 could be identified in tumor tissue 
from patients with renal cell carcinoma. The potential significance of the iden­
tification of a chromosomal deletion lies in the fact that it may localize a critical 
gene which, when it loses normal function, may result in malignant transforma­
tion. It is possible that such a gene could code for a repressor protein which 
inhibits the expression of growth factor genes or other genes capable of cell 
transformation. Alternatively if the corresponding allele to a deleted "wild­
type" allele contained a mutated gene, this mutated gene could code for an 
altered protein which could result in transformation. Identification of this 
altered protein and/or an understanding of its role in transformation could lead 
to new therapeutic strategies in the treatment of this disease. 
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28. Carcinoma of the Pancreas 
W.F. Sindelar 

Carcinoma of the pancreas is an aggressive visceral malignancy which results in 
the death of over 99% of the patients who develop the disease. In the United 
States approximately 25000 lives are claimed yearly by carcinoma of the pan­
creas. Survival expectations with this disease are quite limited, with a median 
survival of only approximately 6 months from the time of diagnosis and an over­
all 5-year survival rate of under 1 %. The treatment of pancreatic cancer has 
been difficult and largely unsuccessful, with surgical resection offering only a 
limited opportunity for cure and with radiation therapy, chemotherapy, or other 
modalities resulting at best in only modest expectations of prolonged survival or 
temporary palliation of symptoms. 

Current Therapy 

Surgery 

Surgical resection of pancreatic carcinoma provides the only current therapeutic 
modality with any potential for cure. Unfortunately, resection is possible in only 
the few patients with disease localized to the pancreas. In most series, fewer than 
15% of patients who are brought to surgery with the intention of performing a 
resection are found to have a tumor at a stage early enough to permit complete 
extirpation [1]. 

For patients with tumors confined to the pancreatic parenchyma, the conven­
tional surgical treatment is pancreaticoduodenectomy, or Whipple's operation. 
Whipple's procedure is a technically difficult operation that requires removal of 
the distal stomach, entire duodenum, distal bile duct, and head of the pancreas. 
Total pancreatectomy with resection of the entire pancreas along with the 
duodenum, distal stomach, and regional lymph nodes has been advocated by 
some surgeons. Pancreatic resections carry an operative mortality in most series 
that averages 20% and an overall surgical complication rate of more than 50%. 
Various series of resections performed for carcinoma of the pancreas have 
shown disappointing salvage rates, with 3-year survivals averaging less than 15% 
and 5-year survivals of 10% or less [1]. 
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Radiation Therapy 

Radiation therapy has chiefly been used for pancreatic cancer in patients with 
large local tumors. Typically, up to 60 Gy radiation is administered in 1.S-2.0 
Gy daily fractions to the upper abdomen, with coned-down volumes to the 
tumor taken to high dose. Radiosensitive organs in the upper abdomen, such as 
stomach and small intestine, limit the dose of radiation that can be delivered. 
Although radiation therapy can help control local disease and may provide pal­
liation of pain or obstruction, radiation has not been convincingly demonstrated 
to prolong survival. 

Chemotherapy 

Chemotherapy has been used in the treatment of pancreatic carcinoma in 
attempts to palliate symptoms or to prolong survival in patients with advanced 
disease. A variety of drugs have been shown to have activity in pancreatic carci­
noma, typically showing evidence of clinical benefit in approximately 20% of 
patients treated. Drugs with activity include S-fluorouracil (S-FU), doxorubicin, 
mitomycin-C, and streptozotocin. When used in combination, various cytotoxic 
drug regimens have demonstrated clinical responses in approximately 3S% of 
patients treated. The overall prognosis for patients with advanced pancreatic 
cancer treated with chemotherapeutic agents is poor, with a survival expectation 
of less than 6 months following the initiation of treatment. 

Combined Modality Treatment 

Chemotherapy combined with radiation therapy is the most frequently utilized 
current modality for the treatment of pancreatic cancer. In a prospectively 
randomized clinical trial, the Gastrointestinal Tumor Study Group [2] showed 
that combined radiation and chemotherapy was superior to radiation treatment 
alone and resulted in a median survival of approximately 1 year. 

New Therapeutic Strategies Under Study 

Extended Surgical Resections 

Disease recurrence is common following surgical resection for pancreatic cancer. 
The lack of complete extirpation of regional tissues and lymph node groups in 
Whipple's operations or total pancreatectomies has been considered by some to 
be a reason for disease failure after resection. Extended or regional pancreatic 
resections have been advocated in an attempt to improve upon the surgical re-
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suits in pancreatic carcinoma. Extended resections are designed to remove all 
tissues in the region of the pancreas which potentially harbor malignant cells, 
including the entire pancreas with duodenum and distal stomach, peripancreatic 
and retroperitoneal lymph nodes, retroperitoneal soft tissues, and major blood 
vessels such as the portal vein in the vicinity of the pancreas. 

Fortner [3] initially described regional pancreatectomy and reported on 61 
patients who had undergone extended resections. The resectability rate among 
patients explored was 30%, and the perioperative mortality was 23% overall. 
The median survival of 35 patients resected for adenocarcinomas of the pan­
creatic parenchyma was 15 months, while the median survival of 21 patients 
undergoing resection for periampullary or islet cell tumors was 40 months. Five 
patients had resections for benign disease. 

Proponents of regional pancreatectomy have advocated the procedure as a 
method of prolonging survival in selected patients by ptoviding good local con­
trol of disease in the region of the pancreas. Although a technically demanding 
procedure, in experienced hands a regional pancreatectomy can be performed 
with morbidity comparable to a Whipple's operation or a total pancreatectomy 
and can result in a modest improvement in survival expectation. Critics of re­
gional pancreatectomy have suggested that the procedure is a technical exer­
cise that does little to prolong overall survival, since patients requiring extended 
resections probably have disease too extensive to expect a cure [4]. It must be 
concluded at present that the experience with extended pancreatectomy is 
limited and has been confined to small numbers of selected patients. Further 
evaluations of the effectiveness of extended resections is necessary in order to 
determine whether regional pancreatectomy should play in a role in the surgical 
treatment of pancreatic carcinoma. 

Intraoperative Radiotherapy 

Intraoperative radiotherapy (IORT) is a technique of delivering therapeutic 
doses of radiation to areas of malignant disease during surgical procedures. 
Tumors can be exposed operatively and treated directly with large single doses 
of radiation. Radiosensitive and potentially dose-limiting normal organs and 
tissues may be surgically displaced from the beam path or may be physically 
shielded to prevent exposure within the radiation treatment volume. The 
rationale of IORT has been to allow the radiation dose to be maximized to areas 
of malignancy and to minimize the possibility of radiation damage to normal 
tissues [5]. 

IORT has been utilized in carcinoma of the pancreas by various institutions. 
Abe and Takahashi [6] reviewed 100 patients with unresectable pancreatic carci­
noma who were treated with IORT at doses ranging 15-40 Gy. IORT did not 
have an important impact on overall survival, which averaged less than 6 
months, but did provide a significant palliative benefit by producing pain relief in 
80% of the patients treated. The Massachusetts General Hospital (MGH) has 
employed IORT (typically 15 Gy) in conjunction with external beam irradiation 
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delivered both preoperatively and postoperatively (50 Gy total external beam 
dose). The MGH experience with 29 patients with unresectable pancreatic 
carcinoma revealed a median survival of 17 months, a 1-year actuarial local dis­
ease control rate of 64%, and a 50% rate of complete pain relief [7]. The MGH 
experience has suggested that IORT improves survival in selected patients. Ex­
perience with using IORT in unresected pancreatic cancer has been accumulated 
at Howard University and at the Mayo clinic with suggestions of prolonged 
survival and improved local disease control [5]. 

Evidence currently exists that suggests that IORT may represent a technical 
advance in the treatment of pancreatic carcinoma. It is necessary, however, to 
critically examine the efficacy and toxicity of IORT in prospectively randomized 
clinical trials to determine whether IORT actually offers significant advantages 
over conventional radiation therapy, either in terms of enhanced disease control 
or in terms of diminished radiation toxicity [8]. The National Cancer Institute, 
USA, has conducted a randomized trial in patients with unresectable pancreatic 
carcinoma who undergo external beam radiation therapy and 5-FU chemother­
apy. Patients are randomized to receive or not to receive IORT boost at the time 
of laparotomy. Preliminary findings in the study suggest that IORT significantly 
enhances disease control and may provide a survival advantage. Further trials 
are required to establish any definitive role for IORT in the treatment of pan­
creatic cancer. 

Adjuvant Therapy 

Adjuvant therapy is treatment administered after resectional surgery in an attempt 
to eradicate systemic micrometastatic disease or locally persistent microscopic 
residual tumor and thereby diminish the likelihood of local or systemic recurrent 
disease. In pancreatic cancer, therapies that reduce the chance of recurrence are 
desirable since the failure rate after attempted resection is high. The adjuvant 
treatment of carcinoma of the pancreas after resection is currently experimental, 
but limited studies have suggested that adjuvant therapy may be of benefit. 

Some centers have used radiation therapy in combination with resection to 
improve local disease control in pancreatic cancer [1]. The National Cancer In­
stitute has studied adjuvant radiation therapy for resected pancreatic carcinomas 
where patients with positive regional lymph nodes or extrapancreatic tumor ex­
tension received radiation therapy to the resection bed. Patients were randomly 
assigned to receive either intraoperative radiation therapy or conventional post­
operative external beam radiation. Of 25 patients placed in the study, the me­
dian survival in the group receiving IORT was 13 months and the survival of 
those receiving conventional external beam radiation was 9 months. Patients 
receiving IORT showed an actuarial 2-year survival of 38% and a local disease 
control rate of 35%. Patients receiving conventional radiation therapy had a 0% 
2-year survival, and no patients achieved long-term control of local disease. 

Chemotherapy as an adjuvant to resection has not been used extensively for 
pancreatic carcinoma, although some centers occasionally have given chemo­
therapy after pancreatic resection and have claimed some survival benefit [1]. 
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Experience with combined modality therapy in resectable pancreatic cancer is 
small but suggestive of therapeutic benefit. The Gastrointestinal Tumor Study 
Group conducted a prospectively randomized clinical trial evaluating the role of 
combined radiation and 5-FU chemotherapy for resectable pancreatic cancer 
[9]. Patients with localized carcinomas of the pancreas who underwent pan­
createctomy were prospectively randomly assigned to receive resection alone or 
to receive adjuvant combined modality therapy consisting of 40 Gy radiation 
therapy and 5-FU chemotherapy (500 mg/m2) weekly. Of 43 patients entered 
into the study over an 8-year period, the patients who underwent surgery alone 
had a median survival of 11 months and a 15% 2-year survival, while the com­
bined modality adjuvant group had a superior median survival of 20 months and 
a 42% 2-year survival rate. The disease-free interval was 11 months for the com­
bined modality therapy arm and 9 months for the surgery alone arm. Disease 
eventually recurred in 86% of surgery alone patients and in 71 % of the com­
bined modality patients. Although the advantage of adjuvant therapy may be 
small, combined modality therapy following pancreatectomy appears to have 
promise for improving therapeutic efficacy in patients with localized disease 
amenable to surgical resection. 

Future Approaches 

Monoclonal Antibodies 

A variety of monoclonal antibodies with reactivity against carcinomas of the 
pancreas have been discovered. Monoclonal antibody C017-1A was originally 
generated against a colorectal carcinoma cell line and was found to have the 
ability to inhibit the growth of xenografts of human gastrointestinal tumors in 
nude mice. In a pilot clinical trial, C017-1A was administered without signif­
icant toxicity to 20 patients with advanced gastrointestinal cancer and resulted 
in tumor regressions in three patients, including one patient with carcinoma of 
the pancreas [10]. 

Several institutions initiated pilot therapies using C017-1A in patients with 
advanced pancreatic carcinoma. In a symposium on C017-1A held at the Wistar 
Institute in 1986, it was reported that 115 patients were treated with C017-1A 
administered at various doses either alone or in combination with activated 
mononuclear cells. No clinically significant toxicity was reported. It was felt that 
23 out of 115 patients (20%) showed some clinical evidence of benefit from 
monoclonal antibody immunotherapy. Three patients were felt to have no clini­
cal evidence of disease following treatment and were considered to be complete 
responders. Six patients were considered partial responders, with a measurable 
50% decrease in the size of selected sites of tumor. An additional 14 patients 
were considered to have minor responses or stable disease over prolonged 
periods which were longer than would be expected from conventional therapy. 
The preliminary conclusion was that C017-1A has some therapeutic efficacy in 
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pancreatic carcinoma. Additional studies are ongoing and further investigations 
will be necessary to assess the potential utility of monoclonal antibodies in the 
treatment of pancreatic carcinoma. 

Biological Response Modifiers 

There is considerable current interest in various biological response modifiers in 
the treatment of malignant disease. Biological response modifiers include inter­
ferons, interleukins, tumor necrosis factors, colony stimulating factors, and va­
rious lymphokines and cytokines. At present there has been little utilization of 
biological response modifiers in patients with pancreatic carcinoma. Based on 
early reports of activity of biological response modifiers in a variety of diseases, 
it appears reasonable to suggest that patients with pancreatic carcinoma be in­
vestigated for possible therapeutic effects. 
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29. Hepatocellular Carcinoma 
J.S. Macdonald 

Current Results and Therapeutic Issues 

The curative therapy of hepatocellular carcinoma is surgical resection of the 
tumor [1]. Although it is important to consider every patient with hepatocellular 
carcinoma as a potential candidate for surgical cure, it should be understood that 
the vast majority of patients will not benefit from surgery and will be candidates 
for palliative treatment only. One of the major problems with attempting surgi­
cal resection in patients with liver carcinoma is that this disease develops most 
frequently in individuals with cirrhosis. A major hepatic resection in a cirrhotic 
patient is not feasible since the cirrhosis will inhibit regeneration of the liver 
after resection. Hepatic regeneration is depended upon to provide adequate 
liver function after resection. Another confounding problem in the surgery of 
hepatocellular cancer is the fact that in many instances hepatomas will be multi­
focal. Thus, hepatic lobectomy, for example, can hardly be expected to be cura­
tive if multiple tumors exist throughout the liver. 

There are however some patients with hepatocellular cancer who are good 
candidates for surgical resection for cure. These include patients with a unifocal 
lesion on the background of a non-cirrhotic liver, patients with fibrolamellar or 
encapsulated varieties of hepatoma, or hepatoblastoma, a rare lesion seen in 
infants and very young children. In these groups of patients, surgical resection 
should follow an evaluation which includes obtaining a tissue diagnosis. Hemor­
rhage is a risk with percutaneous or peritonoscopy-directed liver biopsy, but 
tissue confirmation of hepatic neoplasm is essential in planning therapeutic 
approaches. Hepatic arteriography to define the extent and location of the 
tumor is important pre-operatively. Bleeding is a major operative complication 
of liver resection and it is essential that a skilled hepatic surgeon undertake such 
surgical procedures. Care must be taken to obtain wide operative exposure, and 
careful dissection of hepatic vascular structures for ligation must occur before 
transection of the liver parenchyma is performed. In patients with hepatoma 
undergoing complete resection, the 5-year disease-free survival varies between 
12% and 30%. 

There are some palliative surgical approaches which may be helpful to the 
patient with unresectable hepatocellular carcinoma [1]. For example, hepatic 
dearterialization may be palliative in patients with hepatocellular carcinoma by 
causing necrosis of vascular tumors. This procedure may be performed surgically 
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or by percutaneous angiographic techniques. However, patients with cirrhosis 
and portal vein hypertension cannot be considered candidates for either hepatic 
artery ligation or percutaneous dearterialization procedures, since the hepatic 
artery in these patients is critical for oxygenation of normal liver tissue. Normal­
ly, the hepatic parenchyma receives adequate oxygenation through the portal 
venous system. However, in cirrhotic patients this is not the case and the hepatic 
arterial circulation provides oxygen and metabolic substrates for the liver. 

Both radiation and chemotherapy have been used in the treatment of patients 
with unresectable hepatocellular carcinoma. Although radiation dosages of 20-
35 Gy may result in regression of tumor in as many as 50% of the cases, median 
survivals are still in the range of 6 months and long-term survivors are very 
uncommon [2]. Radiation has been combined with chemotherapy, including the 
use of external beam radiation with hepatic artery infusion of drugs such as 
adriamycin (doxorubicin) and 5-fluorouracil (5-FU). Radiation doses of 15-24 
Gy combined with 5-FU/adriamycin by hepatic artery catheterization have re­
sulted in objective regression of tumor in as many as 50% of patients. However, 
complete regression and long-term survival is not attained with this approach 
[3] . 

Systemic chemotherapy both by single agents or combinations of drugs has 
not been an effective modality of treatment in patients with hepatocellular can­
cer. Response rates for single agents in the more recent studies performed by 
Cooperative Oncology Groups have been very poor, with less than 20% objec­
tive regressions. Combinations of drugs have been reported to produce response 
rates as high as 38% with 5-FU + mitomycin-c [1] but there have been no studies 
that have suggested long-term regression or cure of hepatocellular carcinoma by 
systemic chemotherapy. 

Current Approaches Under Study 

A significant current approach in the treatment of hepatocellular cancer is the 
use of high energy radionuclides bound to antibodies relatively specific for hepa­
tocellular cancer cells. Order et al. [4, 5] have recently reported an update of 
work performed at Johns Hopkins University using this technique. Anti-ferritin 
polyclonal antibodies, which are relatively specific for hepatocellular carcinoma, 
have been developed by these workers. Ferritin is an iron storage protein syn­
thesized and secreted by hepatocellular cancers and is found in significantly 
higher concentration in liver cancers than in normal liver [5]. In vivo imagine has 
demonstrated that anti-ferritin antibodies are highly specific for hepatocellular 
cancer [5] and l3lI-labelled anti-ferritin antibodies (polyclonal and monoclonal) 
have been developed by Order et al. l31I-labelled polyclonal antibody may be 
directly administered intravenously and has been shown to localize with specific­
ity in hepatoma and not in normal liver. It appears that tumor neovascularity is 
important for the antibody to localize successfully in the hepatoma. Hepatomas 
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not exhibiting significant neovascularity do not take up the radio labelled anti­
body nearly as well as tumors with high orders of neovascularity. Such tumors 
will demonstrate a large tumor blush on hepatic arteriography. 

To date, clinical trials of 131I-Iabelled anti-ferritin antibody have been of con­
siderable interest. The group at Johns Hopkins, in cooperation with other inves­
tigators [5], have treated 105 patients with hepatocellular carcinoma. In this 
group of patients, there was a 48% overall response rate (41 % partial responses 
and 7% complete responses). Although follow-up is short, there have been some 
2-year survivors after therapy with 131I-Iabelled anti-ferritin. Currently a ran­
domized trial comparing 131I-Iabelled anti-ferritin antibody to chemotherapy for 
hepatocellular cancer is being carried out by a consortium of universities under 
the auspices of the Radiation Therapy Oncology Group. Results of this study 
will be awaited with interest. 

Future Development 

The future developments in the treatment of hepatocellular cancer will depend 
upon our ability to integrate and expand upon several avenues of investigation. 
For example, the early results with radionuclide-Iabelled antibodies are certainly 
of interest. It may be possible to develop studies in which selective dearterializa­
tion, radionuclide-Iabelled antibodies, and perhaps, hepatic vascular infusion of 
drugs or biologic response modifiers may be carried out. Attempts to define and 
refine the maximum potential for radio labelled antibodies also need to be per­
formed. For example, studies are being performed to evaluate the role of che­
motherapy combined with radionuclide-Iabelled antibody [5]. Also, external 
beam radiation to the liver is being evaluated with 131I-Iabelled antiferritin treat­
ment in an attempt to increase, either in an additive or a synergistic fashion, 
the cytotoxicity of the radiolabelled antibody to hepatoma. Hopefully, the 
approaches described above will result in an aggressive combined modality 
approach to the management of individuals with hepatocellular carcinoma that 
will provide significant palliation and prolongation of survival for these patients. 
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30. Esophageal Carcinoma 
J .S. Macdonald 

Current Results and Therapeutic Issues 

Esophageal cancer will affect approximately 10000 Americans in 1987 [1]. 
Although not as common as other major gastrointestinal cancers (gastric, 
pancreatic, and colorectal adenocarcinomas), squamous cell carcinoma of the 
esophagus is highly lethal. Over 90% of patients with this diagnosis will die. 

The standard therapy of esophageal cancer is surgical resection. Obtaining 
valid estimates of the effectiveness of surgery in patients with carcinoma of the 
esophagus is difficult. The likelihood of a favorable surgical outcome clearly 
varies with the local extent of cancer. For example, survival rates as high as 
20%-30% [2] have been reported for patients with distal esophageal lesions and 
no paraesophageal lymph node involvement who underwent surgery. If the 
nodes are involved, the survival rate decreases by at least 50%, so that patients 
with nodal involvement have at best a less than 10% probability of 5-year surviv­
al. Also, one should be aware that some patients reported upon in surgical series 
have been operated on merely for palliation and not with curative intent. Final­
ly, surgery for esophageal cancer is fraught with complications resulting in post­
operative morbidity and mortality. As many as 50% of the patients undergoing 
esophagectomy have major postoperative complications and the operative 
mortality for esophageal resection generally varies between 5% and 30% [2]. 

Radiation as a single modality may also be used in the treatment of 
esophageal cancer. Patients with lesions smaller than 5 cm in size are potentially 
curable with radiation alone [3]. There are also indications that patients with 
squamous cell carcinoma of the cervical esophagus may be more curable with 
radiation than patients with distal or midesophageallesions. Patients with large 
lesions of the esophagus may receive palliation from radiation but are not 
curable with this technique. In general, the curative radiation approach for 
esophageal cancer requires a field of irradiation encompassing the lesion and 
lymph node drainage areas. The dosage varies between 50 Gy and 65 Gy over a 
5- to 7-week period [2). Radiation also has been combined with surgery in the 
treatment of esophageal cancer. Patients have been treated with preoperative 
irradiation followed by surgical resection of the lesion. The value of this approach 
remains undefined and randomized studies of preoperative radiation versus 
surgery only have generally shown no significant differences in survival or mor­
bidity between the irradiated and operated groups [2). 
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Chemotherapy has not been widely used as a single modality of treatment 
for primary esophageal cancer. The activity of chemotherapeutic agents in 
esophageal cancer has been defined in patients with established metastatic dis­
ease. Agents such as 5-fluorouracil (5-FU), cisplatin and methotrexate have 
been shown to be active in causing regression of disease. Platinum-based com­
bination chemotherapy regimens in patients who have had no previous chemo­
therapy result in approximately 40%-60% response rates, with as many as 
20% of the patients evidencing complete regression of the disease [2]. 

Current Approaches Under Study 

Esophageal cancer is of interest to the clinical oncologist because it is a disease 
where neoadjuvant therapy is being explored and may have significant benefit. 
The neoadjuvant approach uses combination chemotherapy along with irra­
diation followed by esophagectomy. Combination chemotherapy regimens in 
neoadjuvant studies of esophageal cancer are 5-FU plus mitomycin and 5-FU 
plus cisplatin [4]. A study performed by the Southwest Oncology Group in which 
patients with stage I and II esophageal cancer were treated with neoadjuvant 
therapy is of interest. In this trial, patients received a combined irradiation che­
motherapy program consisting of continuous infusion of 5-fluorouracil at 1000 
mg/m2 per day, days 1-4 and days 29-32; cisplatin 75 mg/m2 on day 1 and on day 
29; and radiation 30 Gy administered over days 1-19. Of the 71 patients in this 
phase II study who underwent surgical resection after neoadjuvant therapy, 18 
(25%) had no pathologic evidence of disease in the resected specimen [5]. 
Median postsurgical survival for all 71 patients was 14 months and was 32 
months for those who attained complete remission from neoadjuvant therapy. It 
should be emphasized that, although it is encouraging that 25% of patients 
achieved complete pathologic regression of disease from combined chemother­
apy and radiation, neoadjuvant therapy remains an investigational approach. 
There is no evidence at present documenting survival benefit with this tech­
nique. There is currently a randomized phase III study being performed in the 
United States in which patients with early esophageal cancer will be randomly 
allocated to neoadjuvant therapy as tested by the Southwest Oncology Group 
study versus 64 Gy radiation therapy only. This study will accrue in excess of 100 
patients and will be very useful in defining the value of the neoadjuvant 
approach compared to standard radiation therapy. 

Another approach that is of considerable interest in esophageal cancer is the 
use of endoscopic laser therapy for cytoreduction [6,7]. This approach will allow 
the palliation of obstruction lesions to the esophagus and thus will allow patients 
to aliment themselves and improve their nutrition. It has been shown that laser 
cytoreduction results in good palliation of patients with esophageal cancer caus­
ing luminal obstruction. Mellow et al. [7] demonstrated that all patients with 
obstructing esophageal cancer treated with endoscopic laser cytoreduction, 
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using a Nd:YAG laser, had rapid palliation of their symptoms. Also 8/11 
patients had improvement in performance status. A Southwest Oncology Group 
study is being performed which will test whether or not laser cytoreduction fol­
lowed by a neoadjuvant approach of chemotherapy and radiation will provide 
effective palliation for patients with advanced esophageal cancer. The results 
of this study are awaited with interest. 

Future Approaches 

The future approaches in the treatment of esophageal cancer will certainly entail 
further investigations of combined modality therapy. The use of laser cytoreduc­
tion of the primary tumor along with neoadjuvant irradiation and chemotherapy 
may make more patients candidates for either combined modality approaches or 
surgical approaches carried out with curative intent. 
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31. Gastric Cancer 
R.G. Gray and P. V. Woolley 

Current Results and Therapeutic Issues 

While the incidence of gastric cancer has fallen dramatically in the United States 
in the past 50 years, it remains an important problem worldwide, accounting for 
approximately 30% of the malignancies occurring in males in Chile and Japan. 
However, incidence is also dropping in these areas. Possible etiologic factors in 
the development of gastric carcinoma include nitrosamines and nitrosamides, 
which can be formed in the food or in the stomach by the nitrosation of sec­
ondary amines by nitrite, and also carcinogenic hydrocarbons and asbestos. 
Changes in food preparation and storage, as well as increases in dietary ascorbic 
acid which can inhibit the nitrosation reaction, may be partly responsible for this 
decreasing incidence. 

Surgery remains the only therapy with curative potential. Unfortunately, 
while the 5-year survival of patients with disease localized to the stomach wall is 
85%-90%, less than 20% of the cases diagnosed in the United States present in 
this manner. The much poorer survival of patients presenting with local or dis­
tant spread accounts for the overall 10%-15% 5-year survival seen in the USA. 
The use of combined radiographic, endoscopic, and cytologic screening, as is 
currently practiced in Japan, can increase the detection of early stage disease. 
However, this is not cost-effective in areas with a lower incidence of disease. 

The treatment of gastric carcinoma with radiation therapy is limited by (a) the 
intrinsic radiation resistance of gastric carcinoma; (b) the relatively low radiation 
tolerance of the tissues of the upper abdomen, and (c) peritoneal and distant 
metastatic spread. While newer techniques, including intraoperative therapy 
with or without hyperthermia and effective radiosensitizers, may improve local 
control, significant increases in long-term survivorship will depend upon ad­
vances in systemic therapies. 

5-Fluorouracil (5-FU), doxorubicin, mitomycin-C, and cisplatin are active 
drugs in the treatment of advanced gastric carcinoma, but they produce short 
responses that do not affect survival. Drug combinations have produced re­
sponse rates of 20% - 55 % and response durations of 4-11 months [1]. However, 
complete responses and long-term survivors are infrequent, and the effect of 
combination chemotherapy on overall survival remains controversial. 

Progress in the management of gastric cancer could result from research in 
both prevention and treatment. The greatest need in clinical management is for 

486 



new effective drugs and the means of delivering them selectively to the tumor. 
Many of the ideas mentioned in the section on colon cancer might also apply to 
gastric cancer, since they are both resistant gastrointestinal neoplasms. 

Current Approaches Under Study 

While empiric testing of new drugs emerging from developmental screening 
programs has been an inefficient mechanism for identifying active agents for 
gastric cancer, new methods of in vitro drug sensitivity testing could improve the 
selection process. Many assays are available, but one that depends upon reduc­
tion of nitrotetrazolium blue dye in living cells is of interest because it can be 
automated [2]. In vitro sensitivity testing using multiple gastric carcinoma cell 
lines could identify new active agents as well as optimized combination regimens 
for individual patients. In vitro drug sensitivity testing could also be used to help 
develop new chemotherapy combinations with true synergy. 

Optimum scheduling of existing chemotherapeutic agents could also improve 
the treatment of gastric carcinoma. The prolonged in vitro exposure of colon 
cancer cells to 5-FU greatly increases the cytotoxicity of the drug and a recent 
clinical trial has shown that continuous infusion 5-FU produces a greater 
response rate and longer survival than weekly bolus administration of the drug 
in advanced colon cancer [3). The integration of continuous infusion of 5-FU 
into chemotherapy combinations could improve their efficacy. For example, the 
current protocol for advanced gastric cancer at Georgetown University utilizes 
intermittent infusions of cisplatin, mitomycin C, and doxorubicin with a con­
tinuous infusion of 5-FU. 

Some drug interactions produce favorable pharmacomodulatory or synergis­
tic effects. PALA, thymidine, and folinic acid, for instance, can all increase the 
intracellular accumulation of 5-FU metabolites or increase the in vitro incor­
poration of 5-FU into RNA. However clinical trials have yet to show that such 
combinations increase the therapeutic activity of 5-FU [4]. 5-FU and cisplatin 
have in vitro and clinical synergy against various tumors, and identification of 
other synergistic drug combinations could improve treatment of gastric cancer. 

Future Approaches 

A particularly promising route of future investigation is to attempt to understand 
the multifactorial process of drug resistance in gastric cancer to the extent that 
tumor cells could be sensitized by pharmacologic inhibitors of specific resistance 
mechanisms [5]. A few examples of such mechanisms include multi drug resis­
tance, cytoplasmic thiol synthesis, and DNA repair. Multidrug or pleiotropic 
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resistance is cross-resistance to drugs of different structures, mediated by 
membrane-associated protein efflux pumps that reduce intracellular drug con­
centration. Some drugs such as quinidine are known to antagonize this process in 
vitro, and other inhibitors could be designed. Cytoplasmic glutathione is an im­
portant defense against free radical damage and its synthesis can be blocked by 
buthionine sulfoximine, thereby potentiating the effects of drugs that produce 
intracellular free radicals. Rapair of single strand breaks in DNA that is medi­
ated by poly(ADP-ribose) polymerase can be inhibited by nicotinamide ana­
logues such as 3-aminobenzamide. This short list of examples of biochemical 
processes that could be inhibited to sensitize the cell could be expanded as 
knowledge increases. 

Selective delivery of both cytotoxic drugs and drug sensitizers to gastric can­
cer cells is an important aspect of designing an overall therapeutic strategy. The 
transport medium of a drug can affect its pharmacokinetics and tissue distribu­
tion, and either increase drug concentrations in tissues frequently involved with 
metastatic disease, e.g., liver or lymph nodes, or decrease toxicity by decreasing 
drug concentrations in other tissues such as heart or bone marrow. The oral 
administration of a water-in-oil fat emulsification of Nl-(2-tetrahydrofuryl)-5-
FU increases 5-FU concentrations in the gastric wall and regional lymph nodes, 
as compared with the oral administration of a nonemulsified preparation of the 
same agent [6]. 

The entire field of drug encapsulation by liposomes and biodegradable poly­
mers offers opportunities for delivery of high concentrations of cytotoxic agents to 
gastric tumors either by intravenous or regional administration. Investigators at 
Georgetown are studying liposome-encapsulated doxorubicin, which produces 
less cardiotoxicity than free doxorubicin [7]. Biodegradable polymers of various 
composition are also under development and liposome technology could be 
extended to include many combinations of drugs and/or cell sensitizers. Such 
systems might be most effective if antibodies to specific tumor cell antigens 
were incorporated into their structure. 

Monoclonal antibodies could contribute to treatment of gastric cancer by the 
targeting of carrier systems, by direct coupling of drugs to the antibody, or by 
inhibiting specific oncogene products and growth factors. Although antigens tru­
ly specific for gastric carcinoma have yet to be identified, quantitative differences 
may exist in the expression of antigens such as carcinoembryonic antigen (CEA) 
between normal and neoplastic tissues. Antibodies to surface glycolipid antigens 
preferentially expressed by gastric neoplasms have been developed, and have 
demonstrated antitumor activity in nude mice implanted with human tumors. 
The mechanisms include antibody-dependent macrophage-mediated cytotoxic­
ity. Antibody-mediated isotopic or drug therapy for gastric carcinoma is a logical 
extension of radioimmunodetection studies, which have shown that l3lI-labelled 
antibodies to CEA can localize to both the primary and metastatic lesions of 
gastric carcinomas [8]. Successful antibody-mediated therapy will have to 
circumvent problems of nonspecific antibody uptake and attachment, loss of 
antibody specificity from in vivo antigen modulation, dissociation of the anti­
body-drug complex, and heterogeneous antigen expression by different cells 
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within a single tumor. The last problem might require using antibody mixtures 
for therapeutic application. 

Detailed understanding of the cellular biochemistry of gastric cancer could 
also lead to improvements in therapy. DNA sequences with transforming activ­
ity have been isolated from several gastric carcinomas, and the activation and/or 
amplification of ras and c-erb-B-2 [9, 10] has been demonstrated in gastric ade­
nocarcinoma. If the overproduction or increased activity of the protein product 
of a specific oncogene(s) were causally related to neoplastic proliferation, then 
specific inactivators of that product could have antitumor activity. These could 
include monoclonal antibodies to growth factors, to growth factor receptors, or 
to oncogene products. An example of this phenomenon is the in vitro growth 
inhibition of small-cell lung cancer cells by antibombesin antibodies. Possible 
gastric tumor growth factors include gastrin, somatostatin, VIP, histamine, and 
epidermal growth factor [11]. 

Cellular immune functions can be altered both in vivo and in vitro in patients 
with disseminated gastric neoplasms. In vitro studies suggest that tumor antigens 
or immune complexes associated with increasing tumor burdens can activate 
some suppressor T-Iymphocyte populations, in turn causing decreased lympho­
cyte mitogen responsiveness and antibody production. The suppressor cells 
could also directly inhibit cell-mediated antitumor activity, thus promoting 
tumor progression. Although these abnormalities might be a consequence rather 
than a cause of gastric carcinoma, their existence suggests a rationale for im­
munotherapy and biological response modifiers in treatment. To date, trials of 
immunomodulators such as various interferon species have demonstrated little 
activity in disseminated gastric neoplasms. OK-432, a penicillin and heat-treated 
derivative of Streptococcus pyogenes, stimulates in vitro lymphocyte and mac­
rophage cell-mediated immunity, and at high concentrations is directly cytotoxic 
to gastric tumor cells [12]. The intraperitoneal administration of OK-432 to 
patients with gastric cancer and malignant ascites increased the number of 
T-Iymphocytes and activated macrophages in the ascitic fluid. The amount of 
ascites and the number of malignant cells in the ascitic fluid also decreased. This 
therapy also increased the number of circulating T-Iymphocytes, the serum total 
protein concentration, and skin test reactivity. Other, newer strategies for the 
use of lymphokines, including interleukin-2, lymphokine-activated killer cells, 
and tumor necrosis factor, both alone, in combination with each other, and in 
combination with chemotherapeutic agents, are currently under investigation. 
The most forseeable uses of these therapies are as adjuvant therapy of minimal 
disease and in combination with monoclonal antibodies, where they could serve 
to enhance antibody-dependent cell-mediated cytotoxicity. It is likely that over­
all therapeutic progress in gastric cancer will come from a multifaceted approach 
that combines several of these areas. 
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32. Colon Cancer 
N.E. Rothschild and P.V. Woolley 

Current Results and Therapeutic Issues 

Although colorectal cancer is a common malignancy, we have made little pro­
gress in its treatment. Several problems contribute to this situation. First, 
although 5-fluorouracil (5-FU) is the single most active drug for colon cancer, its 
effect on patient survival is marginal. Second, extensive experience has failed to 
show that any drug combinations are better than 5-FU alone. Third, randomized 
prospective trials of 5-FU alone and with other agents have not altered the natu­
ral history of surgically resected colon cancer, although the drugs are theoretical­
ly of maximum effectiveness against minimal disease. Finally, empiric testing of 
drug development has been a very ineffective way of identifying active new 
agents for colon cancer [1]. 

We can postulate that the clinical drug resistance of colon cancer drugs 
is mediated by specific cellular biochemical mechanisms. Colon cancer cells 
studied in the human tumor stem-cell assay are usually sensitive to cytotoxic 
drugs in 10%-15% of cases, in contrast to over 40% of lymphomas or small­
cell lung cancers [1]. The failure of colon cancer to respond to drugs could then 
represent the inherent resistance of a slowly cycling population of stem cells. 
The vascular supply of the tumor may also limit effective drug delivery. How­
ever, despite the slow progress in this disease, there are now several promising 
avenues of research that could lead to improvement in this situation. 

Current Approaches Under Study 

Empiric Testing of New Drugs 

While empiric drug development has been an inefficient approach, it is impor­
tant to continue clinical testing of new compounds. One agent of current interest 
is flavone acetic acid, which has entered clinical trials on the basis of its ability to 
inhibit tumor growth in 60%-80% of mice xenografted with resistant murine 
colon adenocarcinoma 38 [2]. Improved ability to design drugs may result from 
better understanding of specific drug resistance mechanisms and the means by 
which such mechanisms could be inhibited. 

491 



Improved Use of Existing Agents 

5-FU, given as a single-agent in a variety of schedules, remains the standard 
treatment of advanced colorectal cancer. In general, approximately 20% of 
patients treated with this drug experience a regression of disease. To date, con­
trolled trials have failed to demonstrate that intermittent bolus administration of 
5-FU can prolong survival in patients with colon cancer. However, the activity of 
5-FU could be improved by prolonged infusion, by pharmacologic modulation, 
by identification of synergistic drug combinations, or by regional infusion. 

Both laboratory and clinical evidence suggest that tumoricidal effects of the 
fluorinated pyrimidines can be augmented by prolonging exposure time [3]. 
5-FU has a plasma half-life in humans of approximately 10 min and is predomi­
nantly cell-cycle specific. Thus, the clinical resistance to bolus 5-FU may repre­
sent a failure to expose slowly cycling tumor cells to its cytotoxic effect. Dre­
winko and Yang [3] have demonstrated that low but therapeutically achievable 
concentrations of 5-FU maintained over extended periods result in profound 
cytotoxicity in colon carcinoma cell lines. In a recent clinical trial, continuous 
infusion of 5-FU delivered by portable external infusion pump for a period of 12 
weeks produced a response rate of 30% compared to 7% in patients given the 
conventional5-FU loading dose schedule [4]. Preliminary analysis also indicates 
a survival benefit for the continuous infusion arm of the study. 

In the presence of hepatic metastases, hepatic arterial infusion selectively de­
livers high drug concentrations to the tumor capillary bed, while hepatic extrac­
tion minimizes systemic toxicity. Most of the experience with this technique is 
with 5-FU, its analogue 5-FUdR, and mitomycin C. Recent randomized trials 
indicate that higher response rates can be achieved with intrahepatic infusion 
than with systemic infusion, but overall survival with both modalities is essential­
ly equivalent [5]. Recipients of intrahepatic infusional therapy have a high rate 
of extrahepatic relapse and can develop chemical cholangitis and gastroduodenal 
ulceration. 

There is less experience with intraperitoneaI5-FU. Direct instillation of 5-FU 
into the peritoneal cavity produces a 2-3 log concentration advantage over the 
systemic circulation method. Because of physical limitations on drug penetration 
into tumor tissues, the major applications of this approach are probably in ad­
juvant treatment or in those patients with minimal residual peritoneal disease. 
Sugarbaker compared intraperitoneal administration of 5-FU to intravenous in­
fusion in 66 colon cancer patients at high risk for developing recurrence [6]. 
Although the relapse rate and overall survival were comparable in both groups, 
the incidence of peritoneal carcinomatosis was lower in those treated intraperi­
toneally. Intraperitoneal therapy could ultimately be part of a multimodality 
approach to the prevention of recurrence. 

5-FU may have synergistic interactions with other agents. There is laboratory 
evidence that folinic acid, methotrexate, and cisplatin can pharmacomodulate 
the effects of 5-FU therapeutic advantage. Thus far the results of clinical studies 
have been mixed, although some responses have been reported in patients who 
were previously refractory to 5-FU alone. In a recent randomized trial, three 
other putative pharmacomodulatory agents, N-(phosphonacetyl)-L-aspartic acid 
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(PALA), high-dose thymidine, and levamisole were examined, but there was no 
statistically significant advantage of these combinations over 5-FU alone or the 
MOF-Strep regimen [7]. Other randomized trials are now under way to define 
the optimum clinical value of various doses and schedules of the leucovorin-5-
Fu combination. The analysis of drug synergy itself has undergone recent refine­
ment, and improved mathematical models may be useful in designing clinical 
strategies based upon laboratory data [8]. The median effect function has been 
applied to an analysis of 5-FU-cisplatin synergy [8], with the finding that synergy 
is determined by both the duration of exposure to 5-FU and the ratio of 5-FU to 
cisplatin. 

Radiation Therapy 

Photon irradiation has principally been used as an adjunct to surgery in primary 
colorectal cancer and for the palliation of local complications of advanced dis­
ease. The use of sensitizing agents to enhance the effectiveness of radiation is an 
area of active investigation. N-methylformamide (NMF), for example, appears 
to potentiate the cytotoxic effect of irradiation on colon cancer cells by its action 
on intracellular glutathione [9]. 

Dritschilo et al. [10] at Georgetown University are investigating the treatment 
of hepatic metastases with high-intensity radiation delivered by a "remote after­
loading" iridium-l92 source either percutaneously under sonographic guidance 
or during laparotomy. The technique permits the delivery over a few minutes of 
radiation doses of 20-50 Gy to each individual metastatic lesion. Conceivably 
this procedure could be used in conjunction with continuous drug infusion sys­
temically or directly into the hepatic circulation. 

Future Approaches 

Although some of these developments give cause for optimism, they may pro­
duce only incremental progress and newer approaches will be required to 
significantly alter the course of this disease. The area of biological response 
modifiers is one of great interest. Various interferon species have been tested 
clinically but lack single agent activity against colon cancer. However, syner­
gistic interactions between a-interferon and 'Y-interferon may be valuable. Tumor 
necrosis factor is now completing phase I testing. Interferon and tumor necrosis 
factor could be synergistic with each other an potentiate the effects of some 
cytotoxic drugs as well. Interleukin-2 and lymphokine-activated killer (LAK) 
cells have been tested in patients with colon carcinoma with some indications of 
benefit. The treatment is very toxic but is a fundamentally new approach. Many 
other lymphokines and cytokines have been isolated and are currently under­
going preclinical evaluation. 

As discussed elsewhere in this volume, monoclonal antibodies (MAbs) offer 
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opportunities for imaging and tumor marker studies and also for targeted deliv­
ery of toxins and radiation. Studies in colon cancer have centered on antibodies 
that react with carcinoembryonic antigen- (CEA-)related antigens, but problems 
of tumor cell heterogeneity and cross-reactivity with normal tissues, particularly 
polymorphonuclear leukocytes, have been encountered. Mixtures of MAbs 
which react with different CEA epitopes may solve some of the problems related 
to antigenic heterogeneity. The development of MAbs to non-CEA-related anti­
gens will also be helpful. Finally, more novel applications of MAbs, such as 
targeting of growth factors and their receptors, may have therapeutic potential. 

Biochemical Mechanisms of Drug Resistance 

An understanding of the biochemical basis of drug resistance could lead to the 
identification of pharmacologic inhibitors of specific biochemical protective 
pathways. We postulate, for example, that the drug resistance of colon cancer is 
a multifactorial phenomenon that is mediated through a combination of path­
ways that include, but are not limited to, expression of membrane transport 
proteins, protection against free radicals by intracellular thiols, effective DNA 
repair by any of several pathways, stability of the DNA conformation by 
polyamines or topoisomerases, and/or amplification of particular gene loci. Mul­
tiple drug resistance refers to the acquisition of cross-resistance to structurally 
unrelated drugs with differing mechanisms of action (see Ivy/Ozols/Cowan, 
this volume). Ling and coworkers have identified a membrane-associated gly­
coprotein (P170) that plays a role in this process by promoting drug efflux from 
the cell. The level of expression of the gene coding for this protein correlates 
with degree of drug resistance in experimental cell lines. Furthermore, high 
levels of expression have been demonstrated in colon tumors and other resis­
tant neoplasms [11]. Verapamil, quinidine, and other drugs can reverse the 
multidrug-resistant phenotype in cell culture and clinical trials are under way to 
examine the significance of this observation. 

Attention has also focused on intracellular glutathione metabolism and its 
relationship to detoxification of free radicals. Interruption of glutathione syn­
thesis by buthionine sulfoximine can sensitize cells to the cytotoxic effects of 
various drugs. Similarly the repair of DNA damage by specific mechanisms such 
as poly(ADP-ribose) polymerase can be inhibited by some agents. Further 
understanding of the biochemical basis and genetic control of these phenomena 
are important priorities. 

Selective Targeting 

If problems of preferential delivery of drugs to tumors could be solved it would 
represent an enormous advance in cancer therapy. Even the effectiveness of 
currently available drugs would be improved if they could be concentrated in 
tumor cells. The general application of MAb technology to this problem is a 
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logical approach. These antibodies could be inherently cytotoxic or could be 
coupled to a drug or toxin. One method could be to incorporate MAbs into the 
structure of liposomes which in turn encapsulate one or more cytotoxic agents. 
This would still leave issues of immunogenicity and distribution of liposomes 
within the body. However, in the specific case of colon cancer, direct perfusion 
of liposomes into the liver or the peritoneal cavity could be a solution. 
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33. Bladder Cancer 
L.G. Gomella and W.M. Linehan 

Current Results and Therapeutic Issues 

Carcinoma of the urinary bladder consists of three main histologic types: tran­
sitional cell carcinoma, squamous cell carcinoma, and adenocarcinoma. World­
wide, the majority of cases (> 80%) are transitional cell carcinoma. There are a 
number of areas of the world, such as Northern Africa, where squamous cell 
carcinoma predominates. In the United States, there are an estimated 40500 
new cases of bladder cancer per year, with 10 600 deaths expected from the 
disease. The majority of work presented here relates to the treatment of tran­
sitional cell carcinoma (TCC) 

Treatment options for carcinoma of the bladder depend primarily on the 
stage of the disease. Bladder cancer is classified as being superficial (TIS, Ta, 
Tl), having muscle invasion (T2, T3a), being locally invasive (T3b, T4), or 
having nodal or systemic disease (T x N + M + ). 

Transitional cell carcinoma of the bladder normally arises in the bladder mu­
cosa, usually as a papillary, exophytic mass. However, it can occasionally occur 
as a flat carcinoma-in-situ (CIS). In the early stages (TIS, Ta, Tl) it is often a 
curable disease, with a greater than 90% 5-year survival for patients presenting 
with superficial papillary lesions. However, bladder cancer is a disease that re­
quires close follow up of patients because (a) it can be multicentric and (b) 
patients who undergo surgical excision of a superficial lesion will often develop 
recurrent tumors. Muscle-invasive disease requires aggressive diagnosis and 
intervention because, if it is untreated, the 2-year survival rates are low. 

Transurethral surgical resection is the primary method of therapy for super­
ficial lesions (Ta, Tl). There is often a high recurrence rate for superficial 
tumors, and emphasis has been placed on the prevention of recurrence. 
Intravesical chemotherapy is now an accepted measure to reduce the rate of 
recurrence. It is not used as a primary mode of treatment unless the patient 
has diffuse field changes such as CIS. Agents that shown to have activity when 
applied topically in the bladder include mitomycin C, thiotepa (triethylene 
thiophosphamine), Epodyl (etoglucid: triethylene glycol di-glycerol ether), and 
adriamycin (doxorubicin hydrochloride). In the United States, mitomycin C 
and thiotepa are the most frequently employed agents, usually administered 
intravesically on a monthly basis for up to 1 year if no tumor recurrences are 
detected. Recurrence rates of 7% are usually seen, with one study reporting a 
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zero recurrence rate [1]. Intravesical cisplatin is no longer used due to the high 
rate of hypersensitivity reactions. 

Intravesical Bacillus Calmette-Guerin (BCG) has been used as a prophylactic 
agent for superficial transitional cell carcinoma. It is thought by some, however, 
to be most useful in the treatment of CIS, in which response rates of 65%-71 % 
have been reported [2]. The questionable efficacy and safety of intradermally 
administered BCG has led to a discontinuation of parenteral administration at 
most centers. 

External beam radiotherapy (6-70 Gy) has been used as definitive treatment 
of muscle invasive transitional cell carcinoma. However, only about 20% of 
tumors undergo a significant regression with this therapy and a number of 
patients treated with external beam radiotherapy will require a "salvage cystec­
tomy". Overall, 15%-35% survival at 5 years has been reported with this mod­
ality, and although it is used infrequently, it may playa role in the management 
of selected patients with invasive bladder carcinoma [3]. 

Muscle-invasive transitional cell carcinoma (TI, T3a) is most often treated 
with radical cystectomy and total urinary diversion. In well-selected patients, 
less radical extirpation, such as partial cystectomy, may be employed. A major 
issue is the preservation of bladder function without sacrificing treatment 
efficacy. 

Once the carcinoma has spread beyond the bladder, 5-year survival decreases 
significantly. Even in patients who undergo radical cystectomy, over 50% will 
develop metastatic disease within 2 years. Response rates of up to 40% have 
been reported for some single-agent chemotherapy regimens, but the tumor 
tends to recur after a short duration. Single agents that have shown some activity 
include cisplatin (42%), cytoxan (27%), methotrexate (28%), 5-fluorouracil 
(5-FU; 17%), mitomycin C (23%), and adriamycin (19%) [4]. 

Very encouraging results have been reported with the use of multiagent reg­
imen chemotherapy. Recently, MVAC (methotrexate, velban, adriamycin, and 
cisplatinum) has shown response rates greater than 65%, and it is currently the 
most active regimen for metastatic bladder cancer [5]. 

Current Approaches Under Study 

Large-scale, prospective, randomized trials are under way to determine the role 
of preoperative radiation therapy in the management of invasive bladder cancer. 
Previously published treatment regimens using 16-50 Gy preoperative irradia­
tion followed by cystectomy have 5-year survival rates of 30%-50% compared 
to historical controls in which cystectomy alone gave 16% survival at 5 years. 
Local recurrence rates were decreased from 37% to 24% when preoperative 
radiation was used. These comparisons have recently been questioned because 
of the use of historical controls in the early studies that led to this regimen and 
hence there is the need for prospective randomized trials. 
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Photodynamic therapy, which often combines high-energy laser light and a 
photosensitizer such as hematoporphyrin derivative (HPD), is currently under 
study at a number of institutions. Laser detected hematoporphyrins may also be 
used to visualize areas of abnormal bladder mucosa. Technical improvements in 
the laser systems and photosensitizers are needed (see Delaney, this volume), 
and current research is also directed towards identifying patients that will benefit 
most from this new approach. Such patients are likely to include those with CIS, 
widespread Ta disease, those with a tumor in a diverticulum, and those whose 
age or medical status makes them poor surgical candidates [6]. 

Lasers, particularly the neodymium: yttrium-aluminum-garnet (Ng: YAG) 
laser, also show promise in the treatment of bladder cancer. High recurrence 
rates for superficial lesions treated by transurethral resection are thought to 
be secondary to implantation of tumor cells at the time of surgery. Since the 
Ng: YAG laser destroys by thermal necrosis, an advantage of this form of 
therapy is that recurrence rates could be less. Laser therapy also has the ad­
vantage of a "bloodless" resection and dose not appear to cause contracture of 
the bladder with healing as transurethral resection may. Studies are being 
carried out to determine the role of laser therapy in the management of super­
ficial and invasive bladder cancer. 

Intraoperative radiation therapy (IORT) offers the advantage of delivering 
high doses of radiation directly to the tumor while potentially minimizing the 
radiation effect on normal tissue. IORT is usually often used in conjunction with 
external beam radiotherapy. The largest published experience with this modality 
comes from Japan. The tumor is usually removed surgically, the site is sterilized 
with IORT, and bladder function is maintained. Five-year survival rates of 96% 
and 61 % have been reported for T1 and T2 lesions and 7.3% with T3 and T4 
lesions. Most notable is the marked decrease in the local recurrence rate [7]. 
Work is under way to establish the efficacy of this technique and to study its 
role as a potential adjunct to radical cystectomy in patients with local residual 
disease. 

Interstitial radiotherapy using either gold grains, iridium wires, tantalum 
wires, or radium needles is under study at various institutions. Interstitial im­
plantation of superficial and locally invasive bladder carcinomas has been associ­
ated with remarkably low recurrence rates. Patients with T2 disease have been 
reported to have 56% 5-year survival when interstitial radiotherapy was coupled 
with external beam radiotherapy. A potential advantage of this approach is the, 
control of local disease while maintaining a functional bladder [8]. Intracavitary 
implantation brachytherapy has been shown to produce promising results; 
however, it has not gained widespread acceptance, but needs to be compared to 
established therapies in prospective trials [9]. 

Systemic treatment to prevent superficial recurrences of bladder cancer is also 
an area of ongoing investigation. Oral pyridoxine (vitamin B6) may block the 
excretion of abnormal tryptophan metabolites, which may be associated with 
bladder cancer. Likewise, retinoids such as vitamin A and etretinate, that reduce 
proliferation and differentiation of epithelial tissue, show promise in animal 
studies. Human trials evaluating their usefulness, are currently underway. 
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Human leuocyte interferon has shown some activity in the bladder. Studies 
have demonstrated some complete responses of tumor in the bladder when the 
bladder lesions are injected directly with interferon and the patients are given 
systemic interferon [10]. 

Future Approaches 

Advances in the quality of life for patients with invasive bladder cancer have 
been made and will continue to develop with surgical advances. The Kock pouch 
(continent ileostomy), Camey procedure, and other bladder "substitution proce­
dures" will continue to be refined. 

The poor survival of patients with node-positive or metastatic disease should 
significantly improve with development of new, more effective chemotherapeu­
tic regimens. 

Combining modalities such as radiation, neoadjuvant chemotherapy such as 
cisplatin, and radical surgical excision will be an area of further investigation. 
This approach may decrease the treatment failures seem with muscle-invasive 
disease after the primary tumor is removed by eliminating micrometastatic dis­
ease. Early studied show that combining modalities can downstage and even 
totally eradicate the primary tumor [11]. 

The most efficacious regimens to treat superficial recurrences, and the role of 
biologic response modifiers such as interleukin-2, lymphokine-activated killer 
cells, tumor-infiltrating lymphocytes, monoclonal antibodies, and interferon 
await further study in this disease. 
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34. Prostate Cancer 
G. Wilding and M.E. Lippman 

Current Results and Therapeutic Issues 

Prostate cancer, the most prevalent cancer among American men, kills approx­
imately 25000 each year. Current therapy, while effective in early stages, 
achieves only palliation of poor durability in advanced disease. Clearly, the sta­
tus quo is not acceptable. By stage, the current therapy of prostate cancer and its 
deficiencies are as follows. 

Stage AI: Focal disease usually found on transurethral prostatectomy speci­
mens. This stage of disease, in the past, was considered unlikely to progress to 
metastatic disease. In fact, although the incidence of progression in older pa­
tients is low « 5%), young patients, who are less likely to die of intercurrent 
disease, show a progression rate of 16% after 8 years of follow-up [4]. Treatment 
beyond close follow-up is clearly mandated in a subset of patients with stage Al 
disease. Radical prostatectomy would guarantee the removal of all of the tumor. 
The dilemma is how to determine which men are at high risk of recurrence, and 
thus would benefit from surgery, and spare the remaining majority from the 
morbidity of surgery. 

Stages A2 and BI: Patients with these stages of disease, anatomically, are 
ideal candidates for local forms of therapy. As a consequence of advances in 
surgical technique, nerve-sparing procedures for radical prostatectomy result in 
the maintenance of potency in more than 80% of patients [1]. Alternatively, 
radiotherapy has achieved results comparable to radical prostatectomy in terms 
of survival. Unfortunately, 13%-25% of patients with clinical A2 or B1 disease 
will prove on lymphadenectomy to have positive lymph nodes, which upstages 
them to stage D1. Therefore, if radical prostatectomy is a therapeutic considera­
tion, pelvic lymphadenectomy should be performed first. The choice between 
prostatectomy and radiotherapy should be determined by the experience of the 
surgeons and therapists involved, as well as the medical condition of the patient. 

Stages B2 and C: Patients with these clinical stages of disease may be upstaged 
to D1 disease with lymphadenectomy in 30% and 42% of the cases, respectively. 
When D1 disease is not present, radiotherapy is the treatment of choice in these 
patients. Ultimately, 25% of all stage B patients and 35% of stage C patients will 
die of metastatic prostate cancer within 5 years of their initial diagnosis. Efforts 
to improve survival with adjuvant hormonal therapy or chemotherapy have 
failed. Since stage Band C patients represent two-thirds of all prostate cancer 
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patients at diagnosis, effective adjuvant therapies would have a great impact. 
Future research efforts should focus on extending the disease-free survival of 
these patients. The development of less toxic, effective hormonal therapy such 
as the luteinizing hormone releasing hormone (LHRH) agonists e.g., Leupro­
lide, now make this problem a little more approachable [3]. However, the even­
tual breakthrough of hormone-independent clones will require the development 
of nonhormonal treatment strategies. 

Stage Dl: Traditionally, metastatic disease limited to the pelvic lymph nodes 
has been followed until symptoms warranted palliative hormonal therapy. 
Recent results from the Mayo Clinic suggest a more aggressive approach may 
improve survival [10]. Combining radical prostatectomy with orchiectomy, a 
marked improvement in disease-free survival was observed. A re-evaluation of 
early therapy and the determination of selection criteria for patients with this 
stage of disease who will benefit from such therapy are needed. 

Stage D2: Despite the development of new hormonal therapies, the systemic 
treatment of metastatic prostate cancer has not progressed beyond palliative 
hormonal manipulations. Chemotherapy, though palliative in some cases, is not 
generally effective [2]. The most active agents, adriamycin (doxorubicin) and 
cisplatin, show objective responses of 10% or less in patients with hormone 
refractory disease. Combination therapies are no more effective than single 
agents. One of the major causes of difficulty in evaluating new agents for activity 
has been the almost exclusive use of patients with advanced, refractory disease 
in phase II trials. The recent observations of Seifter et al. [9] at the National 
Cancer Institute (NCI) , USA, suggest that patients initially treated with che­
motherapy still showed the expected response to hormonal manipulation given 
upon subsequent disease progression. Evaluation of new agents in previously 
untreated patients with metastatic disease at a time when their tumor burden is 
smaller in volume and they are more able to tolerate higher doses of therapy will 
allow a more accurate assessment of the potential efficacy of new agents. 

Current Approaches Under Study 

Current investigations of prostate cancer have focused on several aspects of the 
disease. First, with current therapy, the only curable form of disease is that 
localized to the prostate gland. To determine which patients have localized dis­
ease and are, therefore, candidates for aggressive, curative therapy, better forms 
of noninvasive anatomical evaluation are needed. Refinements in several di­
agnostic modalities hold promise for improved sensitivity in the evaluation of the 
prostate gland and its surrounding soft tissue structures for the presence of 
tumor. Using the transrectal and transurethral approaches, ultrasound can pro­
vide a better assessment of the prostatic parenchyma. This approach in combina­
tion with transabdominal ultrasound-guided biopsy, increases the accuracy of 
prostatic examination and provides a reasonable diagnostic modality to judge 
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whether or not prostate cancer is present. Once a carcinoma is diagnosed, evalua­
tion by magnetic resonance imaging (MRI) for local tumor extension appears to 
be more accurate (83%) than computed tomography (CT; 65%) [5]. However, 
the accuracy of ultrasound, CT, and MRI are not sufficient to replace lymph 
node biopsies in the evaluation of lymphatic spread. 

With regard to radiotherapy, the combination of external beam irradiation 
with interstitial implants, high energy proton or neutron irradiation, and/or 
radio sensitizers may improve local control of the primary site and decrease the 
incidence of positive prostatic biopsies following radiation therapy. The im­
proved efficacy and the decreased morbidity of both surgical and radiation treat­
ment modalities now provide the opportunity to approach current clinical prob­
lems via controlled trials. For example, in young men with stage Al disease and 
otherwise long-term life expectancy, radical prostatectomy would ensure the re­
moval of all tumor and maintain potency in many men. However, this would 
represent overtreatment in other men who would never develop metastases. 
With new diagnostic techniques and refined treatment modalities, we may now 
be able to determine which men would benefit from aggressive prophylactic 
therapy. 

The use of total androgen blockade-the inhibition of both testicular 
androgen production and adrenal androgen function-has been proposed and 
implemented by Labrie et al. [6], who have achieved impressive improvements 
in rate of response and survival in men with stage C and 0 prostate cancer by 
combining LHRH agonists and the antiandrogen ftutamide. His results, though 
promising, were not compared to a suitable control group and they await con­
firmation by randomized studies such as the recently closed trial by the Col­
laborative Study Group. 

The confirmation that the LHRH agonists are as effecitive but less toxic than 
diethylstilbestrol has several important implications [7]. First, the LHRH agon­
ists are more acceptable agents for introduction earlier in the course of a pa­
tient's disease and in a variety of adjuvant settings. As suggested by Torti, there 
is urgent need for a randomized trial to determine whether early hormonal ther­
apy will improve survival in patients at high risk of tumor progression and death. 
In addition, the less toxic the hormonal therapy, the easier it will be to evaluate 
combination chemohormonal therapies as the first treatment of metastatic dis­
ease [8]. 

The development of effective chemotherapy in prostate cancer has been slow 
and difficult. The observation by workers at the NCI, showing that hormone 
response is not diminished by prior treatment with chemotherapy, will allow, 
without fear of jeopardizing the response to subsequent standard therapy, the 
evaluation of new drugs earlier in a patient's course at a time when the tumor 
burden is lower, the ability of the patient to tolerate chemotherapy is higher, and 
the chance of resistant clones being present is lower. 
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Future Approaches 

Current hormonal therapy, though effective, lacks durability, and it inevitably 
fails when hormone-resistant tumor clones emerge and predominate. As out­
lined by Wilding and Lippman (this volume), hormone-stimulated growth may 
be achieved through the activation of autocrine growth pathways. Hormone­
independent growth may be achieved by constitutively activating these pathways 
in the absence of hormones. Future therapies will focus on the alteration of these 
autocrine pathways to inhibit the growth of both hormone-dependent and 
hormone-independent tumor cells. The tools needed to achieve growth in­
hibition through the disruption of autocrine growth loops are already being 
evaluated in in vitro and in vivo model systems. With time these therapies will 
undoubtedly playa vital role in the management of prostate cancer in humans. 

References 

1. Catalona WJ, Dresner SM (1985) Nerve-sparing radical prostatectomy: extraprostatic tumor 
extension and preservation of erectile function. J Urol134: 1149 

2. Eisenberger MA, Simon R, O'Dwyer PJ, Wittes RE, Friedman MA (1985) A reevaluation of 
nonhormonal cytotoxic chemotherapy in the treatment of prostatic carcinoma. J Clin Oncol 
3: 827 

3. Eisenberger MA, O'Dwyer PJ, Friedman MA (1986) Gonadotropin hormone-releasing hor­
mone analogues: a new therapeutic approach for prostatic carcinoma. J Clin Oncol4: 414 

4. Epstein 11, Paull G, Eggleston JC, Walsh PC (1986) Prognosis of untreated stage Al prostate 
carcinoma: a study of 94 cases with extended follow-up. J Urol136: 837 

5. Hricak H, Dooms GC, Jeffrey RB, Avallone A, Jacobs D, Benton WR, Naragans P, Tanagho 
EA (1987) Prostatic carcinoma: diagnosing and staging by magnetic resonance imaging and 
computerized tomography. J Urol (in press) 

6. Labrie F, DuPont A, Belanger A (1985) Complete androgen blockade for the treatment of 
prostate cancer. In: DeVita VT, Hellman S Jr, Rosenberg SA (eds) Important advances in 
oncology. Lippincott, New York, pp 193-217 

7. The Leuprolide Study Group (1984) Leuprolide versus diethylstilbestrol for metastatic prostate 
cancer. N Engl J Med 311: 1281 

8. Torti FM (1984) Hormonal therapy for prostate cancer. N Engl J Med 311: 1313 
9. Seifter EJ, Bunn PA, Cohen MH, Makuch RW, Dunnick NR, Javadpour N, Bensimon H, Eddy 

JL, Minna JD, Ihde DC (1986) A trial of combination chemotherapy followed by hormonal 
therapy for previously untreated metastatic carcinoma of the prostate. J Clin Oncol 4: 1365 

10. Zincke H, Utz DC (1983) Radical surgery for stage D1 prostate cancer. Semin Urol1: 252 

504 



35. Advanced Germ Cell Tumors* 
G.J. Bosl 

Current Treatment and Therapeutic Issues 

Germ cell tumors (GCT) in men, most commonly presenting in the testis and 
less commonly in the mediastinum and retroperitoneum, are highly curable. 
Righ doses of cisplatin (~100 mg/m2 per cycle of therapy), added to drug com­
binations which include vinblastine and bleomycin (with or without cyclophos­
phamide and dactinomycin), and with adjunctive surgical resection of apparent 
residual sites of disease, will cure 70%-80% of patients with advanced metas­
tatic GCT. Serum tumor markers playa vital role in patient management. a­
fetoprotein (AFP) and human chorionic gonadotropin (RCG) are highly 
specific and sensitive markers, and radioimmunassays for both are routinely 
available. Lactate dehydrogenase (LOR) is another GCT marker and although 
less specific than AFP and RCG, it is equally valuable in patient management. 
Salvage chemotherapy with etoposide + cisplatin (EP) will cure 15%-25% of 
patients relapsing from complete remission and possibly a few patients with 
primarily refractory disease. 

Despite these outstanding results, about 20% of patients still die of their dis­
ease. Considerable effort has been expended in trying to identify those prognos­
tic variables which would distinguish between those patients most likely ("good 
risk") and least likely ("poor risk") to be cured. If poor-risk patients could be 
identified prior to therapy, then alternative treatment strategies could be de­
signed in an attempt to improve treatment outcome. A few generalizations are 
possible. Patients with extragonadal nonseminomatous GCT do less well than 
those with tumors of testicular origin. Multivariate analyses of clinical variables 
in patients with testicular GCT have usually shown that the pretreatment level of 
RCG and some measure of extent of disease are independent prognostic vari­
ables. Values of LOR and AFP and tumor cell type have been less consistently 
found to be independent variables. 

Treatment toxicity constitutes an opposing problem. Fatal bleomycin 
pneumonitis and septicemia during neutropenia still occur. Late vascular toxicity 
has been reported, including Raynaud's phenomenon (the most common), 
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malignant hypertension, myocardial infarction, and transient ischemic attacks. 
Hyperreninemia, hyperaldosteronemia, and hypomagnesemia have been re­
ported long after cessation of treatment, indicating chronic renal toxicity. Practi­
cally all patients develop compensated hypogonadism, with recovery in some. 
The retroperitoneal lymph node dissection (RPLND) is standard therapy for 
patients with clinical stage I and early clinical stage II nonseminomatous testicu­
lar GCT and is often needed after chemotherapy when residual tumor masses 
are present, but infertility is a frequent consequence. Thus, possible gains in 
efficacy must be weighed against the potential acute and chronic toxicities. 

A dilemma exists in the treatment of patients with GCT: how can toxicity be 
minimized in good risk patients but efficacy be increased in poor-risk patients? 
Separate trials have evolved for each group. 

Current Approaches Under Study 

The goal in good-risk patients is to maintain efficacy but decrease toxicity. Treat­
ment may be made less toxic either by decreasing the number of drugs, or the 
number of cycles of therapy, or substituting new drugs. 

Three randomized studies are comparing two-drug regimens to regimens con­
taining either three or five drugs. In two of these studies, EP is being compared 
with either bleomycin + EP (BEP) or cyclophosphamide + cisplatin + bleomy­
cin + actinomycin D + vinblastine (VAB-6). The third study compares vinblas­
tine + cisplatin against vinblastine + cisplatin + bleomycin (PVB). In early 
reports, the proportion of complete response is not compromised by the reduc­
tion in the number of drugs, but the median follow-up is so far too short to allow 
evaluation of the frequency of late relapses. 

Etoposide and carboplatin are new drugs being studied. In a preliminary 
report, PVB and BEP were equally efficacious and BEP was less toxic and 
possibly more efficacious in poor-risk patients. However, toxic deaths were 
reported with both programs. At Memorial Sloan-Kettering Cancer Center, a 
randomized trial comparing EP with etoposide + carboplatin, a cispiatin 
analog, has been started. Carboplatin is less nephrotoxic than cisplatin and can 
be administered as an outpatient procedure. Thus, both toxicity and financial 
cost may be decreased. Fewer cycles of therapy are being studied at the Uni­
versity of Indiana, with four cycles of BEP being compared to three cycles of the 
same regimen. 

For poor-risk patients, more intensive therapy has generally been studied. 
Alternating two cisplatin-based regimens has not improved treatment outcome. 
Combination chemotherapy including ultrahigh doses of cisplatin (200 mg/m2 
per cycle) has been examined, but it is unclear whether or not these higher 
cisplatin doses improve the response rate, although the early results were prom­
ising. Carboplatin has also been used in poor-risk patients on the basis of studies 
suggesting non-cross-resistance, but the results do not show an improved re­
sponse rate. 
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Other new drugs are being studied. The most promising is ifosfamide, an 
analog of cyclophosphamide. A phase II trial showed a 23% response rate, and 
in combination with EP, cures have been reported in the third-line setting. 
These results, however, have yet to be confirmed. 

Future Approaches 

In a disease in which about 70% of patients with advanced disease and 95% of 
patients with early stage disease are cured, improvement in treatment outcome 
depends upon identifying patients who are unlikely to do well. Even the most 
sensitive and specific models using clinical prognostic factors will select some 
patients for more intensive therapy who in fact only require standard therapy. 
The criteria for poor risk are inconsistent between studies and in an analysis of 
several criteria, the proportion of complete responders with poor risk features 
was dependent upon the criteria, not the treatment. Another study has shown 
that "stage migration" affects GCT clinical trials results. Thus, better markers of 
treatment failure are needed. 

The phenomenon of differentiation observed in GCT has not been exploited. 
In both murine and human GCT cell lines, differentiation can be induced by 
13-cis-retinoic acid [1]. In one murine cell line, the neuronal differentiation 
process was accompanied by the expression of an altered c-src product [2]. Ex­
pression of c-myc has also been reported in some human GCT cell lines [3]. 
Since oncogenes are involved in the control of normal differentiation and 
growth, the study of human GCT cell lines and fresh tumor may lead to informa­
tion implicating specific oncogenes. 

Advances in immunohistochemistry may also provide new tools for determin­
ing patient subgroups. Patterns of blood group antigen expression and secretor 
status may be important prognostically, as they are in patients with transitional 
cell carcinoma of the bladder [4]. Ongoing studies are attempting to characterize 
these patients in GCT. Using monoclonal antibodies, distinct cell surface anti­
gens have been described which may be characteristic of GCT. Neuroecto­
dermal antigens seem to be the most common [5]. 

Studies of drug resistance in GCT may prove valuable not only for GCT but 
also other malignancies. Unlike most other human tumors, GCTs are sensitive 
to a variety of drugs with different mechanisms of action. The multidrug resis­
tance genotype conveys relative cross-resistance between actinomycin D, vinb­
lastine, doxorubicin, and etoposide. These drugs are all active against human 
GCT. The cross-resistance between these drugs is not complete in a given cell 
line; this is consistent with the clinical observation that patients apparently re­
fractory to regimens containing PVB (with or without actinomycin D) can be 
cured with EP, despite using equivalent doses of cisplatin. In addition, cisplatin 
binds with DNA and an inverse correlation has been reported between the abil­
ity to form cisplatin-DNA adducts and the degree of resistance to cisplatin. 
Careful study of currently available cell lines and fresh human tumors may pro-
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vide clues as to why GCTs are usually so sensitive to a wide variety of chemo­
therapeutic agents, why they occasionally become resistant, and how resistance 
can be circumvented. 

In parallel, cytogenetic abnormalities should be sought. It is likely that 
chromosomal rearrangements are important in the pathogenesis of malignancy 
and therefore lead to patterns of oncogene expression and drug sensitivity and 
resistance [6]. For example, although primitive neuroectodermal tumors and 
neuroblastoma are similar histologically, only neuroblastoma overexpresses 
n-myc. However, the former has the same cytogenetic abnormality and drug 
sensitivity as Ewing's sarcoma [7]. In GCT, an isochromosome of the short arm 
of chromosome 12 has been found, supporting this direction of research [8]. 
Since high HCG levels are generally associated with drug resistance and a poor 
outcome, the excessive production of HCG (and possibly other tumor markers) 
and drug resistance may be linked, perhaps through gene amplification. Both 
homogenous staining regions and double minute chromosomes have been 
observed in GCT cell lines. 
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36. Ovarian Cancer 
R.F. Ozols 

Current Results and Therapeutic Issues 

The development of more effective therapy for patients with advanced ovarian 
cancer (FIGO Stages III-IV) represents the major challenge in the management 
of this disease. In the last decade the use of cisplatin-based combination chemo­
therapy has led to an increase in complete remission rates, a prolongation of 
disease-free survival, and an increase in overall survival compared to treatment 
with single alkylating agents. However, the vast majority of patients with ad­
vanced disease die of recurrent ovarian cancer due to the fact that drug-sensitive 
tumors frequently develop primary resistance to the initial combination, which is 
accompanied by broad cross-resistance to virtually all classes of antineoplastic 
drugs. Consequently, only 20%-25% of all patients with advanced stage ovarian 
cancer are alive 5 years after initiation of chemotherapy. 

It has also been recently demonstrated that the dose of cisplatin is a critical 
factor in obtaining optimum results in the treatment of patients with advanced 
disease [1]. while cisplatin doses up to 200 mg/m2 can be administered without 
dose-limiting nephrotoxicity by using vigorous saline hydration, the develop­
ment of peripheral neuropathy has limited the number of cycles of high-dose 
cisplatin which can routinely be administered. The major areas of clinical and 
laboratory research in ovarian cancer are therefore focused upon the following 
issues: (a) identifying mechanisms responsible for the multidrug resistance phe­
notype and developing therapeutic strategies capable of overcoming this form of 
drug resistance, (b) developing more effective ways to deliver platinum-based 
chemotherapy, and (c) determining the role of biological response modifiers 
in the therapy of patients with advanced disease, since it is unlikely that the 
mechanisms responsible for drug resistance will influence the cytotoxicity of 
biologicals. 

Current Approaches Under Study 

Studies on the mechanisms associated with multidrug resistance in ovarian can­
cer have been facilitated by the recent development of relevant model systems of 
human ovarian cancer [2]. A series of human ovarian cancer cell lines have been 
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established from drug-resistant patients as well as cell lines developed with ac­
quired resistance in vitro to adriamycin (doxorubicin), cisplatin, and melphalan. 
Resistance to cisplatin and alkylating agents is associated with high levels of 
cellular glutathione levels as well as with increased repair of lethal DNA 
lesions [3, 4]. In cell lines with acquired resistance to adriamycin there is a de­
crease in drug accumulation and an increase in expression and amplification of 
the mdr-1 gene associated with the P170 membrane glycoprotein [5]. In some cell 
lines acquired resistance to adriamycin can be reversed with verapamil. Based 
upon these observations, a clinical trial of verapamil plus adriamycin has recent­
ly been performed in drug-resistant patients [6]. The levels of verapamil re­
quired to reverse drug resistance in vitro could be attained in some patients. 
However, this was associated with an unacceptable degree of transient cardiac 
toxicity. Future trials of agents capable of reversing resistance by increasing drug 
accumulation will be performed with less cardiotoxic agents. In addition, clinical 
trials with agents capable of reversing primary drug resistance and cross­
resistance associated with alkylating agents, cisplatin, and irradiation will also 
soon be initiated (see below). 

Clinical studies at the Medicine Branch of the National Cancer Institute, 
USA, with high dose cisplatin (200 mg/m2) together with cyclophosphamide and 
irradiation are currently in progress [7]. While the preliminary complete remis­
sion rate in this study of 60% is encouraging, the toxicity of this approach has 
been substantial, with dose-limiting neurotoxicity occurring in approximately 
one-third of the patients. The cisplatin analog, carboplatin, has also been evalu­
ated and is of particular interest in the treatment of ovarian cancer due to its lack 
of neurotoxicity. It recently has been demonstrated that high-dose carboplatin 
(800 mg/m2) can produce responses in 27% of patients whose disease is refrac­
tory to standard-dose cisplatin therapy [8]. However, while carboplatin is not 
associated with significant neurotoxicity, it does produce more myelosuppres­
sion than cisplatin. Studies are currently in progress with combinations of carbo­
platin and alkylating agents to determine if carboplatin can replace cisplatin in 
the treatment of newly diagnosed patients with advanced disease. Furthermore, 
since the dose-limiting toxicity of carboplatin appears to be myelosuppression, 
very high dose therapy together with autologous bone marrow support is cur­
rently under evaluation. 

In addition, recent experimental studies have demonstrated that diethyl­
dithiocarbamate (DDTC) can protect against the nephrotoxicity of cisplatin 
and the myelosuppression of carboplatin without reducing the antitumor effect. 
Clinical studies have recently been initiated at the National Cancer Institute with 
DDTC plus high-dose carboplatin or high-dose cisplatin in drug-refractory ova­
rian cancer patients. If these studies demonstrate that DDTC permits further 
dose escalations of cisplatin or of carboplatin in previously treated patients with 
ovarian cancer, it will be possible to explore higher dose intensity induction 
regimens with reduced toxicity as front-line chemotherapy for patients with 
advanced disease. 

Immunologic approaches to the treatment of ovarian cancer have also recent­
ly been initiated [9]. Lymphokine-activated killer (LAK) cells and interleukin-2 
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(IL-2) have been shown to prolong survival in a nude mouse model system of 
human ovarian cancer. Based in part upon this observation, a clinical trial of 
intraperitoneal administration of LAK cells plus IL-2 is currently in progress at 
the National Cancer Institute in refractory ovarian cancer patients. While clini­
cal activity has been demonstrated, it is clear that additional patients are needed 
to fully assess the therapeutic potential of this modality, particularly since this 
form of treatment is associated with considerable peritoneal and systemic 
toxicity. 

Intraperitoneal chemotherapy also has a strong biologic and pharmacologic 
rationale in ovarian cancer, since the disease remains confined to the peritoneal 
space virtually throughout its entire clinical course [10]. Recent trials have used 
large volumes of drug-containing fluid (approximately 2 I) to ensure uniform 
drug distribution throughout the peritoneal cavity. A series of phase I studies 
have demonstrated the pharmacologic success of intraperitoneal administration. 
However, the therapeutic impact of this approach remains to be established. 
Initial results from trials in patients who have small-volume disease left after 
induction chemotherapy with cisplatin have demonstrated that approximately 
30% of these patients can achieve disease-free status by the intraperitoneal 
administration of cisplatin. Intraperitoneal chemotherapy has not been shown to 
be useful in patients with bulky disease, and its role in previously untreated 
patients is being assessed in a prospective randomized trial. 

Future Approaches 

Abundant laboratory evidence now indicates that a major mechanism in drug 
resistance in human ovarian cancer is the increase in intracellular glutathione 
(GSH). Buthionine sulfoximine (BSO), a synthetic peptide inhibitor of 'Y­
glut amyl cysteine synthetase (a critical enzyme in GSH synthesis), is currently 
undergoing toxicology testing prior to entering into clinical trials in drug­
resistant patients. The rationale for a clinical trial of BSO is based upon studies 
in model systems of human ovarian cancer [3] which have demonstrated that (a) 
cisplatin and melphalan resistant human ovarian cancer cell lines have increased 
glutathione levels, (b) BSO decreases GSH levels and leads to increased cyto­
toxicity of melphalan and platinum-containing compounds, (c) BSO plus mel­
phalan is superior to melphalan alone in a nude mouse model of transplantable 
human ovarian cancer. In this system BSO plus melphalan produced a 72% 
increase in median survival as well as cures in some animals compared to mel­
phalan alone which was not curative, and (d) BSO is essentially nontoxic to mice 
and does not alter the LDlO dose of melphalan. 

It also had been demonstrated that human ovarian cancer cell lines with ac­
quired resistance to melphalan or cisplatin have an increased capacity for DNA 
repair [4]. Inhibition of the enzymes involved in DNA repair enhances the cyto­
toxicity of cisplatin four-fold. It is likely that clinical trials will be initiated with 
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agents such as aphidicolin (an inhibitor of DNA polymerase) to determine 
whether cisplatin resistance can be reversed. 

An alternate way to overcome cisplatin resistance is to develop noncross­
resistant platinum-containing drugs. One such drug is tetraplatin, which is cur­
rently undergoing toxicology studies prior to phase I clinical trials. This drug has 
been shown to have little, if any, cross-resistance to cisplatin in human ovarian 
cancer cell lines with acquired resistance to cisplatin [4]. In addition, since resis­
tance is in part dose-dependent, protective agents such as DOTe and WR2721, 
which may decrease or eliminate some of the toxic effects of platinum-containing 
drugs without altering their antineoplastic activity, may further permit evalua­
tion of the importance of dose intensity in the treatment of patients with ovarian 
cancer. 

Biological therapies for ovarian cancer will also be extensively evaluated in 
the coming decade [9]. In addition to adoptive cellular immunotherapy with 
LAK cells plus IL-2, clinical studies with monoclonal antibody toxin conjugates 
will soon be initiated. Monoclonal antibodies against a human transferrin recep­
tor and monoclonal antibodies against tumor-associated antigens when con­
jugated to either pseudomonas exotoxin (PE) or the A chain of ricin (RTA) lead 
to marked in vitro cytotoxicity as well as a prolongation of survival when admin­
istered intraperitoneally to nude mice with intra abdominal ovarian cancer. In 
addition, the efficacy of monoclonal antibodies linked to radioisotopes will also 
be evaluated in ovarian cancer patients in the near future. 

Our understanding of the biology of ovarian cancer and the molecular phar­
macology of antineoplastic drugs in this disease has been greatly facilitated by 
the development of relevant experimental model systems. Human ovarian can­
cer cell lines and in vivo models of ovarian cancer have been used to unravel the 
mechanisms associated with the broad cross-resistance that limits the effective­
ness of standard combination chemotherapy. Pharmacologic techniques have 
already been shown to be capable of reversing drug resistance both in vitro and 
in vivo and these new approaches will be entering clinical trial in the near future. 
Biologic agents have also shown marked activity in these model systems of 
human ovarian cancer and the intraperitoneal administration of LAK plus IL-2 
as well as immunotoxins are just two examples of exciting new approaches 
that have been developed on the basis of observations made in these experi­
mental systems. It is not unreasonable to anticipate that at least some of 
these experimental therapies will prove to be beneficial and lead to a further 
improvement in the survival of patients with advanced ovarian cancer. 
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37. Trophoblastic Neoplasia 
K.D. Bagshawe 

Current Results and Therapeutic Issues 

Hydatidiform Mole 

Hydatidiform mole (HM) carries at least a lOOO-fold greater risk of subsequent 
malignancy than a normal pregnancy, and about 1 in 12 patients with HM 
require chemotherapy for subsequent invasive mole (1M) or choriocarcinoma 
(CC). Malignancy is probably associated only with complete (classical) hydatidi­
form mole (CHM) whereas partial hydatidiform mole (PHM) probably carries 
no special risk. 

Although the genetic distinction between CHM (which is a complete male 
allograft except for maternally derived mitochondrial DNA) and PHM (usually a 
triploid conceptus) has been established in the past decade, their morphological 
classification is sometimes difficult [1-3]. When in doubt many pathologists quite 
properly play safe and report the mole simply as HM requiring follow-up studies 
with human chorionic gonadotropin (HCG). 

The traditional follow-up of HM patients for 2 years has proven well­
founded, but it can impose a severe penalty one patients, and so the aim is to be 
able to predict soon after evacuation which moles will progress to become a 
serious invasion of maternal tissues or true malignancy. There is still no proof 
that PHM gives rise to choriocarcinoma, although radiological metastases have 
sometimes precipitated the use of chemotherapy. Choriocarcinoma has occurred 
in patients who have had PHM, but in no case has causation by other pregnan­
cies been excluded. 

It is common practice in the United States of America to institute chemo­
therapy if HCG levels have not fallen to undetectable levels 6-8 weeks after 
evacuation of HM, and on this basis 20%-36% of patients are treated with 
chemotherapy [4]. In Europe a more conservative policy of observation is 
generally followed. Only 7.75% of 5124 patients registered for follow-up under 
a national scheme in the United Kingdom required chemotherapy [5]. This 
study also showed that 42% of patients had negative HCG values «5 lUll) by 
56 days postevacuation, and none of these required chemotherapy. Of those 
whose HCG values first became negative after 56 days, just over 1 % required 
chemotherapy. If HCG tests were persistently negative for 6 months, there was 
a 1: 286 chance of recrudescence between 6 and 24 months after the mole; a 
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risk which patients keen to start a new pregnancy have to consider. The risk of 
a second HM was 1: 76 for subsequent pregnancies; the risk of a third HM in 
those at risk was 1: 6.5 pregnancies. Of eight patients who had three HM, five 
had not had a successful pregnancy. 

Therapeutic intervention after HM is required for persisting, high HCG levels 
(>20000 lUll at 4-8 weeks post-HM) because of the associated risk of uterine 
perforation, for persisting blood loss, for rising HCG values, or for any elevated 
HCG value 4-6 months postevacuation. Evidence of metastatic disease also 
necessitates chemotherapy unless accompanied by falling HCG values. 

Invasive Mole and Choriocarcinoma 

Gestational trophoblastic tumors are perhaps the only neoplasms in which it is 
reasonable to undertake treatment without securing a histological diagnosis. In 
post-HM patients the lesion may be either invasive mole or choriocarcinoma, 
and whilst it may not be necessary to determine the histological diagnosis, the 
use of prognostic factors indicates that even in this group some tumors have a 
potential for drug resistance and require multidrug therapy. 

After pregnancies without HM, persisting evidence of trophoblastic prolifera­
tion usually constitutes choriocarcinoma, but it is important to be aware of 
placental site tumor [6, 7]. This rare tumor arises from the placental bed 
trophoblast, and currettings shows a predominance of cytotrophoblast and little 
syncytium. It may also be suspected when HCG values are disproportionately 
low in comparison with tumor volume. HCG values with advanced disease are 
rarely more than 3000 lUll and often much lower. Unlike choriocarcinoma it 
may be accompanied by nephrotic syndrome, and it is relatively refractory to 
chemotherapy, although in a recent case at this center remission was achieved 
with the EMA/CO protocol (see later in this section). In the absence of metasta­
tic disease and possibly even with limited metastases, prompt hysterectomy 
should be undertaken. In making a diagnosis, it is also necessary to consider 
ovarian germ cell tumor and metaplastic change in gastric and other carcinomas 
in the differential diagnosis of gestational trophoblastic neoplasms. 

The treatment of gestational trophoblastic tumors is primarily chemotherapy. 
Radiation therapy has only a limited role in the management of these tumours 
but may have a role in treating resistant disease. A prognostic scoring system [8, 
9] provides a more reliable basis for selecting chemotherapeutic protocols than 
conventional staging (Table 1). The prognosis in the context of trophoblastic 
neoplasms depends on an assessment of the propensity of the tumor to become 
drug resistant. The higher the score, the greater the risk. In all cases it is advis­
able in the initial stages to aim to identify brain metastases by magnetic reso­
nance imaging (MRI) or computerized tomography (CT) and by measuring the 
serum CSF: HCG ratio, which is reduced below 60: 1 in most patients with CNS 
metastases. Such patients are potential candidates for neurosurgery (see below). 

The protocol most widely used for low-risk trophoblastic tumors (WHO score 
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Table 1. Scoring system based on prognostic factors 

Prognostic factors" 

Age (years) 
Antecedent pregnancy 
Intervale (months) 
HCG(IU/I) 
ABO groups (female x male) 

Largest tumor, including 
uterine tumor 

Site of metastases 

No. of metastases identified 
Prior chemotherapy 

o 

<39 
HM 
4 
1()3 

>39 
Abortion 
4-6 
103-1Q4 
OxA 
AxO 
3-5cm 

Spleen, 
kidney 

1-4 

Score 

2 

Term 
7-12 
1Q4-1Q5 
B x_d 

ABx-
5cm 

GI tract, 
liver 

4-8 
Single drug 

12 
105 

Brain 

8 
Two or more 

drugs 

"The total score for a patient is obtained by adding the individual scores for each prognostic factor 
bThe weighting has been increased to 6 from 4 in the original WHO scoring table 
eInterval between end of antecedent pregnancy and start of chemotherapy 
d Paternal ABO group has not been shown to have an effect if the maternal group is B or AB 

<6) consists of intramuscular methotrexate (MTX) on alternate days x 4 with 
folinic acid (FA) given 30 h after each MTX dose. Alopecia with this regimen is 
negligible, mucositis and depression of hemopoiesis are uncommon, but pleuri­
tic pain may occur. Courses are given on alternate weeks until HCG has been 
undetectable for 6 weeks. At Charing Cross Hospital, London, between 1962 and 
1986, 618 cases have been treated with this regimen, and over 70% of low-risk 
patients have required no other therapy. "Low-risk" patients who do not go into 
complete remission with the MTXlF A regimen and patients with abnormal liver 
function may achieve remission with actinomycin D. However, in the nonremit­
ters, unless a response to actinomycin D is seen after two courses, the "high­
risk "regimen should be introduced promptly. The only deaths in this series 
of low-risk patients have been one each from serum hepatitis and intercurrent 
lymphoma. 

Patients with a WHO prognostic score >6 require multidrug therapy from 
the outset. The introduction of etoposide into treatment protocols [10] has been 
the main advance in the past decade. Several high-risk regimens have been 
evaluated in the past 20 years but the EMA/CO (etoposide, methotrexate, acti­
nomycin D on days 1 and 2, 15 and 16, etc., cyclophosphamide and Oncovin on 
days 8 and 21, etc.) delivers a high dosage with acceptable toxicity and limited 
hospitalization (Table 2). Any low-risk patients with pulmonary metastases and 
all high-risk patients should receive intrathecal MTX (10 mg) every 2 weeks for 
CNS prophylaxis; this is an important component of therapy [11]. Patients with 
brain metastasis at presentation require careful consideration for neurosurgery 
or higher doses (1000 mg/m2) of MTX. However, high CNS concentrations of 
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Table 2. EMAICO Protocol for High Risk Choriocarcinomas 

Course 1 EMA 
Day 1 Actinomycin 0-0.5 mg IV stat. 

Etoposide 100 mg/m2 IV in 250 ml 0.9% NaCI over 30 min 
Methotrexate 100 mg/m2 IV stat. 
Methotrexate 200 mg/m2 IV 12-h infusion in lL 0.9% NaCI 

Day 2 Actinomycin 0-0.5 mg IV stat. 

Course 2 CO 

Etoposide 100 mg/m2 in 250 ml NaCI over 30 min 
Folinic acid 15 mg/m2 po 1M b.d. for four doses starting 24 h after start of MTX 
5-day drug free interval to course 2 

Day 1 Vincristine (oncovin) 1.0 mg/m2 IV stat. (max 2.0 mg) 
Cyclophosphamide 600 mg/m2 IV infusion over 20 min 
6-day drug free interval and, if no mucositis: 

Course 1 -As above 

Course 2 
5-day interval and, if no mucositis: 
-As above 

NB Patients normally start each course on the same day of the week each time. 
Intervals between courses should not be increased unless WBC < 1.5 x 103/L and platelets 

are <75 x 103/L or mucositis develops. If mucositis develops, delay the next course until it has 
healed. 

Continue alternating courses 1 and 2 until the patient completes treatment. Usually complete 
remission is achieved after 12 weeks, or there is evidence of drug resistance. 

Intrathecal methotrexate: See text and ref. 11. 

MTX with the first course of therapy may precipitate hemorrhage and should be 
reserved for the second and subsequent courses of therapy. Surgical removal 
offers the best chance of eradicating brain metastases which occur during the 
course of chemotherapy. 

Current Approaches Under Study 

Failure to achieve complete remission with EMAICO occurred in about 25% of 
high-risk patients with a WHO score >8 at this center. (Patients with scores 
between 6 and 8 were treated with a "middle-risk regimen" which can now be 
replaced by the high-risk EMAICO protocol.) Prior chemotherapy increased the 
risk of failure to remit. Cis-platinum as a first agent has disadvantages but, if 
resistance to EMA/CO occurs, a regimen containing cis-platinum or the newer 
platinum analogue, carboplatin, in combination, sometimes achieves remission. 
The POMB regimen (cis-platinum, Oncovin, methotrexate, and bleomycin) is 
one such protocol currently being studied [10]. At the same time ultrasound, 
CT, MRI, and radioimmunolocalization with anti-HCG antibodies are under­
taken with a view to identifying sites of persistent disease which can be removed 
surgically. Collectively, these measures have ensured that >90% of patients with 
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WHO scores >8 have achieved sustained remission. In the series of >1200 
patients treated at this center since 1957 for low- and high-risk tumors, the 
sustained remission rate overall was 88%, and since 1980 has been 96%. 

Future Approaches 

One consequence of the high level of success with chemotherapy, in some cases 
combined with surgery, is the ethical dilemma of introducing new treatment 
methods in patients other than those with advanced, drug-resistant cancer. 
Attempts to treat drug-resistant choriocarcinoma by active immunization with 
non-specific agents such as BCG (bacille Calmette-Guerin), "specific" antigens 
such as paternal leukocytes, and skin grafts (undertaken between 1955 and 1970) 
assumed the expression of paternally derived MHC (major histocompatability 
complex) antigens on the trophoblast. It has long been recognized that mamma­
lian evolution has depended on nonrejection of the trophoblast. It is now gener­
ally accepted that choriocarcinoma, like the villous trophoblast from which it 
arises, does not express class II MHC antigens. Studies of patients, consorts, and 
offspring antecedent to choriocarcinoma, have shown no major deviation in 
HLA patterns [12]. But marked effects associated with the ABO system have 
been described even though ABO substances have not been detected in 
trophoblast [8]. 

Interferons were not effective in three drug-resistant patients in the UK 
series: studies with interleukin-2 have not yet been reported. Expression of c­
myc oncogene in choriocarcinoma, CHM, and third trimester placenta, but not 
term placenta, have been described. Similarly, c-fos expression has been found 
in choriocarcinoma cell lines and sis proto-oncogene expression in term placenta 
[13]. Radioimmunolocalization has so far been directed against HCG and 
placental alkaline phosphatase targets. Localization with anti-HCG has detected 
tumors «0.5 cm) in some parts of the body. Therapeutic approaches with 
radiolabeled monoclonal antibodies and antibodies coupled to metabolite­
depleting enzymes have begun [14]. 
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38. Malignant Adrenal Tumors 
S.D. Averbuch 

Current Results and Therapeutic Issues 

Malignant adrenal tumors are rare neoplasms of glandular tissue that have not 
been well studied largely due to their low incidence in the population. In the 
United States of America, adrenocortical carcinomas occur with an estimated 
annual frequency of two cases per million, while malignancies of chromaffin 
tissue, which constitutes the adrenal medulla and also exists at extra-adrenal 
paraganglionic sites, occur one-third to one-half as often [1]. These tumors are of 
particular interest because they are often functional. Adrenocortical carcinomas 
may cause hypercorticalism, hyperaldosteronism, adrenogenital syndrome, viri­
lization, feminization, or precocious puberty; and malignant chromaffin tumors 
(malignant pheochromocytoma) may cause severe hypercortisolism as a man­
ifestation of hypersecretory hormonal function. Treatment results and survival 
statistics in adrenal tumors are complicated by the lack of specific morphological 
characteristics or histologic criteria which correlate with malignant behavior. 
With the exception of anaplastic adrenocortical carcinoma, these tumors often 
appear extremely well differentiated (accounting for their hormone-producing 
function) and only in the presence of recurrence, local invasion, or dissemina­
tion can the malignancy of the tumor be confirmed. The overall 5-year survival 
rate for patients following resection of malignant tumors confined to the adrenal 
gland is approximately 40%. However, the presence of metastatic disease in the 
majority of patients means a much poorer prognosis with a life expectency of less 
than 3 years, although some individuals may survive long-term [1]. 

At present, complete surgical resection is the only curative modality for 
adrenal malignancies confined to the gland. For locally invasive tumors or for 
extra-adrenal pheochromocytomas, radical surgical excision may also result in 
long-term disease-free survival. In the case of more extensive, local disease, or 
in the presence of disseminated, resectable metastases, complete surgical remov­
al of all disease is usually recommended. Whether this approach offers a survival 
benefit for these patients is not known; however, effective palliation is often 
achieved. There is no evidence supporting the use of adjuvant radiation or 
chemotherapy following complete surgical removal, nor are there any data 
showing that surgical debulking will favorably influence outcome when applied 
alone or prior to another therapeutic modality. 

There is little information on the use of conventional radiation therapy for the 
treatment of localized, unresectable disease or for palliation of symptoms caused 
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by metastatic lesions. Generally, this modality is reserved for palliation in 
special situations such as painful bony metastases or for extradural spinal cord 
compression. 

Pharmacological approaches have proven useful in the management of adre­
nal tumors. The symptoms and morbidity due to excessive production of adrenal 
hormones may be effectively treated by specific antihormonal therapies. For pa­
tients with functional adrenocortical tumors, inhibitors of steroid biosynthesis, 
such as orthoparaprime DDD (mitotane), aminoglutethimide, or metyrapone 
can effectively palliate symptoms due to cortisol overproduction. Similarly, the 
hypertension and symptoms due to excessive production of catecholamines in 
patients with pheochromocytoma may be controlled with a-adrenergic (phe­
noxybenzamine) and ~-adrenergic (propranolol) blockade or with the use of an 
inhibitor of catecholamine synthesis (methyltyrosine). 

Mitotane also has proven efficacy as a drug capable of causing tumor regres­
sion in patients with adrenocortical carcinoma. When titrated up to a dose of 
8-10 g per day, mitotane resulted in objective tumor responses of 34 % and 61 %, 
respectively, in two independent studies of over 100 patients each [2, 3]. The 
mean duration of response was 10 months, and durable complete responses were 
observed. However disease response was poorly defined in these studies, and 
the tumor response to this agent may prove to be lower [4, 5]. Furthermore, 
the effect of mitotane on survival has not been evaluated. Mitotane also has anti­
steroidal properties, decreasing steroid production, and although multiple gas­
trointestinal and neurologic toxicities limit its use, the drug may provide useful 
palliation for patients with functional tumors. There is no proven, effective, 
specific drug therapy for the treatment of malignant pheochromocytoma. 

In addition to the concepts already discussed in this volume, there are several 
issues that need to be addressed regarding future therapeutic approaches 
designed to alter the morbidity and mortality resulting from malignant adrenal 
neoplasms. The first major problem is the lack of specific histological criteria for 
determining the malignant potential of resectable, well-differentiated disease. 
Thus, investigations are needed firstly to determine whether there are any 
biochemical, immunohistologic, or molecular criteria for malignancy that would 
identify those patients at risk for recurrent or metastatic disease. Secondly, there 
is a need to develop more specific and less toxic treatments for the palliation 
of symptoms and morbidity from hormonal excess. Thirdly, the role of conven­
tional cytotoxic therapy or experimental biological agents in adrenal tumors 
needs to be determined. Finally, because of their highly specialized function, 
adrenal tumors may serve as particularly good models for the development of 
novel, specific, targeted antitumor therapy. 

Current Approaches Under Study 

Recently advances have been made in defining the role of conventional cytotoxic 
therapy for the treatment of adrenal tumors. Several reports suggest that com­
bination regimens containing cisplatin, etoposide, doxorubicin, or alkylating 
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agents may have an effect against adrenocortical carcinoma [4-6]. Unfortunate­
ly, in these studies, patient numbers were small and responses were of brief 
duration. Results from ongoing multi-institutional trials conducted by the South­
west Oncology and Eastern Cooperative Oncology Groups are expected to pro­
vide more definitive guidelines regarding the use of cytotoxic therapy for this 
disease. 

As with adrenocortical tumors, there is little data on the use of chemotherapy 
in patients with malignant pheochromocytoma, with most results being anec­
dotal. In a trial recently completed at the National Cancer Institute, USA, 14 
patients with advanced malignant pheochromocytoma were treated with a com­
bination of cyclophosphamide, vincristine, and dacarbazine [7]. There were two 
complete responses, six partial responses, and 79% of patients had a significant 
biochemical response with the median duration of response in excess of 22 
months. Thus, it appears that this combination regimen is effective for the treat­
ment of malignant pheochromocytoma. 

Future Approaches 

The specialized tissue of the adrenal gland provides a unique target for novel 
therapeutic approaches. For example, ketoconazole is a new systemic antifungal 
agent that is capable of blocking adrenal steroid synthesis and therefore may be 
useful for the palliation of functional adrenocortical tumors [8]. Suramin is an 
antiparasitic drug with specific adrenocortical toxicity that is currently being 
evaluated in a clinical trial in patients with unresectable adrenocortical carcinoma 
[9].13IJ-Meta-iodobenzylguanidine is a guanethidine derivative which is selec­
tively taken up by chromaffin tissue; in those patients with adequate radioiso­
tope uptake into tumors, this agent may provide targeted radiotherapy against 
malignant pheochromocytoma [10]. Further investigations of these approaches 
as well as studies addressing the issues delineated above are clearly needed to 
improve the results in the management of malignant adrenal tumors. 
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39. Neuroendocrine Tumors 
J .S. Macdonald 

Current Results and Therapeutic Issues 

The treatment of neuroendocrine tumors represents an unusual challenge to the 
oncologist [1]. In patients with malignant islet cell tumors or carcinoid tumors 
symptoms may appear for two reasons. As in any patient with a malignant neo­
plasm, such individuals may be symptomatic due to tumor bulk. Both carcinoid 
tumors and islet cell tumors frequently metastasize to the liver, for instance, 
and patients may have painful malignant hepatomegaly. However, in contrast to 
many other malignant neoplasms, neuroendocrine tumors [1] may also produce 
symptoms due to the biologically active products (usually peptides) released by 
these tumors. For example, islet cell tumors producing insulin result in hypo­
glycemia; gastrin-producing tumors cause the Zollinger-Ellison syndrome and 
gastric ulceration; somatostatin-producing tumors may result in a syndrome of 
diabetes, steatorrhea, and cholelithiasis. Glucagon production (glucagonoma) 
causes a syndrome of carbohydrate intolerance and severe dermatitis (necrolytic 
migratory erythemia); tumors producing vasoactive intestinal peptide (VIP) may 
result in a clinical picture characterized by watery diarrhea, hypokalemia, and 
achlorhydria (WDHA syndrome). Likewise, carcinoid tumors, which are most 
common in the small bowel and frequently metastasize to the liver but may be 
seen in many sites throughout the body, may cause a syndrome characterized by 
diarrhea and flushing due to the production of a wide variety of biologically 
active compounds. It has been found that other disorders, including cardiac 
valvular disease, endomyocardial fibrosis, and retroperitoneal fibrosis, may also 
be present with carcinoid tumors. Mediators [2] including histamine, bradykinin, 
serotonin, and prostaglandins may be products of carcinoid tumors. The carci­
noid syndrome is rarely seen in patients who do not have liver metastases with 
the exception of patients with bronchial carcinoid, primary gastric carcinoid, and 
carcinoids of the ovary which drain into the systemic venous circulation and not 
into the portal circulation [1]. In patients who have liver metastases from carci­
noid tumors, the elevation of 5-hydroxyindoleacetic acid (5-HIAA) in the urine 
is characteristic. The challenge to the clinical oncologist lies in the management 
both of the hormonally mediated syndromes seen with carcinoid tumors and islet 
cell tumors and of symptoms that are due to tumor mass. 

The most important fact in the treatment of patients with either islet cell 
tumors or primary carcinoids which have not metastasized is that surgical resec-
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tion of the tumor is curative [1]. However, in many instances, particularly when 
a syndrome due to biologically active products of the tumor has already 
appeared, islet cell tumors or carcinoid tumors will have metastasized, and 
complete surgical resection is not possible. In this situation the patient may 
be treated with antihormonal therapy or with antitumor therapy. There are a 
variety of pharmacologic treatments that may be of value aimed at inhibiting 
the activity of mediators produced by neuroendocrine tumors. These include H2 
histamine receptor blockers (cimetidine and ranitidine) for patients with the 
Zollinger-Ellison syndrome [3], diazoxide for patients with insulinomas [3], and 
various drugs including antiserotonin agents, antihistamines, and corticosteroids 
for patients with carcinoid syndrome. In patients with symptomatic metastatic 
neuroendocrine tumors not receiving significant palliation from pharmacological 
therapy, cytoreductive surgery may produce results. Carcinoid tumors and islet 
cell tumors usually grow slowly: rapidly developing and rapidly disseminating 
metastatic disease is unusual. Thus, if a patient has a mass of hormonally active 
tumor, partial surgical resection of the tumor may be carried out. Cytoreductive 
surgery decreases the mass of tumor producing biologically active mediators and 
frequently leads to many months of symptomatic [1, 2] palliation for the patient. 
It also should be noted that hepatic artery ligation for metastatic liver disease 
may be palliative, resulting in tumor cytoreduction by causing ischemic necrosis 
of hepatic metastases. In the Mayo Clinic 18 of 25 patients showed significant 
remission of symptomatic metastatic carcinoid tumors after this procedure [2]. 

Cytotoxic chemotherapy also has a role in the management of patients with 
neuroendocrine tumors. In both the therapy of carcinoid tumors and islet cell 
tumors streptozotocin has been a drug of major interst [4]. This naturally occur­
ring methyl-nitrosourea produces an approximately 30%-40% response rate 
in metastatic islet cell carcinoma. Combinations of streptozotocin and 5FU 
(5-fluorouracil) have been shown to be beneficial, producing response rates as 
high as 60% in patients with islet cell carcinoma [5]. The Eastern Cooperative 
Oncology Group has performed a study in which 5FU plus streptozotoain is 
compared with both doxorubicin plus streptozotocin and to chlorozotocin alone. 
The results show that the response rate for streptozotocin plus doxorubicin is 
over 60% (Haller 1987, personal communication). 

With carcinoid tumors cytoxic chemotherapy may also be used. The chemo­
therapy used with carcinoid tumors is similar to that with islet cell carcinomas. 
Single agents including 5FU and DTIC (dacarbazine) have effect in 15%-
25% of patients [2]. The Eastern Cooperative Oncology Group has compared 
5FU plus streptozotocin with cyclophosphamide plus streptozotocin, demon­
strating that 33% of the patients treated with 5FU plus streptozotocin responded 
against 27% receiving the cyclophosphamide combination [6]. 
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Current Approaches Under Study 

Recently in the management of neuroendocrine tumors, there has been interest 
in the use of biological agents for therapy. New information suggests that a 
somatostatin analog may be useful in the treatment of islet cell tumors [7] and 
carcinoid tumors [8]. The hormone somatostatin is able to decrease hormone 
release from islet cell tumors and carcinoid tumors. However, the plasma half­
life of natural somatostatin is very short so that, aside from approaches using 
continuous infusion, somatostatin therapy for neuroendocrine tumors would be 
impractical. Meanwhile, a long-acting somatostatin analog (SMS-201-995) which 
allows for stable somatostatin plasma levels with intermittent dosing has been 
evaluated in patients with islet cell [7] and carcinoid malignancies [8]. In patients 
with the watery diarrhea, hypokalemia, and achlorhydria syndrome-and with 
the Zollinger-Ellison syndrome-the use of this somatostatin analog has pro­
duced significant palliation of symptoms [7]. These results were due to a de­
crease in the production of biologically active materials by the tumors in the 
treated patients. There is also some evidence that the somatostatin analog may 
produce partial objective tumor regression in some patients with islet cell tumors 
[7]. 

The somatostatin analog has also been researched as a therapy for carcinoid 
tumors. One of the risks of treating patients with carcinoid tumors is that surgi­
cal intervention and/or chemotherapy may cause a massive release of biologically 
active mediators from the tumor resulting in a "carcinoid crisis"; in these patients 
there is intense flushing and hypotension. The hypotension may be refractory to 
therapy and the carcinoid crisis may be fatal [2]. It was noted that the somatosta­
tin analog could promptly reverse a carcinoid crisis by the prevention of release 
of mediators from the carcinoid tumor. Investigators at the Mayo Clinic [8] have 
reported complete regression of symptoms of the carcinoid syndrome in 22 of 25 
patients, who were refractory to other therapeutic measures, when treated with 
the somatostatin analog. In 18 of 25 cases there was a greater than 50% reduc­
tion of urinary secretion of the marker for the carcinoid syndrome (5-HIAA). A 
small number of patients (10%) treated with the somatostatin analog evidenced 
objective regression of their tumor. Thus, the role of the long-acting somatosta­
tin analog in preventing or reversing the carcinoid crisis has already been estab­
lished, and the roles that this or similar agents may have in other aspects of the 
treatment of patients with metastatic carcinoid is being actively investigated. 

Another biological which is important in the management of islet cell tumors 
and carcinoid tumors is a-interferon [9]. Data suggest that a-interferon not only 
causes amelioration of symptoms in patients with carcinoid syndrome by de­
creasing the release of biologically active materials but also has a positive effect 
on syndromes produced by islet cell tumors via the same mechanism. Interferon 
may also cause objective tumor regression in neuroendocrine tumors, but this 
antitumor activity is not yet well defined. 

Finally a new drug undergoing a phase I trial, Pibenzimol [10], is an agent 
which has the side effect of inducing insulin dependent diabetes. This drug 
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causes islet cell destruction and may be of significant interest in the future for the 
treatment of some neuroendocrine tumors. 

Future Approaches 

The neuroendocrine tumors form an area of oncologic study in which major 
advances may be expected to occur in the future. We now have good evidence 
that diverse approaches including cytoreductive surgery, hepatic artery ligation 
and/or embolization, treatment with cytotoxic chemotherapy, and the use of 
biological agents including the somatostatin analog and a-interferon may all 
prove helpful. This important evidence now enables exploration of how these 
various modalities of treatment may be effectively interfaced for the most suc­
cessful treatment of patients with neuroendocrine tumors. 
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40. Soft Tissue Sarcomas in Adults 
K.H. Antman 

Current Results and Therapeutic Issues 

Adults with newly diagnosed soft tissue sarcomas generally seek medical atten­
tion for an enlarging mass. Evaluation reveals clinical evidence of metastases in 
only 5%-15%. 

Standard Treatment of the Primary Lesion 

A radical surgical resection or a conservative resection preceded or followed by 
radiotherapy is acceptable. Optimal local control and aesthetic results are usual­
ly obtained from conservative resection with clean margins and 6600 Gy 
radiotherapy when feasible. A shelling out procedure routinely leaves residual 
microscopic tumor resulting in a higher local recurrence rate. Local recurrence 
rates for extremity and superficial trunk lesions in centers specializing in the 
treatment of sarcomas range between 2% and 10%, but in one center which did 
not utilize radiotherapy, 30% of patients developed local recurrence [1]. 

Intra-abdominal and retroperitoneal sarcomas tend to be large at diagnosis 
and to abut or involve vital organs. They are difficult to resect with clean 
margins, and thus local recurrence rates tend to be high (Table 1). 

Prognosis 

Despite excellent local control 20% of low-grade tumors and 40%-60% of high­
grade lesions eventually metastasize generally between 6 months and 2 years 
after initial treatment for high-grade lesions. Low-grade lesions may recur con­
siderably later. Doxorubicin-containing regimens result in objective response 
rates of 25%-55% with median remission durations of 5-8 months. Patients 
with extremity, trunk, and retroperitoneal primaries generally die of respiratory 
failure from pulmonary metastases. Gynecological and gastrointestinal sarcomas 
have a higher incidence of intra-abdominal recurrence and liver metastases. 
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Table 2. Randomized chemotherapy trials in measurable soft·tissue sarcomas in adults [modified 
from 11] 

Author Group Regimen n CR PR RR% 

Omura GOG [2] A 80 5 8 16 
AD 66 7 9 24 

Borden ECOG [3] A 93 6 12 19 
AD 95 4 25 30 

Schoenfeld ECOG [4] A 66 4 14 27 
ACV 70 3 10 19 

Baker SWOGa AD 79 14 18 32 
ADC 95 13 22 35 

A, doxorubicin; C, cyclophosphamide; D, DTIC, dacarbazine; V, vincristine; RR%, combined par­
tial and complete response rate; CCR, complete response; PR, partial response. 
GOG, Gynecology Oncology Group; ECOG, East Cooperative Oncology Group; SWOG, South 
West Oncology Group. 
a Baker, personal communication 

Current Approaches Under Study 

Single Agent Doxorubicin Versus a Combination 

The optimal regimen for metastatic soft tissue sarcoma is currently controver­
sial. Some investigators advocate single agent doxorubicin, others a combination 
of doxorubicin, dacarbazine (DTIC), and perhaps cyclophosphamide (Table 2). 
In two studies doxorubicin with and without DTIC was evaluated [2, 3]. In both 
studies an approximately 10% higher response rate was observed in patients 
treated with the combination. The difference was significant in one of the studies 
[3]. Three randomized trials have failed to show a significant advantage for 
cyclophosphamide (Baker, personal communication) [4, 5]. In one, doxorubicin 
alone yielded a significantly higher response rate than a combination of doxo­
rubicin, vincristine, and cyclophosphamide, presumably due to a compromised 
doxorubicin dose in the three-drug regimen [4]. In the second, the response rates 
were not significantly different between doxorubicin and dacarbazine with and 
without cyclophosphamide (Baker, pesonal communication). In the third, 
doxorubicin with and without cyclophosphamide was studied in gynecologic 
sarcomas. No differences were observed between the study arms [5]. 

Adjuvant Chemotherapy for Soft Tissue Sarcomas 

While primary drug treatment is now established for embryonal rhabdomyosar­
coma (and in Ewing's tumor and osteosarcomas), the results of randomized 
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adult soft tissue sarcomas adjuvant trials have been less clear (Table 1). The 
Mayo Clinic and Italian trials show a significantly improved disease-free survival 
for the adjuvant treatment group [1, 6]. However, survival in both arms of the 
first study was similar because of surgical salvage of those patients who suffered 
recurrence [5]. Given a choice beween 2 years of chemotherapy and a thoraco­
tomy should there be recurrence, many patients would choose the latter as long 
as survival were not affected [5]. Survival statistics were not given in the second 
study of doxorubicin versus observation [6]. 

Although somewhat questionable from a statistical viewpoint, subset analysis 
in the two studies revealed significant differences favoring chemotherapy treat­
ment for extremity sarcomas. A difference was observed in disease-free survival 
in the Anderson study [7] and in both disease-free survival and overall survival in 
the National Cancer Institute, USA, (NCI) study [8]. However, in several of the 
other reported trials of adjuvant therapy survival trends which were poorer in 
the chemotherapy group were observed in subgroups with tumors in extremity 
or central body locations (1, 9, 10]. 

The Role of Radiotherapy 

The efficacy of radiotherapy in the local control of soft tissue sarcomas is being 
assessed by the NCI in a randomized trial which includes surgery and adjuvant 
chemotherapy with or without radiotherapy. A role for radiotherapy is sug­
gested by the comparatively high local recurrence rate in extremity sarcomas at 
the Mayo Clinic where primary radiotherapy was not given. The lowest local 
recurrence rate was observed in the UCLA study which included preoperative 
radiotherapy and intra-arterial doxorubicin. University of California, Los 
Angeles (UCLA) investigators have experimented with various doses of preop­
erative radiotherapy. Their data suggest that the dose of radiotherapy correlates 
positively with complications and inversely with local recurrence rates. An 
optimal dose of radiotherapy would yield a low local recurrence rate with an 
acceptable comestic result and a low incidence of subsequent fracture and 
edema. 

The timing of primary radiotherapy is currently being debated. Some authors 
advocate preoperative radiotherapy, theorizing that a shrinking tumor may 
allow a more conservative resection, that tumor cells released inadvertently dur­
ing surgery may not then be viable, and that a smaller radiation port may be 
acceptable since the entire surgical field need not be encompassed. Those who 
advocate postoperative radiotherapy note that preoperative radiation results in 
delayed postoperative wound healing. An unradiated tumor speciman is made 
available for pathologic assessment, enhancing the identification of small high­
grade foci in predominantly low-grade tumors, and finally the entire tumor bed 
can be included in the radiotherapy ports since the surgeon and pathologist can 
accurately delineate the area at risk. Results compared grade for grade at institu­
tions advocating either approach appear similar. 
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Future Approaches 

Ifosfamide 

European and American investigators have confirmed the significant effect of 
ifosfamide in sarcomas. Almost double the response rate and less toxicity were 
observed with ifosfamide 5 g/m2 when randomized against cyclophosphamide 
1.5 g/m2 [17]. However, the response rates for both agents were substantially 
below those reported by other investigators. Response rates of 30%-50% have 
been reported for combinations of doxorubicin and ifosfamide with and with­
out DTIC. The Southwestern Oncology Group and the Cancer and Leukemia 
Group B are currently jointly studying doxorubicin and DTIC with or without 
ifosfamide. If the three-drug regimen results in a high response rate, a trial of the 
combination in an adjuvant setting compared to observation without further 
therapy after surgery would be reasonable. 

Autologous Bone Marrow Transplantation 

An approach which merits evaluation is the use of high-dose chemotherapy with 
autologous bone marrow transplantation. Preliminary studies have demon­
strated responses in resistant sarcomas, suggesting a dose-response relationship. 
Autotransplantation is currently hampered by the lack of effective drugs. 
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41. Melanoma 
E. T. Creagan 

Current Results and Therapeutic Issues 

Malignant melanoma is a potentially curable neoplasm in patients with localized 
disease amenable to complete surgical resection. Patients with disseminated dis­
ease, however, have an extremely poor prognosis in view of the limited efficacy 
of currently available chemotherapeutic agents (see Table 1 for a summary of 
prognostic factors). The diagnosis and treatment of this neoplasm is enormously 
important and has profound public health implications. Its rate of increase is 
exceeded only by lung cancer, and by the year 2000 an estimated 1 in 100 persons 
will develop malignant melanoma. Moreover, as many as 4.6 million persons in 
the United States of America may have already acquired preneoplastic nevi. 

Microstaging 

The thickness of the primary malignant melanoma is a critical parameter of 
prognosis. Traditionally, lesions have been classified by Clark's anatomical 
levels of invasion [I (intraepidermal) to V (subcutaneous tissue)]. However, this 
is not consistently reliable because of variations in skin thickness and the sub­
jective interpretation in assigning anatomical levels. The Breslow method of 
measuring the tumor from the granular layer of the epidermis to the deepest 
penetration of the neoplasm is more prognostically accurate. The 8-year survival 
rates are 93% ± 2% for lesions <1.69 mm vs 38% ± 6% for lesions >3.6 mm in 
thickness [1]. 

Surgery 

Regional. Correlations between the thickness of the primary lesion and local 
recurrence and survival permit a reappraisal of surgical margins. In one review 
among 1151 patients with lesions <1.0 mm thick, two-thirds had margins of 
:52 cm [2]. The local recurrent rate was only 8%, and the median survival was 
3 years. There was no substantive survival advantage realized from excising 
lesions with a radius >3 cm. However, survival does appear to be compromised 
if lesions ~2 mm thick were excised with a margin <2 cm. 
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Table 1. Prognostic factors in disseminated malignant melanoma 

Patient 
Sex 
Performance score 

Treatment 
Prior chemotherapy 
Resectable metastases 

Metastases 
Site 

Number 
Disease-free interval 

Favorable 

Female 
Ambulatory 

None 
Complete 

Soft tissue 

1 
>6 months 

Unfavorable 

Male 
Nonambulatory 

Any 
Incomplete 

Lung 
Liver 
eNS 
Viscera 
>1 
<6 months 

Nodal. The role of elective lymphadenectomy (EL) for patients with apparently 
localized (stage I) malignant melanoma is exceedingly controversial [3]. Ran­
domized studies by the Mayo Clinic and the World Health Organization (WHO) 
have not demonstrated any obvious benefit. The trials have been criticized since 
relatively few patients had histologically involved nodes in the Mayo study and 
the WHO report did not include adequate microstaging data on all patients. On 
the other hand, retrospective analyses, which have well-recognized inherent 
biases, indicate a possible 5%-10% survival advantage emerging at 5-8 years 
after EL from lesions 1.5-3.99 mm thick. EL does not appear to offer a discern­
able advantage for patients with lesions <0.76 mm or 2:4.0 mm thick. 

Radiation Therapy 

An important factor in the radiosensitivity of malignant melanoma is the dose 
per fraction rather than the total cumulative dose. In one recent review of 618 
irradiated lesions, 59% responded to doses >400 cGy vs 33% to doses <400 cGy 
[10]. Among 77 patients in whom local control was achieved following surgery 
and radiation therapy (XRT), the 5-year survival rate was 49% vs 3% among 
the 54 patients in whom local failure occurred (P <0.0001). However, the im­
pact of large dose fractions on brain metastases is less clear. In one report 
of 59 patients, 26 received a I-week scheme consisting of twice daily doses 
of 300-375 cGy, and 33 received a 2-week program of twice daily doses of 
188-240 cGy. Those treated with the I-week program demonstrated a significant 
symptomatic and survival advantage over patients receiving the 2-week program. 
It appears that the shorter overall treatment time (1 week vs 2 weeks) was more 
important than large fraction size. In other words, there was no survival ad-
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vantage by increasing the dose per fraction from 300 to 375 cGy in the I-week 
group, or from 188 to 240 cGy in the 2-week group. 

Metastatic Disease 

Selected patients may benefit from the resection of disseminated disease [4]. 
Discriminants of possible survival benefit include total resection of gross disease, 
single vs multiple lesions, and the site of the disease (soft tissue vs visceral, 
osseous). The median survival time was 18 months in 69 patients having a com­
plete resection of all gross disease vs 6 months following unsuccessful resection. 
A somber caveat: unsuccessful resection of metastatic disease usually portends 
significant morbidity and prolonged hospitalization. 

Current Approaches under Study 

Chemotherapy 

Systemic. The "Standard" single agent therapy for selected patients with dis­
seminated malignant melanoma is arguably imidazole carboxamide (DTIC). 
Oral lomustine (CCNU) or intravenous 1,3-bis-(2-chloroethyl)-1-(BCNU) 
nitrosourea are alternative systemic therapies in a noninvestigational setting. 
Cytotoxic strategies utilizing investigational and conventional agents have not 
provided consistently meaningful leads [5]. 1-(2-chloroethyl)-3-(2,6-dioxo-3-
peperidyl)-l-nitrosourea (PCNU), a nitrosourea derivative which, in preclinical 
studies, appeared to be an interesting agent, has been disappointing. Among 42 
previously untreated patients receiving detorubicin, a daunorubicin analog, 
there was a 36% response rate and significant cardiac toxicity. A confirmatory 
trial is awaited with great interest. 

Multi-agent regimens utilizing DTIC have typically combined nitrosoureas 
and vinca alkaloids. Selected trials involving relatively small numbers of patients 
have reported response rates of approximately 45%, but few patients demon­
strate complete recovery. However, the realistic effectiveness of these potentially 
toxic regimens has not been substantiated by a randomized trial [6]. The com­
bination vinblastine, bleomycin, and cisplatin (VBP) produced a 71 % response 
rate in a preliminary report. Yet, in a randomized comparison of DTIC vs VBP, 
the response rate was only 14% for each regimen [6]. Regressions have usually 
been limited to approximately 3-6 months. A variety of single-agent and com­
bination regimens have been administered postoperatively to patients at high 
risk of disseminated disease following complete resection. To date, few studies 
have convincingly documented efficacy in enhancing survival or prolonging the 
interval to recurrence. Based on currently available data, adjuvant chemother-
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apy outside the context of an investigational trial cannot be routinely recom­
mended. 

Autologous Bone Marrow Transplant with Intensive Chemotherapy. A review of 
105 patients who received intensive high-dose cytotoxic regimens and auto­
logous bone marrow transplant (ABMT) indicated a composite response rate of 
46% [5]. The results in selected patients appear more promising than conven­
tional chemotherapy, but the limited sample size precludes confident compari­
son with traditional phase II reports. Lethal complications in some patients have 
been of particular concern. 

Regional. Patients having "in transit" metastases between the primary lesion 
and regional nodes often present a formidable challenge. As an alternative to 
aggressive local surgery including amputation, isolation perfusion with or with­
out hyperthermia may be a useful modality. In some series, objective regressions 
have been produced in up to 70% of patients. Although local control may be 
achieved in a substantial proportion of patients, the impact on survival remains 
uncertain [7]. Similarly, intralesional therapy, typically with bacille Calmette­
Guerin (BCG), may induce transient local control but little overall enhancement 
of survival. 

Biological Response Modifiers: Interferons 

Interferon (IFN)-a has clearly induced objective regressions in about 15% of 
patients receiving an array of doses and schedules [8]. The overall median time 
to progression of approximately 3-4 months and survival of around 6 months are 
generally similar to conventional chemotherapy programs [9]. However, a parti­
cularly interesting observation is a high proportion of complete responders with 
especially durable regression following the discontinuation of therapy [9]. 

The immunomodulatory potential of IFN-y appears to be greater than IFN-a. 
Clinical trials with IFN-y are underway. Combination regimens of the two forms 
are conceptually appealing since the effects of each molecule appear to be medi­
ated by distinct cell surface receptors. 

Future Approaches 

Tumor Necrosis Factor 

Tumors necrosis factor (TNF) is an antiproliferative protein initially described in 
the serum of BCG-primed mice who were exposed to endotoxin. Enormous 
quantities of TNF are now available through recombinant technology. In cell 
cultures of human malignant melanoma and in nude mouse models, consistent 
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cytotoxic characteristics have been reported. Initial dose-seeking clinical trials 
indicate the major toxicities to be rigors and fever, but with little hematologic or 
hepatorenal sequelae. Phase II trials in malignant melanoma will undoubtedly 
commence within a year. 

Interleukin-2 and Lymphokine-Activated Killer Cells 

In early trials of adoptive immunotherapy (AI) some objective regressions in 
patients with advanced malignant melanoma have been documented. However, 
the initial reports emphasize the need for sophisticated technical and clinical 
support facilities. Substantial complications may preclude the large scale ap­
plication of AI for most patients with advanced malignant melanoma. An intri­
guing modification of AI involves the incubation of tumor-infiltrating lympho­
cytes (TIL) obtained from neoplasms with interleukin (IL)-2. TIL are 50-100 
times more potent on a per cell basis than is the adoptive transfer of lymphokine­
activated killer (LAK) cells. These lymphocytes demonstrate antiproliferative 
characteristics in animal tumor models unaffected by LAK therapy. Clinical 
trials with TIL are awaited with great interest. 

Combination Regimens 

TNF plus IFN-y. In vitro evidence indicates a striking synergism between these 
molecules which may reflect the modulation of TNF receptors by IFN-y. Early 
clinical trials are assessing dose-limiting toxicities prior to phase II investigations 
in disseminated malignant melanoma. 

Interferons and Chemotherapy. Since biological response modifiers (BRMs) and 
cytotoxic agents have unique antiproliferative characteristics, it is theoretically 
attractive to administer these agents concomitantly. Experimental data 
indicate therapeutic synergism from combinations of selected IFNs and con­
ventional chemotherapy, most notably BCNU and doxorubicin. Pilot studies 
have documented the feasibility and safety of the concomitant usage of IFN-a 
plus BCNU or doxorubicin in patients with advanced cancer. 

Monoclonal Antibodies 

A burgeoning volume of literature focuses on the basic biology and clinical 
utility of monoclonal antibodies directed against malignant melanoma [8]. In 
most cases, immunohistochemical analyses have documented selective cellular 
localization of the antibodies, but clinical responses have been inconsistent. 
Constitutional side effects have been quite tolerable and easily controllable. 
Conjugates of monoclonal antibodies with radioisotopes cytotoxic or cytostatic 
agents, and with BRMs are now being developed which may permit antibody­
targeted localization of potential therapeutic agents against melanoma cells. 
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Preventive Surveillance 

In view of the potential curability of relatively thin malignant melanomas, early 
recongition and prompt excision of suspicious lesions are of paramount impor­
tance. The following characteristics of a preexisting or de novo skin lesion war­
rant biopsy: 

1. A change in the size, color, or surface characteristics of a nevus. Bleeding, 
scaling, itchiness, pain, or paresthesias are of special note. A new configura­
tion or increase in growth of a previously existing amelanotic macule or 
papule should suggest malignant potential. 

2. An irregular border which may have a "butterfly" or "notched" shape. Some 
lesions have pigment which appears to diffuse into the surrounding normal 
skin. 

3. A disorganized array of varigated color involving reds, whites, and blues. 
4. Irregular pigmentation in a deformed or intact nail, especially without a his­

tory of trauma, should be evaluated by a biopsy of the entire nail bed. 

Individuals at particularly high risk for malignant melanoma include: 

1. People with light complexions, light eye color (green, gray, blue), and those 
with a history of sun-sensitivity, especially severe sunburns in childhood and 
early adulthood 

2. People with xeroderma pigmentosum 
3. People who live in areas of prolonged sun exposure, e.g., near the equator 
4. People who primarily work indoors but have intense, episodic recreational 

sun exposure 
5. People with an increased number of melanocytic nevi as children 
6. Those with the dysplastic nevus syndrome. This autosomal dominant or 

sporadic disorder encompasses the following: large numbers (often> 100) of 
irregularly pigmented, "pebbly," nevi with ill-defined borders, usually 
>6 mm, and occurrence on sun-protected areas. These lesions may be pre­
cursors of malignant melanoma and confer a risk of malignant transformation 
7-15 times greater than that of the general population. 
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42. Basal Cell Carcinoma 
D.S. Sarnoff and G.L. Peck 

Current Results and Therapeutic Issues 

There are many excellent methods for the effective treatment of a primary basal 
cell carcinoma (BCC), the most common of which are (1) curettage and elec­
trodesiccation (C and D), (2) cryosurgery using liquid nitrogen (3) radiation 
therapy, and (4) surgical excision with primary closure or resurfacing using skin 
flaps or skin grafts (1-9). The choice of initial therapy for a BCC depends on 
numerous factors, including its anatomic location, size, clinical characteristics, 
histologic features, age and medical condition of the patient, anticipated cos­
metic result, previous treatment history, and comfort, duration, and cost of 
treatment. It has been reported that the cure rates with each of the four standard 
modalities mentioned above approach 95% for simple, primary BCe. Although 
all of these methods can effectively destroy BCC, in certain situations one 
method may be preferable to the others. 

C and D is the most common method of treatment. While cure rates as high as 
96%-100% have been reported, the overall cure rate is dependent upon the size 
of the lesion. For example, 38% of BCC with diameters between 1 and 3 cm and 
50% of BCC with diameters greater than 3 cm have been shown to recur follow­
ing C and D. While simple to perform, C and D should be limited to the treat­
ment of selected, small, well-defined, primary lesions and should not be used in 
dense fibrotic BCC (e.g., morphea-like BCC). 

Cryosurgery is the destruction of tissue by the rapid application of intense 
cold. The indications and advantages of cryosurgery are similar to those for C 
and D; it should not be used on morphea-like BCC or lesions greater than 3 cm 
in diameter. It is a relatively simple method of treatment, particularly useful in 
patients who are poor surgical risks (e.g., patients on anticoagulants, or those 
sensitive to local anesthetics). Cryotherapy is absolutely contraindicated in 
patients with abnormal cold intolerance (e.g., cryoglobulinemia or cryofibrino­
genemia). Complications of this treatment include marked edema at the treated 
site, permanent loss of pigmentation, occasional hypertrophic or atrophic scar­
ring, and, infrequently, neuropathy in certain areas, particularly the fingers and 
elbow. 

In selected patients with BCC in particular anatomic regions, radiation ther­
apy offers a unique and valuable therapeutic alternative. Radiation therapy is 
useful in critical areas where maximal preservation of uninvolved tissue is desir-
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able (e.g., lesions of the eyelids, medial and lateral canthi of the eyes, nose, 
ears, and lips). In elderly patients, X-ray therapy has proved to be very useful 
because there is less likelihood of late radiation sequelae; however, whereas 
surgical scars often improve with time, the resultant scars after radiotherapy 
tend to worsen over the years. 

Electron beam therapy may offer some benefit over conventional superficial 
X-ray therapy with respect to lesions overlying cartilage or bone due to the re­
duced risk of radionecrosis. Electron beam therapy is expensive, however, and it 
is not always available. 

C and D, cryosurgery, and radiation therapy all rely on clinical evaluation 
employing the visual and tactile senses of the physician to determine the full 
extent of the tumor. When these techniques are used, there is no microscopic 
confirmation that the tumor has seen completely removed. In contrast to these 
methods, surgical excision yields a biopsy specimen which, under routine patho­
logic examination, will confirm tumor-free borders with a high degree of accu­
racy. Therefore, scalpel excision is widely used today to treat primary BCC. 

When the initial treatment for BCC has been unsuccessful, retreatment must 
then be performed on tumor embedded in scar tissue. This makes the bound­
aries and distribution of recurrent malignancy more difficult to detect and eradi­
cate. Mohs' surgery, with its microscopically controlled serial excision, offers the 
best chance of cure in treating these recurrent BCC. Cure rates by the Mohs' 
technique are 96%-99% for recurrent BCC and 99% for primary BCC. In addi­
tion to the treatment of recurrent BCC, Mohs' surgery is indicated in the treat­
ment of primary BCC that is (a) in sites associated with a high rate of treatment 
failure (e.g., periorbital, periauricular, nasal, and perinasal areas), (b) associ­
ated with poorly delineated clinical borders, (c) large in size (>2 cm), (d) 
morphea-like or sclerosing, (e) in critical locations (e.g., the eyelid) where max­
imum sparing of uninvolved tissue is desirable. Presently, the availability of 
Mohs' surgery is limited to large academic centers, since special laboratories and 
trained personnel are required for this technique. 

Metastatic BCC is an extremely rare entity associated with an extremely poor 
prognosis. When the metastasis is localized, surgery is the treatment of choice. 
When the metastases are widespread, ionizing radiotherapy may be useful. 
Systemic chemotherapy (e.g., cisplatin, doxorubicin, bleomycin sulfate, or a 
combination of fluorouracil, methotrexate, and cyclophosphamide) has been 
rather disappointing both for metastatic and advanced local disease. At this 
time, the greatest role for systemic chemotherapy may be as an adjuvant, com­
bined with surgery or radiation in the treatment of advanced lesions of the face 
to minimize cosmetic or functional disability. Further studies are needed to 
establish this role. 
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Current Approaches Under Study 

Several techniques have been tried, and others are currently under study, to aid 
physicians in the preoperative determination of the clinical margins of skin 
tumors. Liquid crystal thermography (LCT) is a rapidly performed method for 
determining temperature variations [10]. It has been found that skin is usually 
warmer over carcinomas than over normal tissue, possibly due to increased 
blood supply. For BCC of heavy or moderate density, such as the adenoid-cystic 
or solid tumors, LCT can be used to demonstrate the lateral margins with mod­
erate accuracy. The technique is somewhat unreliable for tumors of low density 
such as morphea-like BCe. Using LCT to assess the lateral margins of BCC has 
great potential; further refinements in the liquid crystal products themselves, as 
well as in the technique, may yield more accurate and reliable results. Although 
lateral margins may be demarcated with LCT, the depth of a BCC is not demon­
strable at present. Ultrasonography, in conjunction with LCT, may prove to be 
useful in this respect. 

Various methods to improve the recognition of the histologic margins of skin 
tumors are also currently under investigation. During Mohs' surgery, when small 
islands of tumor cells or individual tumor cells remain in the tissue, they are 
often difficult to distinguish on frozen sections with conventional hematoxylin­
eosin or toluidine blue staining. In these cases, tumor may be confused with 
nerve or vascular tissue or with inflammatory cells. Immunoperoxidase and in­
direct immunofluorescence techniques using monoclonal antibodies to keratin 
proteins have recently been employed to distinguish these keratinizing tumor 
cells from mesodermal cells. Thus, immunohistochemical methods should 
theoretically improve the accuracy of microscopically controlled excision and 
decrease the rate of tumor recurrence. Recently, a new murine monoclonal anti­
body, VM-1, has been shown to stain BCC cells. A limitation of the VM-1 stain 
is that in addition to carcinoma cells, the antibody also stains cells of the external 
root sheath of hair follicles within the dermis. This poses a particular problem in 
the scalp, which is an area associated with a high recurrence rate for skin can­
cers, because differentiation of BCC cells from the cells of hair follicles may not 
be possible by this technique. The future of immunoperoxidase staining of BCC 
will depend on the discovery of a specific monoclonal antibody that only stains 
BCC cells, and the development of a rapid and efficient technique which would 
allow its clinical application. 

Another current approach under study involves the use of the laser in 
cutaneous oncology (10). Superficial BCC has been treated with CO2 laser 
vaporization, sometimes in conjunction with curettage, to provide high cure 
rates with rapid healing and minimal postoperative pain. The CO2 laser can also 
be used to excise tissue when focused to a small beam diameter of 0.1-0.2 mm. 
As the incision is made, small blood vessels, lymphatics, and nerve endings are 
sealed. Application of the CO2 laser to Mohs' surgery has recently been de­
scribed. As in the fresh tissue technique, multiple layers may be excised in one 
session, histologic detail is preserved, and immediate surgical repair is possible. 
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Advantages of the CO2 laser in Mohs' surgery include a virtually bloodless field, 
even in very vascular tissue or in patients receiving anticoagulants. The current 
major drawbacks of the CO2 laser modification of Mohs' surgery are the cost of 
the laser and the size of the instrument. 

A new, experimental alternative for treating patients with BCC is hematopor­
phyrin derivative (HPD) photoradiation therapy [10]. HPD is a photodynami­
cally active dye that is retained preferentially by malignant cells and initiates a 
cytotoxic reaction when exposed to red light. This approach uses intravenously 
administered HPD as the photosensitizer of tumors and focally applied red light 
(630 nm) as the photo activating source, emitted from a modified xenon arc 
photocoagulator or an argon or dye laser. A unique property of HPD appears to 
be its prolonged affinity for tissues with rapid cellular turnover, such as neo­
plastic cells, long after it has cleared from the surrounding normal tissue. 

The major toxic effects secondary to HPD therapy are pronounced photosen­
sitivity to sunlight for at least 1 month, and skin necrosis over the local treatment 
site. Lesions that are bulky or ulcerated show only a partial response because of 
light scattering from the surface, inhibiting maximal light penetration. 

Current standard therapy is unsatisfactory for patients with numerous lesions. 
Patients with xeroderma pigmentosum, nevoid basal cell carcinoma syndrome, 
or a history of arsenic exposure may develop hundreds of BCC throughout their 
lives. These patients with multicentric disease most certainly could benefit from 
effective topical chemotherapy, systemic chemotherapy, or other methods 
designed to cure or prevent widespread lesions. 

Various topical agents, including dinitrochlorobenzene (DNCB), Solcoderm 
(a solution of organic and inorganic acids and ions containing copper, oxalate, 
lactate, nitrate, and acetate), and topically applied retinoids have proved cap­
able of producing complete regression of BCC. The efficacy of these topical 
agents, however, is not comparable to that of the standard modalities. 

Topical fluorouracil is an approved cytotoxic treatment for superficial BCC, 
but not for nodular or invasive BCC. Although many BCC appear to be super­
ficial, they frequently invade the reticular dermis; because these deeper exten­
sions are not regularly reached by topical fluorouracil in its present vehicle, even 
when used under occlusion, there are likely to be recurrences. One danger in 
using topical fluorouracil is that, while it may produce the appearance of control 
with superficial destruction of the tumor, deeper extensions may continue to 
grow; thus, fluorouracil may, in effect, conceal deep foci of invasive BCC. This is 
a potential danger of all topical chemotherapeutic agents. 

Future Approaches 

Recently, interferon has been tested in a variety of skin disorders including skin 
cancer. Results of a single pilot study, using recombinant a-2 interferon injected 
intralesionally three times a week for 3 weeks into biopsy-proven BCC have 
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been encouraging, suggesting that additional evaluation is warranted in patients 
who are not candidates for simple surgical removal, have a nonresectable Bee, 
or request nonsurgical therapy. 

The oral retinoids have been used to treat patients with multiple Bee (11). 
Since the results of these studies, which have approximately a 10% cure rate, 
compared unfavorably with standard modalities, the use of oral isotretinoin and 
oral etretinate as chemotherapeutic agents for Bee was abandoned. Neverthe­
less, the oral synthetic retinoids seem promising in the prevention of cutaneous 
malignancy. The chemoprophylactic effect of the retinoids may be secondary to 
their ability to enhance or promote normal cellular differentiation. Unfortunate­
ly, the potential exists for chronic toxicity (skeletal hyperostosis and calcification 
of tendons and ligaments) from the prolonged systemic therapy that appears 
necessary to maintain the chemopreventive effect. Hence, the development of 
an oral synthetic retinoid which is effective as a chemopreventive agent, has 
minimal side effects, and exhibits no associated chronic toxicity would indeed be 
a most significant goal for the future. 
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43. Acute Lymphoblastic Leukemia 
D.G. Poplack 

Current Results and Therapeutic Issues 

Acute lymphoblastic leukemia (ALL) is the most common childhood malignan­
cy, occurring with an incidence of approximately 2-4 per 100000 children below 
15 years of age. Each year approximately 2000 cases of childhood ALL occur in 
the United States; a small number of adults are diagnosed with the disease. In 
the past 40 years there has been dramatic improvement in the outcome of pa­
tients with ALL. Prior to the introduction of effective antineoplastic chemother­
apy approximately 40 years ago, ALL was uniformly fatal, most children surviv­
ing only 2-3 months from diagnosis. Presently, however, approximately 60% of 
children with this disease are in continuous complete remission 5 years following 
their initial diagnosis; the majority of these children are considered to be cured 
[1]. This treatment success has been the result of the stepwise introduction of a 
variety of new treatment strategies, beginning with the introduction of effective 
single-agent chemotherapy in the late 1940s, the development and use of com­
bination chemotherapy and subsequently maintenance chemotherapy during the 
1950s and early 1960s, the strategy of CNS-preventive therapy in the late 1960s, 
and, most recently, the concepts of tailoring therapy according to risk factors 
and intensification of therapy. Combination chemotherapy, which traces its 
origins to ALL in children, forms the primary therapeutic modality. Radiation 
therapy has been employed for CNS-preventive therapy and for treatment of 
selected forms of extramedullary relapse. 

In the past decade, characterization of leukemic lymphoblasts on morpho­
logic, immunologic, biochemical, and cytogenetic bases has led investigators to 
conclude that ALL is a biologically heterogeneous disorder. In addition, certain 
clinical features evident at diagnosis have prognostic value and permit delinea­
tion of patients into subgroups with relatively favorable or unfavorable prog­
noses. Most current treatment protocols stratify patients at diagnosis into differ­
ent risk categories according to the most reliable prognostic factors (e.g., initial 
white blood cell count, age, cytogenetics, etc.) and tailor treatment accordingly. 
In general, "high-risk" patients (or those with very high initial white blood cell 
count, unfavorable age at diagnosis, chromosomal translocations, lymphoma­
tous presentations, etc.) are placed on more intensive treatment regimens [2, 3]. 
In contrast, patients with clinical features associated with a more favorable prog­
nosis are placed on treatment protocols designed to be equally effective but less 

546 



intensive, in the hope of avoiding treatment-associated adverse sequelae. Most 
ALL treatment regimens divide therapy into four main treatment phases: remis­
sion induction, eNS-preventive therapy, consolidation, and maintenance ther­
apy. Patients are treated for approximately 2~ years. Patients with so called 
"good-risk" features usually receive three drug-induction therapy (vincristine, 
prednisone, and L-asparaginase), eNS-preventive therapy with intrathecal 
chemotherapy alone, and maintenance therapy consisting of daily 6-
mercaptopurine, weekly or biweekly methotrexate, and periodic "pulses" of 
vincristine and prednisone. Although retrospective analysis permits identifica­
tion of a group of patients with an extremely favorable treatment outcome 
(90%-95% long-term disease-free survival), it has become evident that when 
one prospectively stratifies patients according to these same criteria, the overall 
results obtained on uniform therapy are less favorable than expected (approx­
imately 75%-80% long-term event-free survival). Why a significant number of 
"good-risk" patients fail current therapy has become a major topic of current 
investigation. 

Patients with "high-risk" features usually receive induction therapy with four 
(or more) agents (vincristine, prednisone, L-asparaginase, daunorubicin), inten­
sive consolidation therapy, usually employing multiple agents and frequently 
repeating induction therapy, and maintenance therapy that often includes late 
intensification or periodic pulses of intensified therapy. Although the use of 
more intensive therapy has substantially increased the long-term event-free 
survival for patients in this group, a substantial proportion of such patients 
(approximately 112 to 113) will eventually fail therapy. Thus, a major current 
priority in ALL treatment is to develop more effective treatment for patients 
with "high-risk" features. 

eNS-preventive therapy has become a vital element of all ALL treatment 
protocols. eNS "prophylaxis" has reduced the incidence of eNS recurrence 
from approximately 75%-80% to less than 10%, and, because eNS recurrence 
frequently heralds systemic relapse, has dramatically improved event-free 
survival. In the 1970s, the use of cranial radiation (2400 cGy) and intrathecal 
methotrexate were the accepted, effective form of eNS-preventive therapy. 
Recognition that this approach may be accompanied by significant adverse eNS 
sequelae, including CT brain scan abnormalities, altered intellectual and psycho­
logical function, and neuroendocrine damage, has prompted the search for 
alternative eNS-preventive therapy strategies which are equally effective but 
less neurotoxic. The identification of risk factors for eNS relapse (high initial 
leukocyte count, T-cell disease, very young age, thrombocytopenia, lymphoma­
tous features, black race) has permitted investigators to modify eNS-preven­
tive therapy accordingly. Although effective eNS-preventive therapy can be 
achieved in "good-risk" patients utilizing intrathecal chemotherapy alone, the 
optimal, most appropriate form of eNS-preventive therapy for patients in other 
risk categories remains a major treatment issue. 

Approximately 40% of patients with ALL will suffer disease recurrence. 
Close to 113 of patients with a bone marrow relapse will have a human­
leukocyte-antigen matched sibling and may potentially benefit from an 
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allogeneic bone marrow transplant. Long-term disease-free survival can be 
achieved in over 25% of these individuals. Although conventional chemother­
apy will induce complete remissions in the majority of patients who suffer bone 
marrow relapse, most will eventually succumb to their disease. High priority 
must be given to identification of more effective chemotherapy for these patients 
and to increasing the applicability of bone marrow transplantation (e.g., to 
patients with no matched sibling donors). 

Current Approaches Under Study 

Current treatment approaches have focused on the concept of tailoring therapy 
according to risk groups. Significant sophistication is now used to define risk 
groups. For example, the Children's Cancer Study Group uses an algorithm 
based on initial leukocyte count, age at diagnosis, sex, FAB morphologic clas­
sification, degree or extent of bulk disease, and E-rosette positivity to assign 
patients to one of five currently recognized risk groups [4]. In addition to good, 
average, and poor risk categories, specific therapy has been designed for infants 
less than 1 year of age (the group of ALL patients with the worst prognosis) and 
for patients who present with lymphomatous features (a subgroup at a high risk 
of extramedullary relapse, particularly CNS recurrence). Although stratification 
of this type is complex, it permits identification of patients with a propensity for 
selective patterns of relapse (e.g., CNS relapse in patients with lymphomatous 
features), providing the potential for more selective application of both systemic 
and CNS-preventive therapy. Most centers intensify therapy for high risk pa­
tients. Although this approach has resulted in improved overall long-term event­
free survival curves (as high as approximately 70% in such patients), it is unclear 
at present whether further intensification is likely to lead to additional improve­
ment for high-risk patients. Analysis of the results of the last three clinical trials 
performed by the West German BFM study group indicates no significant differ­
ence in the overall event-free survival of patients treated on three successive 
studies, suggesting that the progressive intensification of therapy which occurred 
over this time may not have improved overall treatment results [5]. 

Some attention has focused on alternative modes of therapy, particularly 
bone marrow transplantation, for patients at an excessively high risk for treat­
ment failure (e.g., patients with certain chromosomal translocations). Whether 
such an approach will improve the outlook for such patients is unclear. Refine­
ments in bone marrow transplantation, however, have already led to some 
increase in the applicability of this approach. For example, numerous centers 
are currently evaluating the feasibility of "partial mismatched" transplants and 
the use of unrelated, matched donors. Should these approaches be successful, 
it is possible that the use of bone marrow transplantation for patients in relapse, 
and possibly for selected very high risk patients during first remission, will be 
increased. 
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A number of current studies are addressing the question of alternative 
methods of CNS-preventive therapy. 1800 cGy has been shown to be as effec­
tive as 2400 cGy in regimens which utilize cranial radiation. However, concern 
over the likely contribution of cranial radiation to adverse CNS sequelae has 
prompted investigators to study a variety of alternatives to the use of cranial 
radiation, including intermediate and high-dose methotrexate. 

Studies indicating low and variable bioavailability of orally administered 
maintenance chemotherapy agents have focused attention on the possibility of a 
pharmacologic basis for treatment failure, and have prompted studies aimed at 
assessing whether suboptimal drug exposure is associated with a higher relapse 
rate [6]. In a recently initiated study at the St. Jude Children's Cancer Research 
Hospital patients are treated with identical therapy but randomized to receive 
either "adjusted" or "unadjusted" drug exposure. Whether pharmacologic drug 
monitoring will ultimately result in improved ALL therapy remains to be 
determined. 

The application of intensified therapy has significantly improved the outcome 
of adults with ALL. In one recent study approximately 50% of adults treated 
with an intensive chemotherapy schedule similar to that used in many childhood 
ALL protocols achieved prolonged disease-free survival [7]. 

Future Approaches 

Despite the dramatic improvement achieved to date in the treatment of ALL, 
significant obstacles must be overcome before cure is a reality for all patients 
with this disease. Several major areas are likely to be the focus for future labora­
tory and clinical studies. 

One vital need is for more sensitive methods of detecting relapse and for a 
better understanding of the causes of treatment failure. Molecular biological 
techniques such as assessment of immunoglobulin and T-cell receptor gene 
rearrangements are currently being used to study ALL. These techniques, pos­
sibly together with methodology incorporating "in situ hybridization," mayeven­
tually permit identification of residual leukemia in otherwise morphologically 
normal marrows. Although this possibility has been suggested using current 
methodology, further technical refinements will be required [8]. 

Understanding the basis for treatment failure is likely to prove more prob­
lematic. Although similar in their refractoriness to current therapy, the group of 
patients failing on current therapy is known to be biologically heterogeneous, 
manifesting differences in clinical presentation and in the cytogenetic, immuno­
logic and molecular features of their disease. The application of molecular bio­
logical methods to the study of drug resistance may ultimately provide valuable 
information regarding the mechanisms of treatment failure [9]. In addition to 
improving approaches with currently available antileukemic agents, there is a 
clear need for identification of new chemotherapeutic agents active against 
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lymphoid leukemia. Several new approaches to intrathecal chemotherapy 
are already under preclinical and clinical study, including intrathecal 4-
hydroperoxycyclophosphamide, intrathecal 6-mercaptopurine, and intrathecal 
Diaziquone. In addition, new lipophilic antifols (e.g., trimetrexate, piritrexim) 
may become useful agents for maintenance chemotherapy. The addition of 
other systemic agents which penetrate well into the CNS (intravenous 6-
mercaptopurine, intravenous thiotepa) may add to our ability to approach both 
systemic and CNS disease simultaneously by the systemic route. 

The role of bone marrow transplantation in the treatment of ALL is likely to 
increase. Recent success in the use of partially mismatched donors brings the 
possibility of totally crossing the human leukocyte antigen barrier closer to real­
ity. In addition, the role of autologous marrow transplantation may expand as 
newer methods of in vitro purging (radiolabelled monoclonal antibodies, bio­
logics, etc.) become available. 

The recognition that some forms of adult leukemia (e.g., hairy cell, chronic 
myelogenous) respond to certain types of interferons has stimulated investiga­
tion of the role of biologics as a possible means of treating lymphoid leukemia. 
For example, recent studies with interleukin-2 have demonstrated that in vitro 
culture of T-celllymphoblasts with interleukin-2 results in maturation and even­
tual death of leukemic blast cells [10]. In vivo studies of this approach have only 
recently been initiated. Another exciting potential use for biologics is in the area 
of molecularly cloned hematopoietic growth factors. Preclinical and early clini­
cal studies with colony stimulating factors (GM and G) confirm the potential of 
these agents to shorten the duration and severity of chemotherapy-induced 
myelosuppression. The use of such agents may provide a means of intensifying 
chemotherapy (both dose and schedule) for patients with ALL at high risk of 
treatment failure. 

Finally, as more children with ALL are cured, attentIon to aVOlomg late 
effects of ALL treatment will increase accordingly. 

Ultimately, progress in the future will depend both upon continued basic 
research aimed at increasing our understanding of the biology of ALL as well as 
on the ability of clinicians to design innovative clinical studies. 
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44. Acute Nonlymphoblastic Leukemia 
D.G. Poplack 

Current Results and Therapeutic Issues 

Acute non lymphoblastic leukemia (ANLL) is the most common form of acute 
leukemia in adults and makes up approximately one-quarter of the cases of child­
hood acute leukemia. Although there has been significant improvement in the 
outlook of patients with this disease, the pace of therapeutic progress in ANLL 
has been slower than for acute lymphoblastic leukemia. Prior to the 1950s, 
ANLL was uniformly fatal, most patients surviving only 1-2 months from 
diagnosis. The initial introduction of effective single agents and the subsequent 
identification of active combination chemotherapy has, however, led to an im­
proved outlook [1]. Presently, two therapeutic modalities are utilized to treat 
patients with ANLL. Combination chemotherapy, consisting of induction treat­
ment, post-induction consolidation, and in some regimens maintenance chemo­
therapy, is the form of treatment for the majority of patients with ANLL. A 
smaller number of patients, following successful induction of remission, benefit 
from bone marrow transplantation. Because significant myelosuppression is in­
duced in an attempt to obtain a complete remission in patients with ANLL, 
treatment of patients with this disease requires optimal supportive care tech­
niques. 

Complete remission can be obtained in most (approximately 70%-80%) pa­
tients with ANLL. In adults treated with chemotherapy, the median remission 
duration is approximately 1-2 years with a substantial fraction of patients 
(approximately 25%) achieving prolonged disease-free survival. Results are 
somewhat better in children; up to 45% may achieve long-term disease-free 
status. 

Bone marrow transplantation has played an increasing role in the therapy of 
patients with ANLL [2]. It is most successful when applied to younger patients in 
their first complete remission. Bone marrow transplantation provides a means of 
restoring hematopoiesis following the delivery of very high doses of myelosup­
pressive chemotherapy (often administered in conjunction with total body radia­
tion). In addition to being used as "post-remission" consolidative therapy in 
newly diagnosed patients, marrow transplantation has also been used in patients 
with various preleukemic states and in individuals with "high-risk" leukemia in 
whom conventional chemotherapy is unlikely to induce a remission. To date, the 
use of bone marrow transplantation has primarily been limited to those patients 
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with histocompatible donors. Only approximately one-third of patients with 
ANLL, however, have histocompatible, allogeneic-matched, sibling donors. 

Current Approaches Under Study 

A number of current issues exist regarding the optimal mode of chemotherapy 
for ANLL. The standard, most effective form of remission induction treatment 
has been the combination of Cytarabine and the anthracycline daunorubicin. In 
most studies, addition of other agents to this combination has not been shown 
clearly to improve the remission induction rate. Recent evaluation of high··dose 
cytarabine suggests that this approach, combined with daunorubicin, may be 
associated with a higher remission induction rate. The toxicity associated with 
this approach, however, has led many investigators to reserve the use of high­
dose cytarabine for post-remission consolidative therapy and for those patients 
refractory to the conventional combination of cytarabine and daunorubicin [3]. 
Recent attempts to improve remission induction have also included use of sever­
al anthracycline analogs, reportedly associated with less cardiotoxicity. Agents 
such as mitoxantrone and Idarubicin fall into this category. 

Induction of remission is more difficult in patients who are elderly (over 60 
years of age), who have certain cytogenetic abnormalities, and/or who de­
veloped their disease within the context of a preleukemic syndrome. The prog­
nosis of patients with certain morphologic subtypes also may be different. Pa­
tients with the M2 or M3 SUbtype according to the French American British 
(FAB) morphologic classification may have a better prognosis than patients with 
monocytic, myelomonocytic, megakaryocytic, or erythroid subtypes. In addi­
tion, patients with higher initial white blood cell counts appear to fare poorly. 

The value of post-remission consolidation chemotherapy has been confirmed 
by several studies. The longest remission durations have been reported in studies 
using at least two courses of consolidation chemotherapy. The use of high-dose 
Cytarabine, either alone or together with an anthracycline, has produced disease­
free survival rates approximating 40% at 3 years. The value of maintenance 
chemotherapy has been a source of controversy and the focus of a number of 
different studies [4]. For adults with ANLL who have received intensive induc­
tion and consolidation therapy, the value of additional maintenance therapy has 
not been conclusively demonstrated, although the benefits of "late intensifica­
tion" have been advocated by some. In childhood ANLL, some studies have 
demonstrated the value of continuation chemotherapy, but this issue continues 
to be reevaluated [5]. CNS preventive therapy is not routinely administered by 
many centers, primarily because the risk of CNS relapse is relatively low. 

In addition to studies focusing on the value of intensified chemotherapy, 
attention has been directed toward defining the role of bone marrow trans­
plantation in patients with ANLL and on improving bone marrow transplanta­
tion technology. Although patients in first remission generally fare better with 
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bone marrow transplantation, some investigators still question the appropriate­
ness of its use early in first remission. The apparently improved disease-free 
survival obtained with aggressive intensification regimens (e.g., high dose Cytar­
abine and daunorubicin) has led some investigators to suggests that marrow 
transplantation should be reserved for patients during second remission or at the 
time of relapse [6]. A prospective study comparing these approaches may be 
required to settle this issue. Results of a preliminary comparative study in chil­
dren suggest that patients transplanted in first remission fare better than those 
treated with chemotherapy alone [7]. However, a larger, prospective study 
addressing this question is currently under way. 

Future Approaches 

Future advances in ANLL will require improvement in several areas. There is a 
need to identify more effective antileukemic agents than those currently avail­
able. In the absence of dramatic improvements in bone marrow transplantation 
technology or developments in other areas (e.g., biologic response modifiers), 
combination chemotherapy is likely to be the major form of treatment for 
ANLL in the forseeable future. Not only must new effective agents be de­
veloped, but investigators must achieve a better understanding of the causes of 
treatment failure, particularly the basis for the development of drug resistance. 
Promising leads, however, have been noted in the laboratory with regard to the 
use of differentiating agents and biological response modifiers. The concept of 
utilizing agents such as retinoic acid, which is capable of differentiating leukemia 
cells in vitro, as therapy for patients with this disease, is intriguing. Although 
clinical studies using differentiating agents have been unrewarding to date, this 
type of approach may have potential because of its unique mechanism of action. 

The potential role for biological response modifiers, such as interferon and 
the interleukins, is not clear. Although recombinant a-interferon did not dem­
onstrate activity in initial studies in patients with this disease, the possibility 
exists that newer biologics (e.g., interleukins, tumor necrosis factor) may be of 
value. 

Considerable attention has focused on attempts to improve the applicability 
of bone marrow transplantation for patients with ANLL. Partial mismatched 
transplants are being actively evaluated in a number of centers and offer the 
possibility, if successful, of extending this modality to patients without histocom­
patible matched donors. Another approach of interest is autologous bone mar­
row transplantation. This strategy involves reinfusion of autologous bone mar­
row following high dose chemotherapy (with or without total body radiation). A 
variety of approaches are being investigated to eradicate residual leukemic cells 
from autologous bone marrow to circumvent the major problem associated with 
this approach-leukemic relapse. Both antileukemic monoclonal antibodies and 
pharmacologic agents have been used as marrow purging agents. In particular, 
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promising results have been reported utilizing 4-hydroperoxycyclophosphamide, 
an analog of cyclophosphamide, as a means of purging marrow for autologous 
transplantation [8]. Whether this approach will ultimately prove of value or have 
wide applicability for patients with ANLL is presently unclear. 
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45. The Chronic Leukemias 
G.P. Canellos 

Current Results and Therapeutic Issues 

Chronic Myelogenous Leukemia (CML) 

This disease provides an interesting model for the study of human bone marrow 
stem cell physiology as well as for human neoplasia since, in most instances, it is 
a disease that will predictably pass from a status of hyperplasia to dedifferentia­
tion blast cell leukemia [1]. A most interesting development in the treatment of 
this disease has been the discovery that the chronic phase of chronic granulocytic 
leukemia (CGL) can be effectively obliterated by high-dose chemoradiotherapy 
followed by an allogeneic or syngeneic marrow graft. The data clearly show that 
the results are superior if the patients are given a transplant in the chronic phase 
of the disease as opposed to the accelerated (or blastic) phase, since the disease 
becomes progressively refractory to the obliteration of the last neoplastic cell by 
chemoradiotherapy [2]. New developments in the treatment of donor grafts by 
techniques designed to remove T cells in general or specific T-cell subsets have 
resulted in a marked diminution in the incidence of graft-versus-host disease and 
the resulting mortality. However, an increased incidence of graft rejection has 
been noted, indicating that perhaps a small degree of graft-versus-Ieukemia is 
required for the successful obliteration of the last Philadelphia chromosome­
bearing cell. If the patient lacks a suitable histocompatible donor, then occasion­
al patients are given mismatched grafts, usually with poor results. The stable/ 
chronic phase is managed very easily by conventional oral alkylating agents, 
such as busulfan and the more recently introduced hydroxyurea. The latter is 
probably the treatment of choice since it is not associated with any other visceral 
toxicity or long-term myelosuppression. Hydroxyurea is the drug with which all 
new therapies should be compared for the treatment of the chronic phase. 

a-Interferon has recently been introduced for the treatment of the chronic 
phase. a-interferon, now an accepted agent for the treatment of hairy-cell 
leukemia, has been shown to have a cytotoxic effect against CGL in the chronic 
phase, both in vivo and in vitro, and is effective in reducing the blood counts. 
However, the toxicity, expense, and inconvenience of its use probably offset any 
practical application of interferon as compared with hydroxyurea [3]. Since 
interferon therapy, like all other chronic phase therapies, does not prevent the 
blastic phase, it does not appear to have replaced hydroxyurea. 
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Splenic irradiation and splenectomy in CML are reserved for selected com­
plications of hypersplenism which are rare. 

The blastic phase of the disease has been treated by intensive combination 
chemotherapy designed for the treatment of acute leukemia [4]. In most in­
stances, it can be said to have been unsuccessful, except in the subtype of CGL 
in the blastic phase that has lymphoid characteristics, including lymphoblastic 
morphology, terminal transferase activity, and a positive common acute lym­
phocytic leukemia (ALL) antigen (CALLA). Patients having these lymphoid 
characteristics can be put into a satisfactory hematologic remission with treat­
ment designed for acute lymphoblastic leukemia, including adriamycin, vincris­
tine, and prednisone [5]. These remissions last considerably longer than those in 
patients with myeloblastic transformation but in most instances are terminated 
within 10 months by reversion to a more aggressive and refractory form of 
leukemia. 

There have been a number of trials which include collection of marrow or 
peripheral stem cells during the chronic phase with cryopreservation for sub­
sequent use during attempted ablation of the blastic phase with cytotoxic therapy. 
In almost all instances, engraftment can be achieved, but the regimens used to 
date, including high doses of alkylating agents, cytosine arabinoside (ara-C) , and 
whole body irradiation, have not been effective in eliminating the last blast cell 
[6]. Engraftment is worthy of further investigation, especially with new ther­
apeutic tools. 

Myeloblastic transformation has usually been treated with ara-C in various 
dosages, including low-dose, continuous infusion and high-dose, intravenous 
pulses, with less than 20%remission. Recently, there has been some enthusiasm 
for the use of hydroxyurea plus mithramycin with some thought that it might 
induce differentiation of myeloid cells. In most instances, differentiating agents 
have not been successful in the conversion of the myeloblastic transformation to 
a more differentiated counterpart. 

Chronic Lymphatic Leukemia (CLL) 

CLL is a disease of older age groups, with a median age of between 60 and 65 
years old. More recently, however, because of the widespread application of 
routine blood counts, younger patients in the early stages of this disease have 
been identified. Clearly, the early stage of CLL requires no therapy, and pa­
tients can be followed for a considerable amount of time without any treatment 
[7]. The approach to the early phase of CLL has been unchanged over the past 
20 years and includes the judicious use of oral alkylating agents with or without 
prednisone. Patients with hypersplenism may have a splenectomy or splenic irra­
diation, the former being more effective in this event. The introduction of newer 
treatments, such as a-interferon, has not added to the cytotoxic armamentarium 
available for CLL. 

Since patients with CLL are in the older age groups and may have a disease 
with a very long natural history, it has been difficult to justify intensive therapy 
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of stable CLL. However, patients with the disease in an accelerated form have 
been treated with a combination chemotherapy consisting of adriamycin, cytox­
an, vincristine, and prednisone (CHOP), with some benefit in selected patients 
in whom the disease has assumed a more lymphomatous acceleration [8]. Low 
doses of weekly adriamycin may also prove useful in elderly patients with alky­
lating agent refractory disease. Leukopheresis for CLL, as for CML, has not 
proven to be a useful modality. Thus, the stable phase is probably best managed 
by a watch-and-wait policy, followed by the use of oral alkylating agents, with 
or without prednisone, for the treatment of progressive lymphadenopathy 
and leukocytosis. Almost any schedule of oral alkylating agents, usually chlo­
rambucil, has proven effective. The pulse-dose technique does not seem to be 
superior to chronic daily oral medication. Other alkylating agents, such as L­
phenylalanine mustard (L-PAM) and cyclophosphamide, are equally effective. 
The accelerated phase of the disease is complicated by the marked immunosup­
pression that is a consistent feature of the disease, with hypogammaglobulinemia 
and excessive accumulation of lymphoid cells with compromise of normal mar­
row function. The majority of patients die of infection in the advanced stages of 
the disease. A change in the character of the disease to a more lymphomatous 
type of transformation (Richter's syndrome) is worthy of treatment with com­
bination chemotherapy designed for malignant lymphoma [9]. 

Current Approaches Under Study 

Chronic Granulocytic Leukemia 

Although the pilot trials with a-interferon have shown a marked cytotoxic effect 
in CGL, comparative trials are underway with hydroxyurea to evaluate the im­
pact of a-inteferon on the natural history of the disease. Large numbers and 
careful stratification according to prognostic factors will be required since careful 
analysis of large numbers of patients has indicated that the height of the white 
count and the presence of thrombocytosis and hepatosplenomegaly are all nega­
tive prognostic factors [10]. Bone marrow transplantation continues, with 
newer techniques being introduced to ameliorate graft-versus-host disease. New 
technology will be required to explore intensive therapy of the chronic phase of 
the disease with a view toward resurrecting normal chromosome cell lines which 
might be harvested for subsequent transplantation. Because of the inevitable 
contamination by Philadelphia chromosome-positive cells, an investigation of 
techniques to eliminate these cells from autologous marrow is underway. This 
may include altering the temperature of the environment and introducing cyto­
toxic chemicals that may have a preferential effect against the more proliferative 
Philadelphia chromosome-bearing cell line. The blastic phase of the disease rep­
resents a frustrating and refractory form of leukemia, so most current investiga­
tions into this disease are directed to the stable or chronic phase. 
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Chronic Lymphatic Leukemia (CLL) 

The use of biological response modifiers may have a significant future in CLL. 
There is certainly a need for a less toxic treatment, and an explosion of new 
knowledge in the biology of B-Iymphoid cell growth should pave the way for the 
study of the use of new modalities, such as a-interferon and y-interferon as well 
as the newer lymphokines. It is also a disease that is amenable to treatment with 
immunotoxins. Pilot trials with the antibody TI01 (CDS) linked to the ricin A 
chain had only modest success [11]; this is an area for future investigation. As in 
CGL, treatment directed against the advanced refractory state of the disease is 
not likely to yield major benefits. The natural course of CLL might be altered 
through researching new treatments, prognostic factors, and aspects of the natu­
ral course of the disease, allowing for the application of these new treatments at 
a somewhat earlier stage. Bone marrow transplantation in CLL has not been 
attempted to any extent because of the advanced age of most patients. 

Future Approaches 

Chronic Granulocytic Leukemia (CGL) 

Exciting new developments in understanding the pathogenesis of CGL may lead 
to therapeutic benefit to the patient. It is now clear that the translocation of the 
oncogene c-abl to chromosome 22, combining with the breakpoint cluster region 
(ber) to form a hybrid ribonucleic acid (RNA) transcript and subsequently a 
hybrid protein, may play an important role in the pathogenesis of the disease. 
Identifying the nature of this protein and its function, which may have tyrosine 
kinase activity, would be a basis for the design of new treatments [12]. Whether 
this unique protein is on or close to the surface of the cell, which would permit 
the development of cytotoxic monoclonal antibodies against it, is unknown. 
Gene therapy may have a role to play in the treatment of CGL, especially if 
genetic material able to inhibit the action of the hybrid protein were discovered. 

Chronic Lymphatic Leukemia (CLL) 

The recent detection of younger sufferers in better health may prompt pilot trials 
designed to eradicate the disease completely. This may entail the use of auto­
logous transplantation and monoclonal antibodies and complement in vitro to 
purge residual tumor cells from the normal marrow. CLL is very sensitive to 
cytotoxic agents and radiation, and if this regimen could safely be applied, then a 
pilot experiment to attempt obliteration of the disease would be justified. Since 
technology that allows identification of minimal numbers of monoclonal lym-
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phoid cells exists, an assessment of the impact of treatment on the presence of 
residual disease would be possible. Similarly, in CGL, sensitive molecular bio­
logic techniques, superior to routine cytogenetics, for the detection of abnormal 
genes would allow for the detection of minute quantities of residual malignant 
cells. 
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46. Hodgkin's Disease 
D.L. Longo 

Current Results and Therapeutic Issues 

The high success rate in the treatment of patients with Hodgkin's disease is one 
of the greatest achievements in cancer therapeutics. The majority of patients 
with Hodgkin's disease can be cured with current state-of-the-art management, 
due to cooperation of surgeons, radiation therapists, and oncologists. It should 
be pointed out, however, that the proportion of patients cured is not as high as it 
could be, largely because of inadequate staging procedures, poorly designed 
radiation treatment portals, and ad hoc dose modifications that reduce the dose 
intensity of the standard chemotherapy treatment programs. Adherence to basic 
radiation therapy techniques and administration of the combination chemother­
apy originally recommended would significantly increase the probability of cure. 

As long as any subset of patients is best treated with a local treatment (i.e., 
with radiation therapy), and as long as intra-abdominal disease remains difficult 
to detect by nonivasive measures, staging laparotomy will be a crucial factor 
in the management of Hodgkin's disease. About one-third of patients with 
early stage disease have occult intra-abdominal Hodgkin's disease, which usually 
results in an increase to stage III. Although most stage III patients are now 
treated with chemotherapy, when radiation therapy is used, adjustments in 
treatment portals based on the laparotomy findings are often made. 

Early Stage Disease (Stages lA, IB, IIA, lIB) 

Since the pioneering studies of Henry Kaplan and Vera Peters were published 
[1, 2], radiation therapy has been the treatment of choice for early stage Hodg­
kin's disease; at Stanford University about 78% of patients with the disease in its 
early stages were cured by the initial treatment [3]. Since about half of the 22% 
of patients who relapse can be cured by salvage combination chemotherapy, 
nearly 89% of patients in whom the disease was detected in its early stages have 
been completely cured. Unfortunately, not all treatment centers achieve results 
comparable to those obtained at Stanford. In fact, documented relapse rates 
varying between 10% and 39% have been obtained for comparable patients 
treated at different centers. When reasons for this variability were sought, it was 
found that over one-third of randomly checked portal films failed to encompass 
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the known extent of disease [4]. Thus, it is clear that technique is an important 
determinant of outcome in patients treated with radiation therapy for early stage 
Hodgkin's disease. 

Because radiation therapy has for a long time been the standard treatment for 
early stage Hodgkin's disease, for subgroups of patients with an unacceptably 
high relapse rate, there has been a tendency simply to add combination chemo­
therapy to radiation therapy. However, the addition of combination chemo­
therapy is associated with synergistic toxicities, particularly the risk of develop­
ing acute nonlymphocytic leukemia as a second malignancy related to treatment. 
It would seem more reasonable to evaluate combination chemotherapy as the 
sole modality in patients with high relapse rates from radiation therapy. Only 
after radiation therapy alone has been tested and found inadequate and chemo­
therapy alone has failed to control primary disease is it appropriate to expose the 
particular patient group to both modalities. The only subgroup of patients for 
whom this has been done is patients with massive mediastinal Hodgkin's disease 
[chest mass greater than one-third of the largest posteroanterior (P A) chest dia­
meter]. After treatment with either radiation therapy or chemotherapy, 50% or 
more of patients with massive mediastinal masses relapse, but fewer than 25% of 
patients relapse after combined modality therapy [5]. 

Advanced Stage Disease (Stages lIlA, IIIB, IVA, IVB) 

The treatment of choice of advanced stage disease is combination chemotherapy 
with mechlorethamine, oncovin, procarbazine, and prednisone (MOPP) [6]. For 
the most part, clinical research into the treatment of advanced stage Hodgkin's 
disease in the last 15 years has been devoted to making small alterations in 
MOPP by deletion, substitution, or addition in an effort to reduce toxicity 
without compromising efficacy. However, to date no chemotherapy regimen has 
been shown to be clearly superior to MOPP. Recent reports of the superiority 
of MOPP with adriamycin, bleomycin, vinblastine, and dacarbazine (MOPP­
ABVD) over MOPP alone require confirmation [7]. 

Salvage Therapy 

The treatment of choice for patients relapsing from a radiation-induced 
complete remission is combination chemotherapy with MOPP, which will cure 
50% of such patients. The treatment of choice for patients relapsing from a 
chemotherapy-induced complete remission depends upon the duration of initial 
response. In those patients whose first remission lasted longer than a year, there 
is a 95% chance of a second complete remission with a second course of MOPP 
chemotherapy. The median duration of the second remission is 3 years. If the 
first remission was shorter than a year, retreatment with MOPP is successful in 
less than 30% of patients; therefore, most researchers are attempting to develop 
more effective programs for such MOPP-resistant patients. 

Although a number of combination chemotherapy programs have been estab-
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lished, they are minimally effective in well-defined MOPP-resistant patients (less 
than 20% long-term disease-free survival). The most successful treatment of 
MOPP-resistant patients is with high-dose combination chemotherapy with 
autologous bone marrow rescue. About 40%-50% of patients obtain durable 
complete remission with such an approach [8]. The success of high-dose chemo­
therapy with marrow rescue suggests that it may be very important to maximize 
dose intensity in front-line treatment programs. 

Current Approaches Under Study 

One major challenge in the management of Hodgkin's disease is the develop­
ment of accurate noninvasive methods to detect intra-abdominal disease. The 
introduction of magnetic resonance imaging has improved intra-abdominal 
visualization to some degree, but it still is not as accurate at detecting lymph 
node disease as lymphography and is not more reliable than the quite unreliable 
computerized tomography (CT) scanning in detecting splenic disease. Perhaps 
with the development of better contrast-enhancing agents for magnetic reso­
nance imaging this technique will be able to save some patients from undergoing 
laparotomy. 

An excellent contrast-enhancing agent has been developed for use in conjunc­
tion with CT scanning. EOE-13 is a water soluble oil emulsion taken up by the 
Kupffer's cells of the liver and the sinusoidal lining cells of the spleen such that 
distortions in the normal architecture are much more readily detected. Hodg­
kin's disease cells do not take up EOE-13, and thus a tumor appears less dense 
on a CT scan than normal hepatic and splenic parenchyma. Tumors greater than 
8 mm in diameter can be reliably detected. If systematically applied, it might 
save up to 25% of patients from undergoing an exploratory laparotomy. 

The development of monoclonal antibodies like Ki-l and Hefi-l to Hodgkin's 
disease cell lines now makes it possible to perform radioimmunoimaging in pa­
tients with Hodgkin's disease. Injected into the web spaces of the feet, a radio­
labled antibody can be used to perform radio lymphography , while intravenous 
administration may successfully visualize splenic and hepatic disease. Clinical 
imaging studies with labeled antibodies are just beginning, and may further 
refine the noninvasive staging procedure in patients with Hodgkin's disease. It is 
also possible that the antigen to which these antibodies are directed may be 
present in the serum of patients in proportion to the bulk (and, it is hoped, 
stage) of the tumor. Efforts to evaluate this antigen as a tumor marker are 
underway. 

Combination chemotherapy alone has only recently been tested in patients 
with the disease in its early stages. Preliminary data from a prospective ran­
domized study conducted at the National Cancer Institute, USA, suggest that 
patients treated with MOPP chemotherapy have a significantly lower relapse 
rate than those treated with subtotal lymphoid irradiation, but that the overall 
survival rate is similar with both treatments largely because of the success of 
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MOPP in treating radiation relapsers. Since radiation and chemotherapy treat­
ments have distinct acute and chronic toxicities, long-term follow-up may be 
necessary before determining whether chemotherapy is actually superior to 
radiation therapy. However, there is no doubt that chemotherapy is at least as, 
and perhaps even more, effective than radiation therapy for treating early stage 
disease and that the use of combined modality therapy in early stage Hodgkin's 
disease (except for cases with large mediastinal masses) is unjustified. If com­
bination chemotherapy proved to be as good as or better than radiation therapy, 
there would no longer be any reason to subject patients to exploratory lapar­
otomy since all patients could be treated appropriately with systemic therapy. 

Perhaps the most encouraging recent results in patients with advanced 
stage disease have been obtained in a pilot study by Klimo and Connors [9] with 
a regimen called MOPP-ABV in which patients are exposed to seven drugs in 
one week. It will be important to study this regimen in a randomized trial, com­
paring it with standard MOPP administered without ad hoc dose and schedule 
alterations. 

The major problem in advanced stage disease is the treatment of patients with 
B symptoms, since a relapse from MOPP-induced remission in stages IlIA and 
IVA of the disease is quite rare. It may be appropriate to test the newer, more 
successful malignant lymphoma therapies, like ProMACE-CytaBOM (predni­
sone, doxorubicin, cyclophosphamide, etoposide, ara-C, bleomycin, vincristine) 
and MACOP-B (methotrexate, doxorubicin, cyclophosphamide, vincristine, 
prednisone, bleomycin), in stages IIIB and IVB of Hodgkin's disease. 

Future Approaches 

Hryniuk and Bush's [10] analysis of the outcome of breast cancer and ovarian 
cancer treatment as a function of the dose intensity of the chemotherapy pro­
gram has provided a clinical paradigm for the development of more effective 
treatments for advanced stage and relapsed Hodgkin's disease. The remarkable 
success of using a single high-dose course of chemotherapy with marrow rescue 
suggests that there may well be a very steep dose-response curve in Hodgkin's 
disease. It seems quite reasonable to bring high-dose therapy plus autologous 
bone marrow rescue into the front-line treatment of advanced stage Hodgkin's 
disease. After obtaining a chemotherapy-induced complete response, patients 
may receive a course of high-dose combination chemotherapy to minimize re­
lapse. Alternatively, the development of strategies to protect the bone marrow 
against the toxic effects of radiation and chemotherapy (for example, using the 
colony stimulating factors) raises the prospect that it may be possible to deliver 
combination chemotherapy at a full dose without any delays for six full cycles of 
chemotherapy. A study employing MOPP chemotherapy without dose modifica­
tions but with marrow protection by GM-CSF is soon to begin at the National 
Cancer Institute. 

Rapid advances in biotechnology have also made it possible to consider a 
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number of other treatment strategies. For example, Hodgkin's disease cells have 
a very high proportion of transferrin receptors. Attacking the receptor with 
monoclonal antibodies alone or conjugated to a toxin like the recombinant ricin 
A chain or Pseudomonas exotoxin should be high on the priority list for clinical 
testing. Furthermore, the study of Hodgkin's disease cell lines has revealed the 
production of autocrine growth factors which is may well be possible to block 
with an attendant therapeutic effect. The recombinant lymphokines, interferons, 
IL-2, and tumor necrosis factor are just beginning to be tested. It is likely that at 
least some of the constitutional symptoms accompanying Hodgkin's disease are 
related to some product of the Hodgkin's cell. The study of the cell biology of 
the Hodgkin's disease cell lines may reveal other characteristics that could be 
exploited by biological approaches to treatment. 

One of the most exciting prospects for treating Hodgkin's disease involves 
attempting to recruit the many apparently normal T cells that infiltrate tumor 
deposits of Hodgkin's disease. Adoptive cellular therapy with lymphokine­
activated killer cells plus IL-2 is currently underway at the National Cancer 
Institute. The possibility that the tumor will respond better to combined chemo­
therapy and immunotherapy is also under study. The data are too preliminary 
to evaluate this. However, it seems highly likely that chemotherapy and im­
munotherapy in some combination will be the standard treatment for patients 
with Hodgkin's disease within the next decade. 
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47. Plasma Cell Myeloma 
I.C. Quirt and D.E. Bergsagel 

Current Results and Therapeutic Issues 

Plasma cell myeloma is a chronic disease affecting mainly older patients. 
Although patients with a very low plasma cell mass survive for a long time, the 
median survival period for all patients presenting with plasma cell myeloma is 
still only 30 months. While the majority of patients respond to the administra­
tion of chemotherapy and radiation therapy, there is still no evidence that treat­
ment is curative. The early recognition and prompt treatment of hypercalcemia, 
renal failure, neurological complications and infection is of paramount impor­
tance in improving the quality of life of patients with myeloma. 

Some patients present with smoldering myeloma (serum M protein level 
greater than 3.0 gldl, greater than 10% plasma cells in the bone marrow but 
no evidence of bone lesions, renal failure, or anemia). These patients do not 
require immediate treatment but must be kept under careful observation. 

In patients with symptoms (bone lesions, renal insufficiency, anemia, throm­
bocytopenia, or a rising serum or urine M protein level) chemotherapy, with 
radiation to local painful bone lesions, is the standard treatment. The conven­
tional treatment used throughout the 1960s and 1970s consisted of melphalan 
(0.25 mg/kg for 4 days or 0.15 mglkg for 6 days) and prednisone (100 mg od for 
4 days or 20 mg tid for 7 days) repeated every 4-6 weeks according to blood 
counts. With this approach 50%-60% of patients experienced an objective 
response. Varying response rates were seen depending on the definition of 
response and the patient population being studied. 

Several groups have attempted to improve response and survival rates by 
using either combinations of alkylating agents and prednisone or combinations 
of doxorubicin, vincristine, alkylating agents, and prednisone. 

The Southwest Oncology Group (SWOG) studied a combination of vincris­
tine, melphalan, cyclophosphamide, and prednisone alternated with either a 
combination of vincristine, cyclophosphamide, doxorubicin, and prednisone or 
with a combination of vincristine, carmustine, doxorubicin, and prednisone in a 
prospective comparison with melphalan and prednisone alone. The combina­
tions produced a 53% response rate and a median survival duration of 40 
months, whereas melphalan and prednisone alone produced a 32% response 
rate and a median survival duration of 24 months. 

The Cancer and Leukemia Group B (CALGB) compared a combination of 
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melphalan, cyclophosphamide, carmustine, and prednisone with melphalan and 
prednisone alone. They obtained a 68% objective response rate with the com­
bination and a 56% objective response rate with melphalan and prednisone 
alone. The statistical significance of this difference was borderline. The CALGB 
study demonstrated a slight improvement in survival the poor-risk patients 
treated with the combination, whereas in the good-risk patients a slight im­
provement in survival was seen when they were treated with melphalan and 
prednisone alone. 

The Eastern Cooperative Oncology Group (ECOG) compared vincristine, 
carmustine, cyclophosphamide, melphalan, and prednisone with melphalan and 
prednisone alone. They observed an objective response rate of 72% with the 
combination and 51 % with melphalan and prednisone. This difference was high­
ly statistically singificant. However, the median survival was 31 months in 
patients treated with the combination and 30 months in patients treated with 
melphalan and prednisone. The ECOG's observations on overall survival 
contradicted those made by the CALGB. If high-risk elderly patients were 
excluded there was a trend to improved overall survival in patients treated with 
the combination [1]. Studies from Canada, Argentina, and the M.D. Anderson 
Hospital failed to demonstrate any improvement in response rate or in overall 
survival when combinations were compared with melphalan and prednisone 
alone [2]. 

While there is still a debate as to whether combinations can provide a margin­
al improvement in overall survival, no study has yet demonstrated a chemother­
apy regimen that provides a major improvement in the survival period as com­
pared with treatment with melphalan and prednisone alone. Comparison studies 
with several hundred patients per study arm will be required to determine the 
role of combination chemotherapy in subsets such as elderly patients, patients 
with renal failure, and patients with high- or low-plasma-cell mass. Major im­
provements in the overall survival outlook and perhaps even cure of the disease 
will require the advent of new chemotherapy drugs or the application of bio­
logical response modifiers. 

Recent studies have demonstrated that maintenance chemotherapy can pro­
long remissions in patients who respond to it but that it will not alter the overall 
survival period. Patients may experience major and prolonged symptoms from 
relapse; therefore, the current recommendation is to discontinue chemotherapy 
when the patient has achieved a stable objective remission, to check the serum 
M protein level frequently, recommencing treatment when there is evidence that 
the serum or urine M protein level is rising, before symptoms develop. 

Current Approaches Under Study 

Although the majority of patients initially have an objective response to either 
combination chemotherapy or melphalan and prednisone, most patients will re­
lapse and become resistant to their induction treatment. In addition, 30%-40% 
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of patients will be initially refractory to treatment. Much of the current clinical 
investigation is focused on these relapsed and refractory patients. 

A 4-day continuous infusion of vincristine (0.4 mg/day) and doxorubicin (9 
mg/m2 per day) with dexamethasone (40 mg) each morning for 4 days beginning 
on day 1, 9, and 17 of each cycle (Vincristine, Adriamycin, Doxorubicin, VAD) 
produced a 63% objective response rate in patients relapsing after an initial 
response to other chemotherapy and a 25%-30% response rate in patients who 
were initially refractory to chemotherapy [3, 4]. The same dose of dexametha­
sone without the vincristine and doxorubicin gave a 21 % response rate in pa­
tients relapsing after other chemotherapy and a 27% response rate in patients 
who were initially refractory to chemotherapy [4, 5]. The median relapse-free 
survival time had not been reached at the time of publication but the majority of 
responses will exceed 6 months. Two patients who relapsed 4 and 6 months after 
completion of V AD therapy experienced a second response when VAD treat­
ment was recommenced. Infection is the most important complication of this 
regimen. Of 29 patients, 11 experienced episodes of fever, 9 required hos­
pitalization, and 8 had documented infection. Because high-dose corticosteroid 
therapy is being given during the period of maximum myelosuppression, it is rec­
ommended that prophylactic cimetidine and trimethoprim-sulfamethoxazole 
be administered. If patients have received extensive previous chemotherapy 
and radiation, severe myelosuppression is observed; therefore, in this group 
of patients V AD must be used with extreme caution. This regimen deserves 
further evaluation as first-line treatment for myeloma. 

The hypothesis that increasing the dose of an effective chemotherapy drug 
might increase the proportion of myeloma cells that were killed and hence 
improve the proportion and duration of responses has been tested by giving 
extremely high doses of melphalan, with and without autologous bone marrow 
transplantation, to patients with both untreated and refractory myeloma. In the 
original series, in all nine patients there was a rapid reduction in the serum or 
urine M protein level, but one patient died of a fungal infection in remission, and 
a second patient experienced rapid recurrence within 2 months of treatment [6]. 
In the second series, 16 patients were given 80-100 mg/m2 of melphalan, and 7 
were given 140 mg/m2 followed by autologous bone marrow infusion. Six of the 
16 patients treated without autologous bone marrow support responded to treat­
ment, but 4 patients died because of marked and prolonged agranulocytosis and 
severe thrombocytopenia. Four of the seven patients receiving autologous bone 
marrow support responded, and only one patient died because of severe myelo­
suppression [7]. If methods can be found to purge the autologous bone marrow 
of the malignant clone of plasma cells, the technique of giving high-dose melpha­
lan followed by autologous bone marrow transplantation may become more 
widely used in younger patients. 

Both natural and recombinant a-2 interferon have been shown to have effect 
in patients with both relapsed and primarily refractory myeloma. The Myeloma 
Group of central Sweden observed objective remissions in five of eight previous­
ly untreated patients and two of six relapsed patients using human leukocyte 
interferon of the a type prepared from human leukocytes exposed to the Sendai 
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virus. They then compared this preparation of interferon to standard melphalan 
and prednisone as an induction treatment in untreated patients. Of the patients 
receiving melphalan and prednisone, 44% had objective responses, whereas 
14% of the patients receiving interferon had objective responses. Since all the 
patients who failed to respond to one treatment received the opposite treatment 
as second-line therapy, no differences in overall survival duration were found 
[8]. 

A multicenter phase 2 study of recombinant a-2 interferon demonstrated 
objective responses in 2 of 19 patients with refractory myeloma and 5 of 19 
patients with relapsed myeloma. In three of the seven patients who responded to 
treatment the disease is still in remission more than a year after the start of 
treatment [9]. 

Although the Swedish study indicated that interferon should not be used as 
induction therapy, it may be able to prolong remissions in patients who have 
initially responded to traditional chemotherapy. The Myeloma Subcommittee of 
the National Cancer Institute of Canada is currently testing this hypothesis in a 
randomized clinical trial. 

Future Approaches 

Other than natural and recombinant a-interferon, the biological response mod­
ifiers have not yet been adequately evaluated in patients with myeloma. 
Interleukin-1 can activate the resting B cell and therefore might temporarily 
increase the growth rate of myeloma cells. While theoretically this might have a 
deleterious effect on the clinical activity of the patient's disease, the alternative 
hypothesis is that the cells might be rendered more susceptible to being killed by 
chemotherapy. The temporary increase in clinical activity of the disease could be 
controlled with high-dose corticosteroid therapy. y-Interferon may have similar 
effects. Interleukin-2 can stimulate the release of B-cell growth factor and B-cell 
differentiation factor from proliferating T cells and can also have a direct effect 
in causing the differentiation of B cells [10]. Tumor necrosis factor (TNF) will 
have to be used with extreme caution in patients with myeloma since TNF-beta 
appears to be the predominant osteoclast-activating factor in patients with multi­
ple myeloma. 

If any of the biological response modifiers can induce the differentiation of 
myeloma cells into more mature plasma cells, myeloma may then adopt the 
characteristics of monoclonal gammopathy of undetermined significance 
(MGUS), and the survival of patients may be prolonged. The evaluation of the 
biological response modifiers will be the next phase in the clinical investigation 
of myeloma. 
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48. Follicular Non-Hodgkin's Lymphomas 
S.J. Horning 

Current Results and Therapeutic Issues 

The follicular non-Hodgkin's lymphomas are B-cell neoplasms which typically 
present in an advanced stage, often with bone marrow involvement and diffuse 
adenopathy. Patients are usually middle aged and asymptomatic at presentation. 
Many give a history of adenopathy coming and going for several years preceding 
the pathologic diagnosis. There are three histologic subtypes of follicular lym­
phoma: follicular small cleaved cell (FSC), follicular mixed small cleaved and 
large cell (FM), and follicular large cell (FLC) (nodular poorly differentiated 
lymphocytic, nodular mixed poorly differentiated, and histiocytic or nodular his­
tiocytic, respectively, in the Rappaport classification). Of these, FSC is the most 
common, comprising about 23% of all non-Hodgkin's lymphomas. Some studies 
suggest that there are important differences in the natural course of the disease 
and response to treatment between the three sUbtypes while others have failed 
to confirm these. It is important to recognize that there is great variability in the 
pathologic criteria and reproducibility in the subclassification of the follicular 
lymphomas, even among expert pathologists. Futhermore, multiple (discordant) 
histologic subtypes are found in as many as 20%-30% of patients when more 
than one biopsy is obtained at diagnosis. 

A variety of systemic approaches including single alkylating agents, combina­
tion chemotherapy, whole body irradiation, and combined chemoradiotherapy 
have been used to treat advanced stage follicular lymphomas [1]. While com­
plete response rates range from 40%-80%, recurrent lymphoma develops in the 
vast majority of patients with median remission durations of 2-4 years. There is 
data from small, uncontrolled trials which suggest that FM and FLC patients 
may enjoy prolonged initial remissions with four-drug combination chemother­
apy; these have not been confirmed in randomized trials with a sufficient number 
of patients. In comparing treatment results, the documentation of remission 
duration by the ongoing assessment of occult disease sites such as bone marrow 
and abdominopelvic lymph nodes should be noted. The best measure of success, 
in the final analysis, is of course the impact therapy has on survival, and it is not 
clear whether any current treatment approach improves upon the median sur­
vival time of 6-10 years in patients with follicular lymphomas [2]. 

The failure of conventional therapy to effect cure, together with the frequent­
ly indolent course of recurrent lymphomas and the occasional spontaneous re-
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gression of the disease, has led some investigators to advocate no initial treat­
ment of selected patients, as survival does not appear to be compromised by 
such an approach [3]. While first considered controversial, this approach has 
become standard practice for many patients with newly diagnosed follicular lym­
phoma. Patients in whom the disease is not bulky and is limited to fewer than 
five anatomic sites are an exception, as regional or total nodal irradiation may 
allow prolonged initial remission, especially among younger patients. Among all 
patients initially untreated or suffering a relapse after therapy, there is an in­
creasing risk of the disease transforming to a more aggressive, diffuse histologic 
SUbtype. The challenge in new approaches to treatment is to prolong survival 
with curative therapy which may also eliminate the risk of developing an aggres­
sive non-Hodgkin's lymphoma. 

Current Approaches Under Study 

Current clinical investigations of the follicular lymphomas can be divided into 
three groups: (a) studies which test the efficacy of intensive multidrug regimens 
with or without irradiation; (b) studies which test the efficacy of biological 
response modifiers alone or in combination, either with one another or with 
conventional therapy; and (c) studies which utilize new molecular tools to aid 
diagnosis and evaluation of response or to provide prognostic information. 

Pilot studies of multi drug combination chemotherapy with additional agents 
such as doxorubicin, methotrexate, and bleomycin are underway in several in­
stitutions [4]. In an ongoing trial at the National Cancer Institute, USA, patients 
are randomized to an eight-drug combination with low-dose, total lymphoid irra­
diation at presentation, or to deferral of therapy until clinically indicated. While 
the preliminary results appear promising among the initial therapy group, longer 
follow-up is necessary to determine the curative potential and the impact on 
survival of this approach. High-dose chemotherapy and total body irradiation 
with autologous or allogeneic bone marrow rescue is also under investigation in 
follicular lymphoma. While there are only anecdotal preliminary data for this 
approach, it is an important study which will provide the ultimate test of inten­
sive chemotherapy and radiotherapy for treating follicular lymphomas. If suc­
cessful, greater enthusiasm for the study of additional chemotherapeutic agents 
in intensive multidrug regimens may be generated. 

a-Interferon has been shown to act against follicular lymphomas in multiple 
studies, achieving partial remissions, usually of brief duration [5, 6], in about 
40%-50% of patients. There are several, controlled, randomized trials under­
way which combine interferon with conventional chemotherapy with the goal of 
boosting response rates and increasing the duration of remission. Theoretically, 
interferon may cause regression of follicular lymphoma by its antiproliferative 
activity, by its enhancement of natural killer cells or of killer cell activity, or by a 
variety of effects on cell growth and regulation. Selection of the optimal dose 

572 



and schedule for the desired effect may be critical for the successful use of 
interferon-chemotherapy combinations. 

Another area of active clinical research among the biologicals is the use of 
therapeutic monoclonal antibodies. As virtually all follicular lymphomas are 
B-ceU neoplasms, they have a unique surface immunoglobulin or idiotype. Mono­
clonal antibodies to these lymphoma-specific idiotypes prepared by murine 
hybridoma techniques are known as anti-idiotypes. Researchers at Stanford 
University have reported lymphoma responses in about half the patients treated 
with anti-idiotypic monoclonal antibodies [7]. As with interferon, the majority 
of responses have not been complete and have lasted only several months. 
Failure to respond completely to monoclonal antibody therapy is often related 
to the emergence of idiotype variants, a phenomenon in which there is muta­
tion in the hypervariable region of the surface idiotypic immunoglobulin which 
in turn affects the binding of the monoclonal antibody [8]. Additional difficulties 
encountered with this approach have included the development of an immune 
response against mouse protein and the saturation of the therapeutic antibody 
by the circulating idiotype. Various strategies could be employed to overcome 
these problems. One under study in follicular lymphoma is based on a murine 
B-cell lymphoma model which demonstrates synergy between an anti-idiotypic 
monoclonal antibody and an a-interferon. 

Another biological agent of interest in follicular lymphoma is interleukin 2 
(IL-2). Several anecdotal responses have been reported by investigators at the 
National Cancer Institute using IL-2 together with lymphokine-activated killer 
cells. This is being pursued further at several centers. Trials of interest currently 
in development include those which use IL-2 alone, those which use combina­
tions of IL-2 and interferon, or those which use multiple interferons. 

Advances in molecular genetics, especially the understanding of immuno­
globulin gene rearrangement, have greatly expanded our knowledge of the 
follicular lymphomas. Assessment of immunoglobulin gene rearrangements 
by Southern blot analysis can "fingerprint" individual malignant clones [9]. 
Given the ability of this technique to identify a 1% clonal population, a more 
sensitive diagnostic assay of the peripheral blood and bone marrow can be 
envisaged. The diagnostic sensitivity, specificity, and predictive accuracy of 
the Southern blot analysis is now under study in large populations of patients. 
Cytogenetic studies of the follicular lymphomas have yielded a characteristic 
karyotype, the 14;18 translocation. DNA probes encompassing a putative 
oncogene (bcl-2) have also been cloned. These are now being employed in 
research centers to characterize follicular lymphomas. Studies such as these 
may also improve understanding of critical events in the natural development of 
follicular lymphomas such as spontaneous regression, histologic transformation, 
and recurrence. 
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Future Approaches 

Preliminary studies with radio labeled antibodies, pan-B cell and anti-idiotypic, 
are in progress. In some instances, these have been combined with purged, auto­
logous marrow. Additional studies with monoclonal antibodies will very prob­
ably utilize new techniques for the efficient development of antibodies directed 
against multiple idiotypic determinants and the conjugation of monoclonal anti­
bodies to antineoplastic agents or toxins. It may prove desirable to introduce 
such treatments after initial cytoreduction with conventional therapy. 

Recombinant DNA technology will undoubtedly provide additional biologi­
cal agents for clinical study. Further advances in the understanding of the trans­
criptional and translational regulation of immunoglobulin genes will hopefully 
allow the identification of regulatory factors promising for clinical study. These 
are tremendously exciting avenues of basic and clinical research which should 
yield new approaches to the treatment of the follicular lymphomas [10]. 
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49. Diffuse Aggressive Lymphomas in Adults* 
W.J. Urba and D.L. Longo 

Current Results and Therapeutic Issues 

The aggressive lymphomas are nodular histiocytic (follicular, large cell), diffuse 
histiocytic (diffuse, large cell and diffuse, immunoblastic), diffuse undifferenti­
ated (Burkitt's and non-Burkitt's) and lymphoblastic lymphoma [1]. In general, 
patients with aggressive lymphomas present with rapidly progressing tumor 
masses, often in nodal sites. There is also a high incidence of extranodal dis­
ease in the gastrointestinal tract, skin, bone, thyroid, testes, and other sites. If 
complete remission (CR) can be obtained in these patients, there is potential 
for cure. However, the failure to induce CR in approximately one-fourth of 
patients and the 30%-50% relapse rate mandate further research into the treat­
ment of aggressive non-Hodgkin's lymphomas (NHLs). 

Limited Stage Disease 

In approximately 25%-30% of patients, extensive diagnostic efforts demon­
strate that the disease is relatively localized, i.e., stage I or II. The current trend 
is toward the use of combination chemotherapy in these patients. Even with the 
benefit of staging laparotomy, radiiJ.tion alone results in unacceptably high relapse 
rates in stage II patients. In one.f'iiq.dy, for example, 10 of 14 stage II patients 
relapsed less than 2 years after tre3'tment with radiation alone. Chemotherapy 
alone in stage I patients gives results comparable to radiation, while results with 
chemotherapy alone in stage II disease are superior to those achieved with radia­
tion alone. 

The major question in patients with the disease in its early stages is whether 
any subset of clinically staged patients can be treated with radiation therapy 
alone with a nearly 100% probability of cure of whether all patients should 
receive chemotherapy. Other ques~19ns include: Can less aggressive (toxic?) 

*Research sponsored, at least in part, by the National Cancer Institute, DHHS, under contract 
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necessarily reflect the views or policies of the DHHS, nor does mention of trade names, commercial 
products, or organizations imply endorsement by the U.S. Government. 
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chemotherapy achieve the same high CR rates? Is there a need for combined 
modality therapy in these patients? 

Advanced Stage Disease 

The results for advanced stage aggressive lymphoma have improved steadily 
over the last 15 years (see Table 1). During the 1960s, 5-year survival with 
aggressive lymphoma was unusual. Complete remissions with single agents were 
rare, and it was not until combination chemotherapy was employed that long­
term disease-free survival was obtained. Current regimens employ multiple 
drugs at frequent intervals and often alternate two effective and presumably 
non-cross-resistant chemotherapeutic regimens. Each successive treatment has 
led to an increase in CR and long-term survival rates such that there are now a 
number of regimens capable of inducing prolonged disease-free survival in 50%-
60% of patients. These apparent improvements must be examined carefully, 
however, since these regimens have not been compared in prospective ran­
domized trials and are therefore subject to the problems associated with the use 
of historical controls. The median follow-up period varies between studies, but 
all have included patients less than 2 years from remission induction who must 
be considered at risk of suffering a relapse. Some studies have included stage I 
and/or stage II patients who may have a more favorable prognosis while others 
have added radiation treatment to the combination chemotherapy. The studies 
also vary in their criteria for patient selection and stratification for known clinical 
prognostic variables. Clearly, long-term follow-up is needed for all the newer 
regimens. We eagerly await the results of a prospective randomized study being 

Table 1. Evolution of combination chemotherapy for the treatment of aggressive non-Hodgkin's 
lymphomas 

CR Relapse 3-year survival 
Treatment (%) (%) (%) 

Single agent 5 NA NA 
CVP 10 NA NA 
C-MOPP/MOPP, BACOP 46 15 39 
CHOPIHOP 67/60 60 25 
BACOP 56 40 34 
COMLA 55 15 47 
COP-BLAM 73 17 61 
M-BACOD 72 26 60 
ProMACE-MOPP 74 18 61 
CHOP/HOAP-Bleo/IMVP-16 82 20 71 
MACOP-B 82 19 NA 
ProMACE-CytaBOM 85 20 NA 
F-MACHOP 81 19 NA 

CR, complete remission 
NA, not available 
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conducted by the Southwest Oncology Group investigating response rates, 
remission duration, and the toxicity of conventional and more aggressive 
regimens. 

One question remaining is whether the prognosis of patients with large gas­
trointestinal masses can be improved by surgical debulking prior to treatment. 

Current Approaches Under Study 

Despite aggressive combination chemotherapy, almost 50% of patients still die 
of the disease. The regimens are complicated, not easily applied in a community 
hospital or general practice setting, and result in the death of 5%-10% of pa­
tients from treatment-related causes. 

Recent work has focused on the identification of prognostic factors for pre­
dicting response and survival. One prognostic factor is histology. Lymphoblastic 
lymphomas, HTLV-I associated adult T-cell leukemia/lymphoma, and the un­
differentiated lymphomas (Burkitt's and non-Burkitt's) respond less well than 
the other histologic subtypes to lymphoma regimens. Recently, the use of more 
aggressive leukemia-like treatment approaches with induction, consolidation, 
and late intensification components has resulted in a higher response rate and 
more durable remissions in patients with some of the high-grade histologic sub­
types mentioned above, particularly in patients with lymphoblastic lymphomas. 

The clinical features that predict response to therapy and the disease-free 
interval have been known for some time and basically relate to tumor burden. 
The major poor prognostic factors are elevated lactic dehydrogenase (LDH) and 
bulky disease, especially in the gastrointestinal tract. In addition, poor perfor­
mance status and B symptoms (fever, night sweats or weight loss) are associated 
with a poorer response to treatment. Age has been called a poor prognostic 
factor but may relate more to the clinician's attitude than to the patient's tumor. 
In studies designed to address this point, it has been shown that given equal 
chemotherapy, CR and the survival rate for elderly patients need not be inferior 
to that attained in younger patients. While it is true that there may be more 
toxicity, low doses of therapy offer little prospect of cure. 

A number of new treatment programs are being tested in patients with 
advanced stage aggressive lymphoma. The dominant ideas guiding the develop­
ment of chemotherapy regimens have been the Goldie-Coldman hypothesis [2] 
and Hryniuk's dose-intensity hypothesis [3]. The Goldie-Coldman hypothesis 
predicts that the early use of the maximum number of agents at full dose will be 
associated with less emergence of drug resistance and superior disease control. 
Hryniuk's dose-intensity hypothesis proposes that the best treatment results will 
occur when a maximum rate of drug delivery is maintained. An oversimplified 
amalgamation of both ideas is that the use of more drugs at higher doses ad­
ministered as soon as possible and as frequently as possible will achieve the best 
results. 
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Preliminary results with three regimens, MACOP-B [4], ProMACE­
CytaBOM, and F-MACHOP [5], suggest that this may be true. MACOP-B 
emphasizes dose intensity, F-MACHOP early exposure to approximately twice 
as many drugs as the usual regimen, and ProMACE-CytaBOM both dose in­
tensity and more drugs. All three programs have achieved complete responses in 
around 80% of patients with only 15%-20% relapsing within the first 2 years 
(the period of maximal risk of relapse). If these results hold true with longer 
follow-up, nearly two-thirds of patients may have been cured. 

More support for the importance of dose intensity has been gained by studies 
employing autologus bone marrow transplantation (with or without purging of 
undetectable residual tumor with drugs or monoclonal antibodies) in patients 
with aggressive lymphoma who have suffered a relapse [6]. Such patients have a 
poor prognosis with conventional therapy. The use of high-dose chemotherapy 
with or without total body irradiation and with autologous marrow transplanta­
tion has resulted in second remissions lasting longer than a year in about 40% of 
patients; some of these patients may actually have been cured. The intensive 
therapy is clearly most beneficial to patients with no disease or minimal residual 
disease at the time of the high-dose therapy. Further increases in the doses of 
drugs in primary and salvage lymphoma treatment programs may be possible 
with the use of biological agents (e.g., hematopoietic growth factors) that may 
protect or enhance the recovery of marrow. 

Future Approaches to Aggressive Lymphoma Management 

The staging of patients with aggressive lymphoma and the definition of complete 
remission are already being refined experimentally by the application of molecu­
lar probes and monoclonal antibodies. The identification of persistent tumor at 
the level of one cell in 105 or 106 normal cells in marrow, spleen, or lymph nodes 
is possible with flow cytometric analysis of cell surface antigens. The detection of 
clonal rearrangements of immunoglobulin or T-cell antigen receptor genes and 
in situ hybridization with cDNA probes designed to detect chromosomal rear­
rangements specific for lymphomas [e.g., bcl-2 in nodular lymphomas with 
t(14;18)] have also been important for the understanding of the biology of these 
diseases. 

Perhaps the most promising path for future investigation involves the applica­
tion of strategies (usually employing biological agents) to protect or enhance the 
recovery of bone marrow while, at the same time, increasing the dose and fre­
quency of administration of the chemotherapeutic agents that have been demon­
strated to be active at the doses already being tolerated. Interleukin-1 pretreat­
ment can convert an LDlOO dose of radiation to an LD5 dose, and can produce a 
dose-modifying factor of 1.25, an enormous protective effect in radiobiology. 
The cloning of the various colony stimulating factors has led to preclinical ex­
periments demonstrating their capacity both to protect animals from lethal doses 
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of chemotherapeutic agents and to accelerate recovery of the granulocyte count. 
Whether the antitumor effects of the drugs are affected by these marrow protec­
tion strategies remains to be determined. 

The integration of biological antitumor therapies into combination chemo­
therapy programs also has enormous potential for improving the treatment of 
patients with aggressive lymphoma. Monoclonal antibody regimens (alone, in 
combinations or cocktails, and conjugated to toxins, isotopes, drugs, or other 
biological agents) are in various phases of clinical testing. A number of cytokines 
and lymphokines, especially interleukin-2 with or without lymphokine activated 
killer (LAK) cells, have potential as useful therapeutic tools [7]. Responses have 
now been seen in lymphoma patients. 

Finally, it is likely that the ongoing intensive study of lymphoma biology will 
yield information leading to new ideas for lymphoma treatment. For example, it 
is clear that the antibody to T3 (CD3), a nonpolymorphic portion of the T-cell 
antigen receptor, can stimulate the proliferation of normal T cells, but paradox­
ically inhibits the proliferation of malignant T cells expressing T3. The antibody 
to T3 may be of therapeutic value for certain peripheral T-cell lymphomas. 
Other factors that regulate the proliferation of malignant lymphocytes, like 
oncogenes, growth factor receptors, and autocrine growth signals are under in­
vestigation and are likely to reveal vulnerabilities that are exploitable by the 
expanding therapeutic armamentarium of biological agents. The study of the 
responses of neoplastic cells to these agents or their antagonists is likely to be 
extremely rewarding. 
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50. Childhood Non-Hodgkin's Lymphomas 
I. T. Magrath 

Current Results and Therapeutic Issues 

Non-Hodgkin's lymphomas (NHL) account for approximately 10% of childhood 
cancers and have an incidence of 1-2 per 100000 children under 15 years of age. 
The results of treatment have improved greatly in the last 10 years such that 
today some 60%-75% of all patients may be expected to enjoy long-term surviv­
al [1]. This result has primarily been achieved through the use of combination 
chemotherapy, including prophylactic therapy to the central nervous system 
(CNS). Radiation therapy has been gradually relegated to a secondary role, 
being used in only a small number of patients for emergency treatment of cord 
compression or cranial nerve palsies [1]. Even in these circumstances it is not 
clear that radiation adds to chemotherapy, since response to the latter is so 
rapid. 

For treatment purposes, the childhood lymphomas are usually divided into 
lymphoblastic and non lymphoblastic lymphomas, using the term lymphoblastic 
as in the National Cancer Institute (NCI) Working formulation scheme [1]. Stan­
dard therapy for lymphoblastic lymphomas, the majority of which are T-cell 
lymphomas, is based on intensive protocols designed for the treatment of high­
risk acute lymphoblastic leukemia, the most widely used being modifications of 
the LSA2-L2 protocol originally designed at the Memorial Sloan Kettering Can­
cer Center [1-3]. Other protocols may be successfully used for subgroups of 
patients with lymphoblastic lymphomas, including patients with localized disease 
or mediastinal tumors without widespread peripheral disease such as generalized 
lymphadenopathy or bone marrow involvement [1, 4]. The nonlymphoblastic 
lymphomas, the vast majority of which are B-celllymphomas histologically de­
signated as small noncleaved lymphomas (undifferentiated lymphomas including 
Burkitt's lymphoma) and large cell lymphomas, are treated with repeated cycles 
of drug combinations containing cyclophosphamide, vincristine, prednisone, in­
termediate or high-dose methotrexate, and usually adriamycin. Some protocols 
include other drugs such as the epipodophyllotoxin (VM-26), cytosine arabino­
side and 1,3-bis(2-chloroethyl)-I-nitrosourea (BCNU) (1,4-6). All protocols for 
childhood lymphoma employ prophylactic therapy against spread to the CNS. 
Cranial irradiation has not been shown to be necessary, and almost all protocols 
achieve good prophylaxis with intrathecal ara-C and methotrexate coupled with 
high-dose methotrexate. 

580 



In patients with localized NHL, almost all achieve complete remission and 
more than 90% can be expected to be cured with chemotherapy regimens. Some 
25% of small non-cleaved lymphoma patients have all of their abdominal disease 
(usually in the right iliac fossa) resected prior to therapy, and these patients have 
an excellent prognosis. The main therapeutic issue in patients with localized 
disease is to find the lowest intensity and shortest duration of therapy consistent 
with excellent results. 

In patients with extensive disease, more than 80% of the patients achieve 
complete remission. In patients with extensive intrathoracic disease (lympho­
blastic lymphomas) or extensive abdominal disease ( small noncleaved and large 
cell lymphomas), the cure rate is 60%-80%, but in most series, patients with 
marrow involvement (except lymphoblastic lymphomas), and especially those 
with CNS involvement at presentation, have a much worse prognosis (10%-
50% are cured) [1,4-7]. Improved chemotherapy regimens need to be designed 
for these groups of patients. Improvements in the definition of risk groups in 
lymphoblastic lymphoma are also needed so that treatment can be refined. 

Current Approaches Under Study 

There is little innovation in the treatment of lymphoblastic lymphomas at pres­
ent, since the general assumption is that the majority of patients do well with 
current regimens. However, in a Pediatric Oncology Group study, there was an 
indication that patients with extensive disease, including replacement of the 
bone marrow to greater than 25% as well as other mass lesions, have a poor 
prognosis, while patients with mediastinal masses had only a 40% chance of 
survival. The former group of patients would seem most appropriately treated 
with-the most intensive acute lymphoblastic lymphoma protocols, which are con­
tinuously being refined (see Chap. 43). The possibility that those patients with 
mediastinal masses but no bone marrow involvement may do better with pro­
tocols more like those used for small noncleaved cell lymphomas [4] needs to be 
studied further. 

In patients with nonlymphoblastic lymphomas there is increasing evidence 
that prolonged therapy is unnecessary, and in the most recently developed pro­
tocols only 3-8 months of treatment is stipulated, even in patients with extensive 
diease [1]. In stage IV nonlymphoblastic lymphomas (including bone marrow 
and/or CNS disease), two main approaches are currently under study: (a) refine­
ment of conventional chemotherapy, usually by the introduction of additional 
drugs (including high-dose ara-C, epidophyllotoxins, and ifosfamide) [1] and 
(b) the use of transplantation procedures, either allogeneic or autologous, in 
patients in first remission (based on promising results in relapsed patients [8].) 
Initial results in this subset of patients treated with autologous marrow infusion 
after intensive therapy are promising [8], but few patients have been treated 
so far, and patients with bone marrow disease are excluded from autologous 
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transplantation, even when purging procedures are undertaken. Patients who 
do not achieve complete remission after three cycles of therapy (surgically 
documented) are also considered high-risk patients by some, and these patients 
have done particularly well with autologous bone marrow transplantation [8]. 
However, what the outcome for these patients might have been with a more 
conventional approach is not entirely clear. 

Some studies have been carried out using biological response modifiers, e.g., 
a-interferon, or targeted monoclonal antibodies, including the intrathecal admin­
istration of the latter [9-11]. These exploratory studies indicate that responses 
may be obtained, but the value of such approaches remains ill-defined. 

Future Approaches 

Future approaches to the treatment of childhood NHL will entail: (a) the further 
refinement of current approaches and (b) the utilisation of totally new therapies. 

Improvements in Combination Chemotherapy 

As discussed above, new combinations and doses of drugs, including very high­
dose therapy, are currently under study. Since a high proportion of patients do 
well with the present treatment, the gradual replacement of currently used 
agents with newer drugs which are more efficacious and/or less toxic (or which at 
least have a toxic effect which is readily prevented) is likely to further improve 
the overall suvival rate. Agents of current interest in this regard include alkylat­
ing agents (e.g., ifosfamide) and anthracyclines with less cardiac toxicity (e.g., 
epirubicin). There is every reason to believe, as the ability to rationally modify 
the structure of drugs increases (see Chap. 11), that additional analogues with 
advantages over currently used agents will be synthesized. It seems likely that 
bone marrow transplantation will not provide an ultimate form of therapy, parti­
cularly not as evidence grows that in the B-cell tumors at least, total body irra­
diation is of limited value. This approach has demonstrated, however, that pro­
longed therapy is not necessary if the killing of tumor cells can be augmented 
sufficiently. Alternative high-dose combinations may be developed. 

An additional area likely to be improved upon in the future is the manage­
ment of CNS disease. New agents able to penetrate the blood-brain barrier 
effectively, or new agents for intrathecal use (e.g., hydroperoxycyclophospha­
mide or monoclonal antibodies [11, 12]) could dramatically alter the current 
poor prognosis of patients who present with CNS disease. 

An exciting new possibility which could considerably increase the therapeutic 
index of chemotherapeutic agents is the use of molecularly cloned hemopoietic 
growth factors, such as the colony stimulating factor for granulocytes and 
macrophages (GM-CSF), as a means of significantly lessening the degree and 
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duration of myelosuppression [13]. This is a particularly important facet in the 
treatment of tumors with short doubling times, like pediatric NHL, since 
tumor regrowth (possibly subclinical) after a cycle of effective but not cura­
tive therapy may occur before marrow recovery. Thus, the duration of myelo­
suppression may be one of the single most important factors in determining the 
outcome of treatment. Lessening the risk of serious infection resulting from 
prolonged neutropenia is another potential advantage of G-CSF or GM-CSF. 

Totally New Approaches 

With recent knowledge of the biochemical pathways relevant to cellular prolif­
eration and differentiation, particularly with regard to lymphoid cells, it seems 
likely that new approaches to treatment in which these pathways provide the 
therapeutic target will be developed. A potential problem with such approaches 
is the effect on normal cells, and it will be necessary to determine the toxicity of 
biological response modifiers empirically. It is becoming clear, however, that 
there are unique aspects of the biochemistry of neoplastic cells, such as the struc­
turally abnormal c-myc gene in most cases of Burkitt's lymphoma and the hybrid 
T cell receptor alpha chain/immunoglobulin hybrid protein described in some T 
cell neoplasms containing a chromosome 14 inversion [1]. In fact these unique 
genetic changes could provide the key to developing therapy which is truly spe­
cific for the malignant clone. Although much laboratory work needs to be done 
prior to any clinical studies, and there will be numerous problems to surmount, it 
is possible to envisage targeting systems based, for example, on antisense oligo­
nucleotides, able to bind abnormal mRNAs specifically and inhibit their trans­
cription. Alternatively, the use of the abnormal (e.g., hybrid) proteins as targets 
for immunotoxins, radionuclide-antibody conjugates, or drugs synthesized by 
using computer-generated models of the molecular structure of potential binding 
sites (see Chap. 11) could confer an element of specificity not attainable when 
molecules also expressed by normal cells are used as targets. 
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51. Osteosarcoma 
M.P. Link 

Current Results and Therapeutic Issues 

The past 15 years have witnessed substantial advances in the treatment and out­
come of patients with osteosarcoma which have in large part been attributed to 
the application of effective adjuvant ch'emotherapy. However, the contribution 
of adjuvant chemotherapy to this improvement in prognosis has been debated 
for most of the past decade (reviewed in [1]). A retrospective review of the 
results of studies from the Mayo Clinic and elsewhere suggested that the out­
come for patients with osteosarcoma had improved over a period of time (after 
1970) independent of the administration of adjuvant chemotherapy. In addition, 
a randomized controlled trial of adjuvant high dose methotrexate (HDMTX) 
conducted at the Mayo Clinic [2] between 1976 and 1980 failed to demonstrate 
an advantage for patients treated with adjuvant chemotherapy. More than 40% 
of patients in the control group from this trial survived without recurrence (com­
pared with fewer than 20% in historical series), suggesting that the natural 
history of osteosarcoma had changed over time, and challenging the apparent 
benefits of adjuvant therapy demonstrated in the many uncontrolled trials of the 
1970s and early 1980s. 

Results from two recent trials addressing the role of adjuvant chemotherapy 
of osteosarcoma may help to resolve this controversy. In both studies [1, 3, 4], 
patients were randomly assigned to receive intensive adjuvant chemotherapy or 
observation alone after definitive surgery of the primary tumor. Results for the 
control groups in both studies duplicated the historical experience with fewer 
than 20% of patients surviving without recurrence, whereas the adminstration of 
adjuvant chemotherapy resulted in a significant improvement in relapse-free sur­
vival. Thus, it appears that the natural history of osteosarcoma has not changed 
in the past 2 decades and that adjuvant chemotherapy has a favorable impact on 
relapse-free survival for patients with this disease. 

With the intensive adjuvant chemotherapy regimens currently in use, approx­
imately 60%-70% of patients with nonmetastatic os.teosarcoma of an extremity 
will survive without recurrence [1], and a significant fraction of relapsing patients 
may be salvaged by aggressive thoracotomy with or without the administration 
of further chemotherapy. Although the dramatic improvement in outcome for 
patients with osteosarcoma and the contribution of adjuvant chemotherapy to 
this improvement now appear indisputable, refinements in therapy are needed. 
Almost one-third of children presenting without metastases will relapse after 
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receiving the therapy currently available, and patients presenting with metas­
tases continue to have a poor prognosis. Since osteosarcoma is resistant to con­
ventional dose radiotherapy, the primary tumor in extremity lesions is controlled 
surgically; for the majority of patients, amputation has been the procedure of 
choice, resulting in numerous functional, cosmetic, and psychological prob­
lems. Patients with unresectable tumors of the axial skeleton have little hope of 
cure since local control of the primary cannot be achieved. Finally, the toxicity 
and expense of chemotherapy regimens currently in use are substantial, and the 
long-term effects of such therapy have not yet been assessed. 

Current Approaches Under Study 

With improvements in the survival rate of patients with osteosarcoma, surgeons 
have attempted subamputative surgery in the hope of reducing the functional 
and psychological problems of amputation by the use of limb-sparing resections. 
Limb-salvage surgery is being used with increasing frequency and enthusiasm 
and is one of the major new developments in the management of patients with 
osteosarcoma. However, the safety of limb-salvage surgery has been questioned 
by European investigators who found a significantly higher distant failure rate 
for patients treated by en bloc resection compared with patients undergoing 
amputation [5], although neither the local recurrence rate nor overall relapse 
rate appears to have been increased among American patients undergoing 
limb-salvage surgery. Furthermore, the long-term functional results achieved by 
limb-salvage surgery have not been adequently assessed. The durability of endo­
prosthetic devices utilized for many patients undergoing limb salvage remains 
problematic, and late infection and graft failure may result in delayed amputa­
tion for patients treated by limb resection. While there is little doubt that limb 
salvage for upper extremity primary tumors results in a significant functional 
advantage for the patient, the functional advantage for patients undergoing limb 
salvage for lower extremity primary tumors continues to be debated. Current 
studies of patients undergoing limb salvage should clarify the safety and overall 
efficacy of limb-salvage surgery in the management of osteosarcoma. 

Another of the important recent developments in the treatment of osteosar­
coma has been the use of presurgical ("neoadjuvant") chemotherapy, i.e., the 
administration of chemotherapy for a period of 2-3 months prior to the defini­
tive surgery of the primary tumor. This strategy is attractive because of several 
theoretical considerations [6]. Since chemotherapy is administered very soon 
after biopsy and diagnosis, treatment of micrometastases known to be present in 
the majority of patients can be instituted early. This represents a significant 
advantage over the traditional adjuvant approach where the administration of 
systemic chemotherapy is delayed by a month or more by surgery and the time 
necessary for wound-healing. Presurgical chemotherapy may also be important 
in facilitating limb-salvage surgery. One of the most compelling rationales for 
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presurgical chemotherapy is the use of the period of presurgical chemotherapy 
as an in vivo drug trial to determine the drug sensitivity of an individual tumor to 
"customize" the postoperative adjuvant treatment. Data from several trials sug­
gest that patients whose tumors are responsive to presurgical therapy will do well 
when the same therapy is continued postoperatively [5-7]. On the other hand, 
patients with tumors found to be unresponsive to the presurgical chemotherapy 
regimen (the majority of patients in most studies to date) have a much less favor­
able outlook and might benefit from a change in the agents used postoperatively. 
This customizing approach has been tested in trials from the Memorial Hospital 
with extremely favorable results (approximately 90% of patients remaining 
relapse-free) [6, 7], although these remain to be confirmed in follow-up studies. 
Such a confirmatory study is now being conducted by the Children's Cancer 
Study Group. . 

The strategy of presurgical chemotherapy has been accepted enthusiastically, 
although there are few data to suggest that this strategy is superior to the tradi­
tional adjuvant approach. Results from multi-institutional studies utilizing pre­
surgical chemotherapy (with or without customizing of the treatment based on 
the response of the primary tumor) have resulted in 2-year relapse-free survival 
in 65%-70% of patients-results which may not be superior to those from ad­
juvant trials which utilize mutliagent regimens of similar intensity but without 
presurgical chemotherapy. The role of presurgical chemotherapy in facilitating 
limb salvage is also debated, although it appears that centers which utilize pre­
surgical chemotherapy perform limb-salvage surgery on a higher percentage of 
patients than those centers which do not utilize presurgical chemotherapy. Thus 
the exact contribution of presurgical chemotherapy to the management of pa­
tients with osteosarcoma is still to be defined. 

Future Approaches 

Improvements in treatment for patients with osteosarcoma in the next 5-10 
years will result primarily from the addition of new active therapeutic agents. 
The activity of ifosfamide against macroscopic osteosarcoma in phase II studies 
has been identified, and this agent is already being introduced into phase III 
studies. New platinum analogues (CHIP and carboplatin) are being tested in 
phase II trials and may prove to be active agents with reduced toxicity when 
compared with the parent compound. 

Presurgical chemotherapy has increasingly been administered via the intra­
arterial rout directly into the arterial supply of the tumor, to maximize both drug 
delivery to the tumor vasculature and drug extraction by the tumor. Adriamycin 
and cisplatin, in particular, have been delivered by prolonged intra-arterial in­
fusion. High local drug concentrations have been achieved as documented by 
pharmacokinetic studies, and dramatic responses in primary tumors have been 
observed. Whether the responses achieved are superior to those resulting from 
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systemic intravenous administration of the same agents, and whether systemic 
toxicity is ameliorated with intra-arterial administration of the drugs has not 
been demonstrated convincingly. To date, this technique has appropriately 
been limited to centers with excellent angiographic support facilities to ad­
minister repeated courses of therapy. The possibility of sterilizing the primary 
tumor site by the administration of intensive intra-arterial chemotherapy in the 
hope of avoiding surgery of the primary tumor altogether has been explored 
[8]; results indicate dramatic responses and durable local control in selected 
patients, but the local recurrence rate remains unacceptably high, and this 
approach cannot yet be recommended. 

Surgical techniques for en bloc resection have greatly improved, increasing 
the proportion of patients eligible for limb salvage. In the past, limb salvage has 
not been suitable for lower extremity primaries in young patients who had not 
yet achieved full growth potential because of the leg-length discrepancy which 
would develop later in life. The development of an expandable prosthesis [9] 
based on the concept of a telescoping unit that can be expanded with a gear 
device permits the implantation of the endoprosthesis in skeletally immature 
individuals and gradual expansion of the overall length of the prosthesis to 
accomodate growth. Although an intriguing concept, experience with this device 
is limited. 

The treatment of patients with unresectable axial skeleton primary tumors 
remains unsatisfactory because of the difficulty of obtaining clean surgical 
margins, which is a prerequisite for local control. More aggressive surgical 
approaches in conjunction with presurgical chemotherapy or irradiation to 
shrink the primary lesion have resulted in promising preliminary results. The use 
of hypofractionated radiotherapy with or without radio sensitizers to overcome 
the capacity of osteosarcoma cells to repair sublethal damage (a putative 
mechanism for radioresistance of osteosarcoma) may be particularly useful for 
the treatment of unresectable lesions, although the enhanced soft tissue injury 
which results may limit this approach [10]. 

Immunotherapy of osteosarcoma has been attempted in the past without suc­
cess, but recent advances in technology have provided the immunotherapist with 
more active and more specific reagents. Monoclonal antibodies raised against 
osteosarcoma have been developed [11], and radio labeled conjugates have been 
used successfully for imaging tumors in patients, and may prove useful in ther­
apy for targeting drugs and toxins to tumor cells. Tumor-specific cytotoxic 
lymphocytes have been detected in the peripheral blood of patients with osteo­
sarcoma, and recently T-cell clones which are cytotoxic to autologous tumors 
have been isolated from patients [12]. Such cytotoxic T cells can be expanded in 
vitro for reinfusion into patients. In a recent report, lymphocytic infiltration of 
the primary tumor was found to correlate with a longer relapse-free survival 
period in patients with osteosarcoma, suggesting the expression of potent, spe­
cific host immunity to the tumor in these patients. It is possible that lymphocytes 
with enhanced antitumor reactivity may be cloned directly from tumor speci­
mens and provide a more potent source of immunoreactive cells for therapy. 
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52. Ewing's Sarcoma 
J.S. Miser 

Current Results and Therapeutic Issues 

Biology 

In 1983 a study of tumor cells from both short-term tissue culture of Ewing's 
sarcoma cells and from tumor cell lines derived from Ewing's sarcoma revealed a 
t(11;22) chromosome translocation [1], as well as other chromosome abnormali­
ties, often of chromosome 8. In spite of the relative constancy of these cytoge­
netic abnormalities, their significance is not yet known. A study of oncogene 
expression, translocation, and rearrangement has revealed: (a) c-sis is translocated 
from chromosome 22 to chromosome 11, but it is relatively distant from the 
breakpoint and is not expressed at high levels after translocation; (b) c-ets 
is located near the breakpoint on chromosome 11 and is variably expressed; 
(c) c-myc, present on chromosome 8, is expressed at high levels; and (d) c­
myb, c-millraJ, and c-src are all expressed and have a similar pattern to that of a 
related tumor, peripheral neuroepithelioma [2]. The significance of this rel­
atively constant pattern of oncogene expression is not known at this time but it 
may be of diagnostic value. 

In vitro studies have demonstrated that Ewing's cell lines produce type I, III, 
and IV collagen, data consistent with the interpretation that Ewing's sarcoma is 
derived from primitive mesenchymal cells [3]. Subsequent investigation, how­
ever, suggests that Ewing's sarcoma may, in fact, be of neural origin: Ewing's 
sarcoma has an oncogene expression that is indistinguishable from peripheral 
neuroepithelioma, a tumor of neural origin [2]; cell lines derived from Ewing's 
sarcoma exhibit a neural phenotype when treated with differentiating agents 
under controlled conditions [4]; and, choline acetyl transferase has been found 
within the Ewing's tumor cells. [2]. 

Therapy 

At present, 50%-75% of patients with nonmetastatic Ewing's sarcoma can be 
expected to be disease-free 5 years after the development of the sarcoma, with 
the use of local therapy (radiation therapy or surgery) and adjuvant chemother­
apy [5, 6]. The most effective chemotherapy regimens have emphasized the use 
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of cyclophosphamide and doxorubicin; however, vincristine and dactinomycin 
have also been utilized [5-7]. Unfortunately, effective therapy for the majority 
of patients with metastatic disease, especially when it involves the bone or bone 
marrow, is not yet available. Although a 30% long-term survival rate of patients 
with metastatic disease has been reported, most of these long-term survivors 
have had only small amounts of metastatic disease limited to the lung [8]. 

Current Approaches Under Study 

Biology 

At this point in time there is no specific marker for Ewing's sarcoma that will 
distinguish it from other small round cell tumors of bone. Because the diagnosis 
of Ewing's sarcoma is arrived at only after the exclusion of other entities (e.g., 
peripheral neuroepithelioma and primitive sarcomas of bone), this diagnostic 
category includes a heterogeneous group of tumors. In ongoing studies of small 
round cell tumors of bone, immunocytochemical and ultrastructural features of 
these tumors are being analysed in an attempt to discern prognostic and biologic 
differences on the basis of pathologic differences. The development of specific 
tumor markers for Ewing's sarcoma, using monoclonal antibodies or molecular 
techniques, in order to provide more precise diagnostic criteria will be critically 
important for the analysis of future studies. 

Therapy 

Evaluation of New Agents 

Recently, the combination of ifosfamide and etoposide has been demonstrated 
to have significant activity in the treatment of recurrent Ewing's sarcoma [9]. In 
the light of this information, the next important question in the treatment of 
Ewing's sarcoma will be whether the use of the combination of ifosfamide and 
etoposide can significantly improve the outlook for newly diagnosed patients. 
The addition of this "non-cross-resistant" regimen to the standard therapy is 
soon to be evaluated in a randomized study. 

Evaluation of New Modalities 

The use of very intensive therapy in the treatment of recurrent Ewing's sarcoma 
has demonstrated that both high-dose chemotherapy and total body irradiation 
(TBI) are effective against the disease [10, 11]. Unfortunately, in the treatment 
of recurrent disease, response to high-dose therapy is short-lived and toxicity is 
marked. Nevertheless, these studies have allowed the development of new ther­
apies that may have application for newly diagnosed patients, especially those 
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having a poor prognosis with standard therapy. Specifically, the use of high-dose 
melphalan followed by autologous bone marrow transplantation in patients with 
recurrent disease has resulted in a very high response rate (greater than 75%) 
but with responses being of very short duration [10]. The use of this modality in 
the consolidation of a first or second complete remission, however, may result in 
improvement in the outcome of treatment in this high-risk group of patients. 

Total body irradiation (TBI) has been demonstrated to have some therapeu­
tic effect in the adjuvant treatment of patients with pulmonary disease, and in 
the palliative treatment of patients with systemic disease [11]. Further, pulmo­
nary irradiation has been proven effective in the prevention of pulmonary 
metastatic disease [6]. Pilot studies in patients with high-risk Ewing's sarcoma 
suggest that TBI may be of benefit [12]; however, randomized studies will be 
necessary to establish its efficacy in the treatment of patients in first or second 
remission. 

Evaluation of Dose Intensity 

One of the most controversial questions facing the therapist treating the patient 
with Ewing's sarcoma is determining the correct dose intensity of the therapy 
[5, 7]. Although many dose intensities of doxorubicin and cyclophosphamide­
based regimens have been used in the adjuvant therapy of Ewing's sarcoma, the 
results with these regimens have been similar [5, 7]. In order to reduce toxicity 
while maintaining good tumor control, careful studies to define the optimal dose 
intensity, and thus refine the adjuvant therapy for patients without metastatic 
disease, will be important. Although markedly increasing the intensity of ther­
apy for patients with metastatic disease has increased the complete remission 
rate, it has not resulted in a dramatically improved disease-free survival rate for 
patients with widespread metastatic disease [12]. It is important that the role of 
dose intensity in the treatment of Ewing's sarcoma be evaluated in randomized 
studies in the near future. 

Evaluation of the Role of Local Management 

Over the past 15 years radiation has been the standard therapy to control the 
primary disease, while surgery has been reserved for the control of extensive 
tumors with pathologic fractures or small tumors of the distal extremities. Re­
cent retrospective reviews from large independent institutions have suggested 
that in patients selected for surgery the outcome has in fact been better than in 
those treated with radiation [13, 14]. However, the analyses are confounded by 
the fact that the patients selected for surgery generally have good prognostic 
features and do well regardless of the type of local management. The role of 
surgery in the treatment of Ewing's sarcoma must therefore be evaluated in 
carefully controlled prospective studies that evaluate not only the primary tumor 
control but also the functional outcome and the incidence of second tumors. 

With the interaction of effective chemotherapy with both radiation treatment 
and surgery in the control of the primary tumor, it may be possible to achieve a 
favorable outcome with more limited surgery as well as with less extensive radia-
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tion therapy in the future. Randomized studies are needed to research these 
points. Further, new radiation therapy techniques such as hyperfractionation 
may result in equal or improved efficacy with reduced toxicity to normal tissues. 

Staging 

Although prognostic factors have been identified for patients with Ewing's 
sarcoma [i.e., the primary site of the disease, the presence of metastatic disease, 
the tumor size, lactic dehydrogenase (LDH) level], a formal staging system has 
not been widely applied. The current studies are addressing this issue because 
more and more data suggest that the size of the primary tumor has prognostic 
significance [15, 16]. 

Evaluation of Response to Primary Chemotherapy 

The response to primary chemotherapy seems to have prognostic significance in 
the treatment of patients with nonmetastatic osteosarcoma. Recently, a small 
study suggested that this may also be true for patients with Ewing's sarcoma [17]. 
Pathologic response to primary chemotherapy and response as measured by 
nonivasive modalities [e.g., MRI, PET scanning] will be important areas of 
investigation in the next series of studies of this tumor. 

Future Approaches 

Biology 

The major thrust of future investigations into Ewing's sarcoma will be to attempt 
to link observed molecular events with the pathogenesis and biology of this 
tumor. It is hoped as a result that molecular events (e.g., oncogene expression) 
can then: (a) be related to prognosis as an expression of the tumor biology (as 
has been seen with neuroblastoma), (b) provide a clue as to the cause and thus 
prevention of the tumor, and (c) provide a basis for innovative therapy. It is also 
hoped that molecular and biologic markers will be discovered that will definitive­
ly demonstrate the precise cell of origin of the "Ewing's cell." 

Therapy 

Finally, although there is no evidence that biologic therapies have had any im­
pact on the treatment of sarcomas, the evaluation of these therapies has been 
limited thus far. Because most patients with Ewing's sarcoma, even those with 
extensive disease, will achieve a complete remission, the main area of investiga­
tion in the management of Ewing's sarcoma must be the development of new 
effective strategies aimed at maintaining the remission. This may require inten-
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sification of induction, the development of new effective agents to use in the 
initial therapy, improvement in the therapy of the primary tumor, and, finally, it 
may require the development of effective "maintenance" (immunologic or 
biologic) therapy. 
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53. Soft Tissue Sarcomas in Childhood 
J.S. Miser 

Rhabdomyosarcoma 

Current Results and Therapeutic Issues 

Biology 

Rhabdomyosarcomas of childhood are divided into two major groups on the 
basis of histology: embryonal and alveolar. The distinction between these two 
groups is clouded by the observation that some cases have a mixed histologic 
pattern; however, embryonal rhabdomyosarcoma usually occurs in young chil­
dren and the alveolar tumors, more often in older patients. Recently, chromo­
some abnormalities, primarily aneuploidies, have been observed in embryonal 
rhabdomyosarcoma; however, one single, consistent abnormality has not yet 
been associated with this tumor [1]. Abnormalities of chromosomes 2 and 13 
including reciprocal translocation, t(2;13) (q37;q14), have been seen with rhab­
domyosarcoma [2, 3]. 

The evaluation of the molecular events that are associated with rhabdo­
myosarcoma have only recently been investigated [4]. Because children with 
Beckwith-Wiedemann syndrome have an increased potential for the develop­
ment of rhabdomyosarcoma, Wilms' tumor, and hepatoblastoma, a common 
pathogenetic mechanism has been hypothesized [4]. Indeed, the somatic de­
velopment of homozygosity for a mutant allele at a locus on human chromosome 
11 has been demonstrated without loss or deletion of the chromosome segment 
[4]. This finding suggests that the pathogenesis of embryonal rhabdomyosarco­
ma involves the loss of normal genetic material that had prevented the expres­
sion of a malignant phenotype. 

Staging 

Over the last 15 years the majority of children in the United States of America 
with rhabdomyosarcoma have been treated in the Intergroup Rhabdomyosar­
coma Studies (IRS) [5]. Although major advances have been made by these 
studies, the patients have been grouped together for treatment purposes on the 
basis of postoperative characteristics. Thus, the group each patient is assigned to 
depends upon the surgical procedure or on the location of the tumor rather than 
on its size and extent. This system has led to patients with heterogeneous charac­
teristics in Group I, II, and III. 
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Therapy 

At present, between 60% and 70% of patients with rhabdomyosarcoma can be 
expected to be disease-free at 3-5 years after treatment [5]. Of patients with low 
stage embryonal tumors, which usually occur in younger children, more than 
80% enjoy disease-free survival. Patients with larger tumors of the chest wall, 
trunk, and extremities, however, have a poorer chance of disease-free survival: 
25%-50% in most studies. In patients with metastatic disease the outcome is 
poorer still: a 5%-30% disease-free survival rate [5-8]. The chemotherapy used 
for the treatment of rhabdomyosarcoma usually includes combinations of vin­
cristine (VCR) and dactinomycin (AMD) , with or without cyclophosphamide 
(CPM) and doxorubicin (DOXO) [5]. Patients with low stage disease (Group 1 
and 2 tumors and selected group 3 tumors of the head) are usually treated with 
VCR and AMD without additional chemotherapy, and patients with completely 
resected disease do not require radiation therapy [5]. Recently, two newer 
agents, cisplatin and etoposide (VP-16) have been used; however, their role in 
the therapy of this disease is not yet clear [9]. European studies haverecently 
used a combination of ifosfamide (IFOS), VCR, and AMD with excellent results 
[10]. When radiation therapy is utilized, the majority of patients have required 
greater than 4000 cGy, and patients who have gross bulky disease have required 
greater than 5000 cGy in order to eradicate the tumor permanently [5]. 

Current Approaches Under Study 

Biology 

Cytogenetic and molecular studies of both embryonal and alveolar rhabdomy­
osarcoma are presently continuing, especially as they are associated with familial 
syndromes and are likely to uncover clues to the pathogenesis while elucidating 
similarities and differences between the two tumors. 

Staging 

Because of the success of therapy over the last 15 years, it is now especially 
important that true preoperative staging be evaluated and utilized in order that 
appropriate refinements in therapy can be made. The development and prospec­
tive evaluation of such a preoperative staging system will allow study of treat­
ment strategies in more homogeneous subsets of patients with rhabdomyosarco­
ma, enhancing the chances of discovering ways of improving therapy. 

Therapy 

Evaluation of New Agents. Recently, the combination of ifosfamide and eto­
poside has been shown to have significant activity in the treatment of recurrent 
rhabdomyosarcoma [11]. The response rate has been approximately 75% (25% 
complete remission and 50% partial remission). Given this, one of the next 
important questions to answer in the treatment of patients with rhabdomyo­
sarcoma who have not fared well on standard therapy is the evaluation of the 
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role of ifosfamide alone and in combination with etoposide in newly diagnosed 
patients. A second combination under study, moderate doses of melphalan and 
vincristine, has been developed on the basis ofthe marked effect of melphalan in 
the human xenograft tumor model. A clinical assessment of this drug is currently 
being made in newly diagnosed patients with promising results. 

Evaluation of Dose Intensity. In patients with metastatic disease treated in the 
IRS studies there were complete remission rates of approximately 50%-60% 
[5]. In a pilot study of high-risk sarcomas utilizing a significantly higher dose 
intensity of the chemotherapeutic agents, VCR, DOXO, and CPM, a complete 
remission rate of more than 90% was achieved [12]. In the light of this and other 
data, dose intensity will be prospectively evaluated in high-risk patients in the 
near future. 

Evaluation of Duration of Therapy. The standard duration of therapy for most 
children with rhabdomyosarcoma is 2 years [5]. Because there is little evidence 
that "maintenance therapy" plays an important role in the treatment of rhab­
domyosarcoma, once complete remission has been achieved and 6 months of 
adjuvant chemotherapy have been delivered, future studies, even of patients 
with metastatic disease, must establish the duration of therapy needed to reduce 
the morbidity among patients undergoing treatment. 

Evaluation of New Modalities. Pilot studies of total body irradiation have not 
been promising in patients with rhabdomyosarcoma [10]; however, attempts to 
develop effective, high-dose regimens utilizing autologous bone marrow rescue 
are needed. Their use in the first remission of high-risk patients and in second 
remission of patients who have relapsed may result in an improvement in the 
relapse-free survival of these groups. 

Evaluation of the Role of Local Management. The standard therapy for rhab­
domyosarcoma has been initial surgery, if possible, followed by chemotherapy 
and then radiation therapy. This approach is being reconsidered. The role of 
more intensive chemotherapy regimens in the control of the primary disease is 
being evaluated and may allow for lower doses of radiation therapy and thus 
lower morbidity. It may also allow for delayed and less extensive surgery. It will 
be especially important to evaluate these strategies in the treatment of patients 
with genitourinary rhabdomyosarcomas. 

New radiation therapy techniques, hyperfractionation schedules, interstitial 
radiation, and intraoperative radiation may improve local control and decrease 
morbidity, especially in patients with abdominal and genitourinary rhabdomyo­
sarcomas. Pilot studies followed by randomized trials will be required to assess 
accurately the efficacy and toxicity of these new approaches. 

Future Approaches 

Biology. Further elucidation of the molecular events that are involved in the 
pathogenesis of both embryonal and alveolar rhabdomyosarcoma will be impor­
tant in the future study of these tumors. It will facilitate the better understanding 
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of the similarities, the differences, and the relationship between the two histo­
logic SUbtypes, give an insight into their pathogenesis, and allow the premorbid 
detection of these diseases. The evaluation of molecular events associated with 
progression of rhabdomyosarcoma will be especially important because it may 
be possible to predict at diagnosis (as has been possible with neuroblastoma) 
which patients with low stage disease will be at the highest risk of relapsing. This 
would then allow intensification of therapy for these patients and hopefully an 
improvement in prognosis. 

Therapy. Biologic therapies for the treatment of sarcomas are only now being 
developed and will most likely be evaluated in studies designed to prevent re­
lapse. Human tumor model systems, such as the human xenograft tumor model, 
promise to be important tools in the identification of new agents for the treat­
ment of rhabdomyosarcoma. 

Non-rhabdomyosarcoma Soft Tissue Sarcomas 

Current Results and Therapeutic Issues 

Biology. This group of tumors is heterogeneous in presentation, prognosis, and 
biology. Molecular evaluation will provide important information about the 
pathogenesis and biology of these tumors. Recently, for example, the loss of 
genes on chromosome 22 associated with acoustic neuromas was discovered, and 
this may provide a clue to the pathogenesis and biology of neurofibrosarcoma 
and other tumors associated with von Recklinghausen's disease [13]. 

Therapy. Because the tumors are uncommon and the prognosis is good for most 
patients when treated with surgery alone, trials of adjuvant chemotherapy have 
not yet been undertaken in children. 

Future Approaches 

Biology. The evaluation of the molecular events that are associated with the 
development and progression of nonrhabdomyosarcoma soft tissue sarcomas 
will be an important part of the study of these tumors in the next 10 years. 
Because the majority of the patients with these tumors have a relatively good 
prognosis, careful evaluation of molecular events that are associated with a high 
incidence of progression, will be needed to tailor therapy for each patient with a 
nonrhabdomyosarcoma soft tissue sarcoma. 

Therapy. The major questions to be answered in the treatment of this hetero­
geneous group of sarcomas are as follows. (a) What is the role of adjuvant 
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chemotherapy in patients without metastatic disease who have undergone gross 
removal of tumor? (b) What is the optimal chemotherapy regimen, especially for 
patients with advanced disease where the prognosis is, at present, very poor? 
(c) With effective chemotherapy, can the local management be more limited, 
thus reducing morbidity through radiation or increasing the number of limb­
sparing procedures? (d) What is the role of aggressive surgical resection of 
metastases? Randomized trials will be needed to evaluate adjuvant therapy in 
patients without metastatic disease. Pilot studies will be required to develop 
new and better chemotherapy regimens to treat patients with advanced local 
or systemic disease. 
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54. Wilms'Tumor 
G.J. D' Angio* 

Current Results and Therapeutic Issues 

Much progress has been made in the management of children with Wilms' tumor 
[1]. Cure rates are excellent, and treatment can be modulated in intensity 
according to well-defined risks. This is because prognostic factors have been 
identified with accuracy. First among these is the cytohistopathology of the 
tumor [2]. The largest subset of children have tumors with pathologic features 
making up a "favorable histology" (FH) and have an excellent outlook [3]. 
Beckwith and Palmer [2] have also described children with an "unfavorable 
histology" (UH), comprising approximately 12% of the children registered in 
the National Wilm's Tumor Study (NWTS), who have a less encouraging prog­
nosis. The UH category has been further subdivided into: (a) anaplastic tumors, 
(b) clear cell sarcoma of the kidney, and ( c) rhabdoid tumor. Of these three UH 
subtypes, the anaplastic lesions are true Wilms' tumors; the other two are 
thought to be separate and distinct from the Wilms' tumor complex. 

Criteria for staging have also been made more precise, so that treatments are 
now selected after taking stage and histology into account. The life expectancy 
for patients with FH lesions of any stage is very good; the overall 2-year survival 
rate is about 95% [3,4]. These results are achieved with actinomycin D (AMD) 
plus vincristine (VCR) for stages I and II children who are not irradiated, and 
with the addition of Adriamycin (ADR) and postoperative radiation (RT) to 
appropriate areas for stages III and IV patients (Table 1). Children with stage I 
anaplastic tumors have the same outlook as their FH counterparts; the 2-year 
survival rate for these patients is 98% [4]. The outlook for children with more 
advanced anaplastic tumors, however, is poor, the 2-year survival rate being 
only about 45% despite management with AMD plus VCR plus ADR plus 
cyclophosphamide (CPM) [4]. In contrast, adding ADR to AMD plus VCR 
markedly improved the life expectancy of patients with clear cell sarcoma [5], all 
of whom also received postoperative RT. The prognosis stage by stage mirrors 

• Reporting for all present and past members of the National Wilms' Tumor Study Committee, and is 
deeply grateful for their help. 
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Table 1. Abbreviated staging system according to the National Wilms' Tumor Study 

Stage Characteristics of tumor 

I Tumor is confined to the kidney and is totally excised 
II Tumor extends into adjoining tissues and is completely excised 
III Lymph nodes involved and/or gross tumor spillage and/or tumor left behind grossly or 

microscopically 
IV Distant metastases present, e.g., lungs, liver, bones, or brain 
V Tumors present in both kidneys at diagnosis 

Staging depends on findings at the time of surgery and as defined by the pathologist; it applies to both 
FH and UH tumors. 

that seen with the FH patients, and the overall 2-year survival rate for stages I 
through IV clear cell sarcoma patient is about 88% [3, 5]. Children with the 
rhabdoid tumor, often infants, have an extremely poor life expectancy, in the 
25% range after treatment with the four drugs mentioned above plus postopera­
tive RT [2, 4]. 

The main aim over the years has been to identify categories of patients who 
require minimal therapy after surgical removal of the affected kidney, eliminat­
ing RT wherever possible. This has largely been achieved for most of those in 
the FH category, where RT dosage has been reduced from doses as high as 4000 
cGy to zero. Clinical research has also shown that one of the effective drugs 
(ADR) with considerable potential for late cardiotoxicity in long-term survivors 
is not needed in stages I and II FH children [3, 4]. Much needs to be done, 
however, to improve matters for the children at high risk with stages II, III, and 
IV anaplastic tumors, and for all those with the rhabdoid neoplasm. 

Current Approaches Under Study 

Two major avenues are being explored. The first emphasizes early surgery, 
in the belief that treatment can best be individualized in this way [1]. The 
second focuses on preoperative therapy to minimize surgical difficulties and 
complications. 

Early Surgery 

The fourth NWTS is investigating whether the drug maintenance period after 
surgery can be reduced from 15 to 6 months for all patients. It is also investigat­
ing whether AMD, VCR, and ADR can be given in single doses during each 
course, rather than using the methods currently employed which entail five daily 
doses of AMD, three daily doses of ADR, and two doses a week of VCR. There 
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will be important psychosocioeconomic gains if these simplified methods prove 
to be successful. For example, it has been estimated that a saving of approx­
imately $8 million per year in dealing with children with cancer and their families 
would result, not to mention the significant saving in time and efficiency for the 
health care team. Wilms' tumor serves as a very good model for this kind of 
clinical research, because it is a single entity in a single organ, and predictably 
good results can be achieved using standard therapy in the control group. 

Preoperative Therapy 

The International Society of Pediatric Oncology (SlOP) has run serial clinical 
trials in patients without metastases at diagnosis [6, 7]. It has demonstrated that 
preoperative chemotherapy results in very good overall survival and lessens the 
frequency of intraoperative tumor spills. The overall survival rates are compara­
ble to those cited by the NWTS. A recent problem is the apparently inappropri­
ate downstaging of some patients occasioned by preoperative chemotherapy. A 
higher infradiaphragmatic relapse rate is being recorded for children found to 
have involvement consistent with stages I or II criteria at surgery, and who are 
therefore not irradiated [7]. 

High-Risk Patients 

Standard drugs have not been successful in managing high-risk patients. Clinical 
research here is focused on identifying new drugs and new drug combinations. 
Because of the small numbers of patients in these categories, the attempt is 
being made to derive as much information as possible from each individual child. 
Thus, a "cascade" of retrieval regimens has been suggested for patients who 
relapse so that more than one drug can be tested for response rates in each such 
child. This entails moving to the next most promising set of drugs if the child fails 
to respond after an adequate trial of the first test regimen. The drugs under 
consideration are combinations of etoposide plus cisplatin or etoposide plus 
ifosfamide. Encouraging results in scattered patients are being recorded with 
both these regimens. 

Future Approaches 

Two surgical projects are being supervised by the surgical members of the NWTS 
Committee. The first of these deals with the use of subtotal nephrectomies to 
preserve as much kidney parenchyma as possible in children with bilateral tumors 
in whom it is clearly advantageous to do so [8]. Beyond that, if it can be shown 
that subtotal nephrectomies can be performed safely and with good results in 
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these children, then it will be possible to extend these observations to children 
with unilateral tumors. That is, it may be feasible to perform local excisions in 
the future, with the objective of preserving as much kidney function as possible. 
This will have important implications if the evidence presented by Welch and 
McAdams [9] regarding late focal glomerulosclerosis after unilateral nephrec­
tomy in children is substantiated. 

The second surgical project deals with the role of surgery in the management 
of children with pulmonary metastases. Grundy et al. [10] reviewed NWTS-3 
children with recurrent tumor and found that pulmonary irradiation seems to be 
an important adjunct to their care. It thus may not be possible to eliminate 
pulmonary irradiation despite its known long-term effects. Discernible changes 
in pulmonary function result, although these dysfunctions are not incapacitating. 
Rather, survival rates may be improved by employing surgical excision for 
chemo- and radioresistant foci. 

There are no promising applications of biological response modifiers, with the 
possible exception of radioprotectors such as WR-2721. It, however, has not 
been tried in children. Bone marrow transplantation or autologous reconstitu­
tion methods (since the tumor does not metastasize to the bone marrow) have 
been attempted in a few Wilms' tumor patients with recurrent disease. There are 
relatively few children available for trial, because, happily, the overall survival 
rates are good. Also, most of these patients will have had pulmonary metastases 
that proved refractory to standard treatments, including lung irradiation. There­
fore, additional radiation therapy to sites of metastases is precluded because of 
the high incidence of pneumonopathy in re-irradiated patients. There are a few 
children, however, who have not had radiation therapy of the lungs or have 
metastases to other sites. In these children, supralethal chemotherapy can be 
given, supplemented by irradiation to localized areas. The best drug combina­
tion for this has yet to be evolved. 
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55. Neuroblastoma 
T. Philip and R. Pinkerton 

Current Results and Therapeutic Issues 

Neuroblastoma is the second most common solid childhood tumor and the out­
look for patients with limited disease (25% of the cases) is good. However, with 
more advanced or metastatic disease, complex and demanding combinations of 
surgery, chemotherapy, and radiotherapy are required. Even with these treat­
ment modalities the goal of cure remains frustratingly elusive in many patients. 

The outcome with surgical treatment alone is good in the rare stage 1 patient 
(Table 1) and also in stage 2 cases where there is no associated lymph node 
involvement. Chemotherapy and/or radiation therapy is highly effective in the 
remaining stage 2 patients, raising chances of long-term survival to more than 
75% [1]. With more advanced, initially unresectable disease (stage 3) the out­
come appears to depend, to at least some extent, upon the completeness of 
surgical resection after primary chemotherapy [2]. The wide variation in the 
long-term survival rate for this stage (40%-70%) thus reflects both the activity 
of the chemotherapy and the surgical expertise. In stage 4 patients, age remains 
an important prognostic factor and for patients under 1 year old, even with 
metastatic disease, cure rates may exceed 60%. Between 1 and 2 years old the 
prognosis is intermediate, but for patients over 2 years old at diagnosis there is 
almost universal agreement that the likelihood of long-term survival with stan­
dard chemotherapy is only around 10%. The initial response to chemotherapy is 
often encouraging and with most modern regimens, up to 80%-90% will achieve 
at least a partial response with clearing or improvement of metastatic disease. 
Unfortunately, even with surgery and radiotherapy, this is rarely converted to a 
complete response, and disease progression usually occurs within the following 
year. 

Apart from clinical staging, a number of other parameters have been intro­
duced which may provide prognostic information. Elevated serum neurone­
specific enolase (NSE), elevated serum ferritin, and a high copy number of N­
myc oncogenes in tumor tissue all correlate with an adverse prognosis. The Shi­
mada classification, based upon details of stromal elements, cell differentiation, 
mitotic index, and age has been shown to identify accurately poor prognosis 
subgroups within clinical stages. Such parameters are often helpful in making 
treatment decisions for the lower stages (such as 2 and 3) where more aggressive 
approaches may be warranted, but in stage 4 disease the outlook is so poor that 
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Table 1. Staging of neuroblastoma (after Evans) and the incidence and 5-year survival rate for the 
different stages 

Incidence 5-year survival rate 

Stage 1 Localized tumor confined to the area of origin, 5% 
completely resected, negative lymph nodes 

Stage 2 Unilateral regional tumor, completely resected 10% 
with or without either microscopic residue or 
ipsilateral node involvement 

Stage 3 Bilateral tumor invading in continuity across 20% 
midline, with or without nodes 

Stage 4 Widespread tumor dissemination to distant 60% 
nodes, bone, bone marrow, liver, or other 
organs 

Stage 4s Stage 1 or 2 primary, involvement of liver, mar- 5% 
row, skin, nodes. Under 1 year of age 

2:90% 

70%-80% 

40%-70% 
(depending on com­

pleteness of surgical 
resection) 

>60% if age at diagno­
sis is < 1 year 

20% if age at diagnosis 
is > 1 year and <2 
years 

10% if age at diagnosis 
is >2 years. 

2:80% 

there is little scope at the moment for a reduction in treatment intensity. Such 
subclassification does, however, permit better characterization of the small 
group of survivors. The improvement of therapy for stage 4 disease remains the 
major goal in the treatment of neuroblastoma. 

Chemotherapy Regimens 

Until recently, most chemotherapy regimens were variations of standard sarco­
ma combinations with Adriamycin, cyclophosphamide, and vincristine. The 
addition of cisplatin (COOP) and the epidophyllotoxins (VP16, i.e., etoposide, 
and VM26, i.e., teniposide) has bad a significant impact on the initial response 
rate, but durable remissions remain difficult to achieve [3]. To date, the most 
effective drugs in the treatment of neuroblastoma are cyclophosphamide, 
COOP, Adriamycin, VP16, VM26, vincristine, peptichemio, and melphalan. In­
vestigators at St Jude, Memphis, United States of America, have clearly shown 
that combinations of drugs are more effective than single drugs and also that the 
sequence of drug administration plays a major role in the response rate (e.g., 
COOP following by VM26 is superior to the reverse order). Oespite clear 
evidence of efficacy in phase II studies as a single agent, the role of Adriamycin 
in drug combinations remains controversial. The dose-response relationship 
was clearly demonstrated by a trial conducted at Villejuif, Paris, in which a two­
to threefold increase in the dose of cyclophosphamide and Adriamycin im-
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proved response rates from 40% to 90%. Similarly, clear responses to a high 
dose of COOP (200 mg/m2) are reported in patients whose tunors progress on a 
conventional dose of COOP (100 mg/m2). The sequential administration of non­
cross-resistant drugs, based on the Goldie-Coldman hypothesis (e.g., cyclo­
phosphamide, Adriamycin, vincristine, alternating with COOP and VP16), 
has not been shown to be superior to a standard combination. Orug combina­
tions incorporating a number of agents, often studied in a randomized manner, 
[dacarbazine (OTIC), peptichemio, low dose melphalan at induction] have 
failed to show any survival advantage. 

Current Approaches Under Study 

Current directions of research are in three main areas: (a) phase II studies of 
new agents or new ways of using old agents, (b) megatherapy procedures with 
autologous or allogeneic bone marrow rescue and (c) targeted therapy using 
either radiolabeled methyl-iodo-benzyl-guanidine (MIBG) or semispecific 
monoclonal antibodies. 

Phase II Studies 

The results of introducing new agents into the therapy of neuroblastoma have 
been rather disappointing, with the exception of COOP [4]. One approach 
which has been pursued vigorously in recent years, therefore, is to try and take 
advantage of the dose-effect relationship for this tumor, which has been clearly 
demonstrated in vitro and in vivo for several agents [5]. Using a divided dose and 
hypertonic saline regimen, much higher doses of COOP can be given relatively 
safely, and studies of COOP in combination with VP16 have been encouraging, 
both in relapsed and in untreated patients [6]. The cyclophosphamide analogue 
ifosfamide, when used with the uroprotective mesna, is well tolerated and allows 
dose escalation of this effective alkylating agent. Similarly, high-dose peptiche­
mio, a drug resembling melphalan, has been reported to be effective in refrac­
tory cases, as have new combinations of alkylating agents such as busulphan and 
cyclophosphamide. 

The development of non-nephro-ototoxic platinum analogues has inevitably 
aroused much interest. Phase II studies of carboplatin and iproplatin are 
currently underway, but it is too early to draw firm conclusions about either 
the relative activity of these agents or the optimum scheduling techniques. A 
major problem with carboplatin is its myelosupression, which limits its dose in 
combination. This may compromise its advantage over cisplatin in conventional 
therapy, but it is not a problem when used as part of a conditioning regimen 
prior to bone marrow transplantation. 
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Megatherapy 

The ultimate use of dose effect is the administration of a single drug or combina­
tion chemotherapy at doses limited only by nonhemopoietic tissue tolerance by 
using bone marrow rescue procedures. Because of the limited availability of 
matched, related donors in this very young group of patients, experience with 
autologous marrow is greater than with allogeneic marrow. Moreover, unlike 
leukemia, neuroblastoma only secondarily involves the bone marrow which may 
be cleared of overt tumor by effective chemotherapy prior to marrow harvest. 
Various purging techniques have been developed which, in vitro, are capable of 
removing residual tumor cells from marrow [7]. The need for such purging pro­
cedures in practice remains a contentious issue, as the clonogenic potential of 
reinfused neuroblastoma cells is difficult to demonstrate (see Favrot and Philip, 
this volume). The main limiting effect in the use of megatherapy procedures 
remains the ability of such therapy to ablate completely the malignant cell 
population. The following are some of the high-dose chemoradiotherapy regi­
mens in current use, but few of these ongoing clinical trials have yet been pub­
lished: (a) melphalan 180 mg/m2 (ENSG); (b) melphalan 180 mg/m2, vincristine 
4 mg/m2, TB112 Gy (Philip et al.); (c) melphalan 140 mg/m2, TBlI10 Gy (Gra­
ham Pole et al.); (d) Adriamycin VM26, COOP, melphalan, TBI (August et al.) 
(e) BCNU 300 mg/m2, VM26 1 g/m2, melphalan 180 mg/m2 (Hartman et al.). 
(Details of references are in [7].) 

The potential value of total body irradiation (TBI) is suggested by the finding 
of a 20% rate of 2-year progression-free survival in a group of highly selected 
patients with recurrent disease when TBI was used in the conditioning regimen. 
No progression-free survivors were reported when a non-TBI regimen was used 
(Houston, Autologous Bone Marrow Transplantation Meeting, December 
1986). With or without TBI, with single or two sequential graft procedures, a 
35%-40% rate of 2-year progression-free survival was reported in patients 
grafted in complete remission. No advantage was shown in this group for the 
TBI-containing regimen, but the mortality rate for this group was higher (20% 
versus 10%). In a Lyon-Marseille-Curie multicenter trial for patients in partial 
remission treated with a TBI-containing regimen, 20% of the patients on a single 
graft program are alive and progression free 36 months after the commencement 
of therapy. It is clear that in all studies, no plateau has yet been reached in the 
survival curves at or beyond 2 years. 

Interest in the concept of a double graft procedure in neuroblastoma has been 
kindled by the timing of relapse post-BMT (i.e., between 3 and 12 months post 
graft in the majority of cases). Among selected patients in partial remission after 
induction therapy who received a double graft without TBI, there were no re­
ported survivors at 2 years. This differs from the Lyon-Marseille-Curie current 
pilot study in which a double graft with TBI was used, instead of a single graft, 
with survivors reported up to 2 years. 

The European Neuroblastoma Study Group (ENSG) has carried out a 
prospective randomized study of high-dose melphalan in patients with stages 3 
and 4 disease who achieved at least partial remission after a standardized, 
platinum-containing induction regimen. There was a significant advantage at 2 
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years for the melphalan group, in terms of both median survival time and the 
period in which the disease does not progress. This provides a rational basis for 
the inclusion of this agent at high dose in future protocols [8]. TBI is still in­
cluded in many pretransplant regimens because of in vitro radiosensitivity data 
and early clinical experience. However, because of concern about the contribu­
tion of this modality to both short- and long-term morbidity, its inclusion re­
quires prospective evaluation. It is possible that the substitution of other drugs at 
high dose might provide a better therapeutic index. Late effects such as second 
malignancies are beginning to appear in the literature and avoidance of this 
problem, wherever possible, must be a consideration in the design of new regi­
mens. However, for now, the first concern is to achieve prolonged good-quality 
remission in patients with neuroblastoma. 

Targeted Therapy 

The demonstration that effective imaging of pheochromocytoma could be 
achieved using radio labeled MIBG was soon followed by therapeutic trials of 
this agent labeled with high doses of 1311 or 1251. MIBG is also taken up by 
immature neuroblastoma cells, and this radioactive iodine-labeled MIBG has 
been recently evaluated in phases I and II studies. Some activity has been 
demonstrated, although patient numbers have been small and rather hetero­
geneous patients [9]. Myelosuppression, due to a "bystander" effect in infil­
trated marrow, has been a significant problem. Moreover, the MIBG content of 
tumor cells is unpredictable and may not be uniform throughout the tumor cell 
population. It has been suggested that this approach may be most appropriate 
for the treatment of residual disease after surgery for stage 3 disease, allowing a 
less toxic but higher dose of radiotherapy to be delivered. A useful palliative 
effect of MIBG on bone pain has been reported by all groups studying the agent 
and is one of the major indications for its use in the future. Early studies with the 
radiolabeled monoclonal antibody, UJl3A, directed against tumor cells have 
been rather disappointing. Problems encountered include heterogeneity of anti­
gen expression and reticuloendothelial tissue uptake [10]. The anti-ganglioside 
monoclonal antibody reported from Cleveland, USA, avoids the majority of 
these problems and is perhaps the most promising antibody for targeted therapy 
in the future. It is possible, however, that ultimately a combination of several 
treatment modalities may prove to be optimal. 

Future Approaches 

Future clinical advances will be closely linked to progress in laboratory inves­
tigation. In the absence of new, highly active agents, the immediate future in 
chemoradiotherapy lies in the more efficient use of currently available drugs. 
This approach has improved cure rates in other tumors and leukemia, and there 
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is current evidence that, perhaps with bone marrow transplantation support, the 
same will apply to neuroblastoma. Surgical excision of the tumor, always empha­
sized by European groups but often refuted by American groups, could be one 
of the ways of improving results, especially in stage 3 disease. Targeted therapy 
is an appealing approach, but likely to always play an adjunctive role since effec­
tive induction chemotherapy will still, presumably, be required. 

The current interest in biological response modifiers cannot be ignored in the 
context of neuroblastoma. Of all the childhood malignancies this is the one 
where such an approach might be effective. The unusual behavior of stage 4s 
disease with spontaneous regression, the better prognosis of advanced metas­
tatic disease in infants, the regression of neuroblast "embryonal rests" in the 
newborn, and the spontaneous maturation of malignant tumor in some stage 
2 patients all suggest that the disease may be treatable by exploiting the body's 
own defence systems. In the past, attempts to achieve tumor maturation, for 
example, with vitamin B12 or retinoic acid, have been singularly unsuccessful. 
Whether the tumor will be responsive to more aggressive measures such as IL-2-
primed natural killer cell therapy remains to be evaluated but may be particular­
ly difficult in the average, heavily pretreated, neuroblastoma patient. The 
hypothesis that neuroblastoma develops very early in life has led to a population 
screening for the early detection of the disease in Japan. Early detection and the 
prevention of disease progression will probably playa role in future approaches 
to this disease which has a biological behavior unique among pediatric tumors. 
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56. Retinoblastoma 
B.L. Gallie 

Current Results and Therapeutic Issues 

Retinoblastoma (RB) is a rare, malignant tumor of the retina which arises in 
infants. If the tumor is diagnosed before it has spread from the eye, current 
management (removal of the eye, radiation, photocoagulation or cryotherapy) 
results in cure. If diagnosis and treatment are delayed, tumor cells spread intra­
cranially and metastasize to bone marrow, with a severe effect on mortality. 
Thus, the overall mortality for RB is currently 6% in developed countries, but 
approaches 100% in areas with less readily available medical care. 

Chemotherapy has been used almost exclusively for the treatment of metas­
tatic RB, and only occasionally has control of intraocular tumors by chemother­
apy been reported. Since penetration of chemotherapeutic drugs into the eye is 
generally poor, the systemic side effects are out of proportion to the effect on the 
intraocular tumor. Cyclophosphamide, vincristine, and Adriamycin have ben­
eficial effects on hematogenous bone marrow metastasis of RB. Meningeal and 
brain metastases have been treated with combination intrathecal and systemic 
chemotherapy and radiation, with anecdotal suggestion of some cures. General­
ly, metastatic RB treatment is palliative, and cure is not achieved. 

Study of surviving RB patients demonstrates that in 40% of cases a germline 
mutation predisposing to RB is transmitted as an autosomal dominant trait with 
95% penetrance. In 85% of these hereditary cases tumors arise in both eyes 
independently. The same individuals are at increased risk of developing sub­
sequent second primary malignancies, particularly osteosarcoma. The reported 
incidence of second tumors ranges from 2%-90% [1], depending on follow­
up treatment and the age of the patient. Radiation increases the frequency of 
sarcomas within the radiation field in patients with the genetic form of RB. 
There is no effective way to screen for these new malignancies in the predisposed 
individuals. Regular imaging using CT scans or bone scans is not effective 
enough to pick up early tumors. 

The genetic locus leading to hereditary RB is located on chromosome 13q14. 
This was initially suspected because of the rare individuals in whom cytogenetic 
deletion involving 13q14 is associated with RB. Subsequently, the non deletion 
heritable cases were shown to involve the same 13q14 locus by demonstration of 
close genetic linkage between RB and the polymorphic enzyme, esterase D2. 
The recessive mechanism by which the RB mutation acts to produce tumors was 
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predicted by Knudson [3], who suggested that the development of RB requires 
two mutations. In heritable RB, the first mutation occurs in the germline, while 
the second is a somatic mutation in a retinal progenitor cell. In nonheritable RB, 
both mutations are somatic and occur in the same retinal precursor cell. The 
recessive nature of the gene was demonstrated by the absence of one isoenzyme 
of esterase D in the tumors of constitutionally heterozygous individuals and by 
subsequent comparison of DNA from the normal, constitutional cells with DNA 
from RB tumor cells using restriction fragment length polymorphic markers 
around the RB locus [4]. The normal allele is lost from the tumor cells most 
commonly by major chromosomal rearrangements, including mitotic recom­
bination, loss of the normal chromosome and reduplication of the mutant one, 
simple chromosome loss, or, presumably, by submicroscopic deletion or point 
mutation within the normal allele. The second primary tumors that develop in 
patients with hereditary RB also show homozygosity at the RB genetic locus, 
indicating that similar, if not identical, genetic mechanisms are involved in the 
second tumors [5]. 

Genetic counseling for individuals with RB is currently based on risk esti­
mates for the germline presence of a mutant allele [6]. Any individual with bi­
lateral RB must carry a germ line mutation, which will be inherited by 50% of his 
offspring, most of whom will develop RB. Individuals with unilateral RB and 
relatives of RB patients who themselves do not develop RB tumors are unsure 
whether or not they also carry an RB mutation. The closely linked enzyme, 
esterase D, can be used to predict the inheritance of a mutant allele in families 
that have an informative polymorphism. However, this is not useful for indi­
viduals with no family history of RB, unless the mutant allele was identified by 
development of homozygosity of one chromosome in the RB tumor. 

Current Approaches Under Study 

The most effective way to control RB tumors is to diagnose and treat them early. 
Small retinal tumors noted at birth in familial cases are easily controlled with 
photocoagulation and cryotherapy prior to irreversible ocular damage. When 
intraocular tumors are too large to be controlled by local physical means, radia­
tion must be given to save vision. Since radiation has the very significant side 
effect of increasing the frequency of second primary malignancies, in order to 
save eyes other ways of treating medium-sized tumors are needed. Photoradia­
tion, with agents such as hematoporphyrin, theoretically has the potential to fill 
this role. Basic work on drug and light dosage, methods of delivery, and effec­
tiveness against hypoxic, advanced, intraocular tumor cells is in progress. Some 
RB patients have been treated with this new modality, but a scientific basis for 
its use has not yet been established. 

Medium-sized intraocular RB tumors are markedly hypoxic, particularly 
when growing in the vitreous without a direct blood supply, and tend to be 
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resistant to radiation, resulting in loss of the eye. Hypoxic cell-sensitizing drugs 
have been studied for use in this situation. Misonidazole increases the radiation 
sensitivity of hypoxic RB tumor cells in vitro, at concentrations achievable sys­
temically. However, the intraocular penetration of the systemically administered 
drug is poor. Derivatives of misonidazole may have significantly better ocular 
penetration when administered locally, and within the field of radiation, allow­
ing increased effectiveness and decreased systemic toxicity [7]. The number of 
RB patients for whom this modality of therapy would be useful is limited. At 
present, no clinical trials have been proposed. 

Studies of RB sensitivity to drugs suggests general sensitivity to dose levels 
obtainable systemically. A subset of RB tumors including tumors not previously 
exposed to chemotherapeutic agents, have shown multidrug resistance in vitro. 
This suggests that de novo multidrug resistance may be a characteristic of some 
RB tumors. Ongoing work will assess the means by which these RB tumors have 
acquired multidrug resistance and will be aimed at devising methods to detect 
multidrug resistance in tumor cells in histological preparations, for example, by 
antibody detection of P-glycoprotein, frequently amplified in the genome of 
multidrug resistant tumor cells. 

The current exciting development in research into RB is the closeness of the 
approach to the RB gene. Recently, using a genomic probe mapped to chromo­
some 13q14, expression of a transcript was noted in an adenovirus-transformed 
human fetal retinal cell line; the genomic probe was used to isolate a cDNA 
clone, the putative RB gene recently reported by Friend et al. [8]. Although we 
find a low frequency of genomic rearrangements within this gene in RB tumors, 
and initial reports of its lack of expression in RB tumors are not correct, the 
presence of homozygous deletions within this gene in RB tumors suggests that 
either this is the RB gene or it is very close to it. Lee et al. [9] similarly derived 
overlapping genomic clones in this region covering at least 100 kb, using cDNA 
probes derived in a similar manner, and sequenced the cDNA. The sequence is 
reported to contain an open reading frame of 816 amino acids, with some charac­
teristics of a DNA-binding protein. 

Future Approaches 

The remaining therapeutic problems in RB are delayed diagnosis, morbidity of 
therapy for intraocular RB that has not yet destroyed the anatomy of the eye, 
and inadequate treatment of metastatic RB. Early diagnosis will be assisted by 
family physicians and pediatricians being more aware of the early signs of RB 
and paying attention to what the parents describe. The results of careful studies 
of the role of photo radiation and hypoxic cell radiation sensitizers and greater 
understanding of multi drug resistance are needed for improved control of in­
traocular and metastatic RB. 

It is not clear at present whether the cloned 13q 14 gene is the RB gene or a 
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near neighbor. The genomic rearrangements identified in RB and other tumors 
are not yet well characterized and may extend to involve adjacent genes within 
the region, only one of which is the true RB gene. Unequivocal identification of 
a candidate as the RB gene will require a functional assay or demonstration in 
affected families of germline mutation, somatic mutations within the gene, and 
association of the mutant germline allele with RB. 

The recent demonstration by Weissman et al. [10] of a functional assay for the 
tumor-suppressing activity of chromosome 11 p, the locus of the recessive Wilms' 
tumor gene, improves the chances that a functional assay for the RB gene can 
also be developed. Such an assay could conclusively identify the RB gene. When 
the RB gene is identified, its normal cellular and developmental function, and 
the way that the mutations lead to highly tissue-specific malignancies, will be of 
great relevance to the treatment of cancer in general. For many patients with 
RB, precise diagnosis of the presence of a germline mutation will be possible; 
however, for individuals with point mutations, genetic diagnosis may still be 
difficult. Application of the cloned RB gene to therapy for RB patients is a far 
more remote possibility but could be possible with knowledge of the cellular role 
of the gene. "Gene therapy" as treatment for RB presently appears unrealistic. 
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564,572 
Blood flow 274 
Blood-brain barrier 16,182,259,260,265 

carrier-mediated transport 269 
circumvention of 265 
modification of 266-268 
osmotic opening 267 

Blood-tumor barrier 182 
Bombesin 407,461 
Bone marrow autograft 607 
Bone marrow transplantation (BMT) 343,548, 

552,556,582,603 
fetal liver , use of, in marrow 

transplantation 157 
hematopoietic stem cells, use of, in marrow 

transplantation 157 
Bone marrow purging (see also Allogeneic BMT 

and Autologous BMT) 343-353 
clinical or preclinical assessment 347-350 
comparison of purging methods 351-352 
experimental models 347 

Bone-seeking isotopes 151 
Boyden chamber 388 
Brachytherapy 43,449,456,498,503,597 
Bradykinin 524 
Brain tumors 106,137,259,447-453 

blood-brain barrier in 260 
drug delivery 259-275 
transport systems 260 

Breast cancer 136,358-360,363,383-384, 
435,463-466 

endocrine therapy 465 
Breast cancer cell lines 362, 365 

Hs578T 365 
MCF-7 362 



MDA-MB-231 365 
ZR-75-1 365 

Breast cancer cells 364 
Breslow method 534 
BRMs (see Biologic response modifiers) 
Bromodeoxyuridine (BUdR) 37,39,449 
Bronchial carcinoid tumor 524 
Burkitt's lymphoma (BL) 129,399,403,409, 

412,422-423 
cell lines 347,350 
molecular abnormalities in 412 

Busulfan 556, 607 
Buthionine sulfoximine 40,204,208,488,494, 

511 

c-abl 415,418 
c-Millraf 590 
c-myc 411-414,421-422,583,590 
c-src 590 
C. parvum (see Corynebacterium parvum) 
CAD protein 199 
Cadmium resistance 199 
Calcium 434 

antagonists 204-205 
channels 389 

Calmodulin inhibitors 204-205 
Carbamyl phosphate synthetase 363 
Carbodine 431 
Carbon tetrachloride 202 
Carboplatin 254,510,517,587,607 
Carcinoembryonic antigen (CEA) 326,488, 

494 
Carcinoid tumors 524 
Carcinoma of the kidney 385 
Carmustine 265, 566 
Caroverine 204 
Carrier-mediated transport 269 

acivicin 269 
melphalan 269 
phenylalanine 269 

Cathespsin B 390 
Cell kinetics 192 
Cellular responses 361 
Cerebral blood flow 262,271 
Cerebral metabolism 274 
CFU-C 35 
Chelation 323 
Chemical carcinogenesis model 201 

hyperplastic liver nodules (HNs) 201 
liver cell proliferation 201 

Chemical modification 270 
Chemotactic factors for tumor cells 387 
Chemotaxis of tumor cells 388 
Chemotherapy 8-10,530-531 

dose-response relationship 120 

drug resistance 191 
Goldie-Coldman hypothesis 120 
infusions 13 
mechanisms 193 
noncross-resistant drug regimens 120 
regional therapies 166 
very high dose therapy in 119 

Childhood non-Hodgkin's lymphomas 580-
583 

CHIP (cisplatin analog) 457, 587 
Chlorambucil 199,273,558 
Chloroquinoxaline sulfonamide 237,240 
Chlorozotocin 525 
Choriocarcinoma 515-517 
Chorionic gonadotropin (HCG) 514 
Choroid plexus 266 
Chromosomal breakpoints 400-401 
Cis-platinum 10,174, 199,204,268,333,335, 

417,455,457,460,484,486,492,497, 
502,505,509-510,517,521,536,542, 
587,596,602,606 

given IP 171 
Clark's anatomical levels of invasion in 

melanoma 534 
Clearance, of drugs 171 
Clinical experience 104,319 

brain tumors 106 
gastric carcinoma 110 
glioblastoma 106 
gynecologic cancer 111 
Kaposi's sarcoma 105 
malignant melanoma 104,107 
nonmelanotic skin cancer 105 
pancreatic carcinoma 110 
retroperitoneal sarcomas 110 
squamous carcinomas 106 
transitional cell carcinoma of the 

bladder 111 
Clinical trials 9, 303 
Clomipramine 204 
CMF (see CycJophosphamide-methotrexate-5-

fluorouracil) 
CNS tumors 259 -260,263 
CNS-preventive therapy 549 
CO2 laser 99,543 
Cobalt-60 units 53 
Collagen peptides 388 
Collagen type IV 394 
Collagenases 394 
Colon cancer 170,180,222,309,491-495 
Colony stimulating factors (see G-CSF and GM-

CSF) 
Colorectal cancer 327, 384 
Combination of drugs 42 
Combined modality treatment 41,309 

619 



Common acute lymphocytic leukemia antigen 
(CALLA) 557 

Computer models in new drug 
development 229,233 

Computerized tomographic-based treatment 
planning 56 

Computerized tomography (CT) 563 
Concentration x Time (C x T) 261 
Concentration-time profile 263 
Conformation therapy 78 

beam shaping 80 
dose-response curve 78 
multileaf collimators 81 
target volume 80 

Continuous infusion 557 
of 5-FU 487,4'12 

Corynebacterium parvum 282,298, 302 
Cranial radiation 547 
Cryosurgery 541,612 
CSF 182,264,266,314 
CSF-plasma concentration ratio 264 
67CU 323 
Cutaneous T-cell lymphoma 287,292,306 
Cyclic AMP 389 
Cyclo-oxygenase pathway 390 
Cyclobutanedicarboxylatoplatinum 

(CBDCA) 229 
Cyclopentenyl cytidine (cCyd) 429,430,436 
Cyclophosphamide 460,497,505,510,516, 

522,530,542,558,564,566,592,596, 
600,606,612 

Cyclophosphamide-doxoruhicin-5-ftuoruracil 
(CAF) 256 

Cydophosphamide-methotrexate-5-ftuorouracil 
(CMF) 256 

Cyclophosphamide-trimetrexate-5-ftuorouracil 
(CTF) 256 

Cyc1osporine 143, 155 
Cytarabine (see Cytosine arabinoside) 
Cytochrome b5 203 
Cytokines 18,19,281,309,391, 407 
Cytomegalovirus (CMV) 158 
Cytosine arabinoside (ara-C) 10,15,171,228, 

264-265,333,406,557,564,580-581 
continuous infusion 557 
high dose 554 

Cytoxan (see Cyclophosphamide) 

Dacarbazine (DTIC) 522,525,530,607 
Dactinomycin 505,596 
Daunomycin 204,206, 334, 536, 547 
Daunorubicin 553 
DDMP 228 
DDTC 512 
Deaza-adenosine 389 
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3-Deazauridine 431 
Delta volume 67,75 
4-Demethoxydaunorubicin 229 
2' -Deoxycoformycin 228 
Deoxycytidine triphosphate 14 
2-Deoxy-o-[ ]4ej-glucose 274 
Deoxyspergualin 237,240,250 
Detorubicin 536 
Development strategy (of new drugs) 255 
DHAP 126, 128 
DHAQ (see Dihydroxyanthracenedione) 
Diacylglycerol 390,408,434 

analogs 430, 437 
Diaminopyrimidine 228 
Dibutylmethotrexate 272 
Diethyldithiocarbamatc (DDTC) 17,510 
Diethylstilbestrol 503 
Differentiating agents 302,313,431-436 

azacytidine 430 
carbodine 431 
cyclopentenyl cytidine (cCyd) 430 
3-deazauridine 431 
diacylglycerol analogs 430 
dihydroxyvitamin D, 430 
DMSO 430 
1-0-hexadecyl-O-acetylglycerol 430 
mycophenolic acid 431 
neplanocin A 430 
octadecyl-2-0-methyl-3-

glycerophosphocholine 430 
phospholipid 430 
pyrazofurin 431 
retinoic acid 430 
tetradecanoylphorbol-13-acetate (TP A) 428 
tiazofurin 431 

Differentiation 24,373-374,404-406 
Differentiation factors or growth inhibitory 

factors 419 
Differentiation of malignant cells 428-435 

differentiation of leukemic cells in vitro 428 
drug development 437 

Diffuse aggressive lymphomas 575-579 
Diffuse histiocytic lymphoma 309 
Dihematoporphyrin ethers 96 
Dihydrofolate reductase (DHFR) 11,197-

199,209,228,363 
acute leukemia 200 
psoriasis 200 

Dihydrofolate reductase gene 344 
Dihydrolenperone 237, 240 
Dihydrooratase 363 
Dihydroxyanthracenedione (DHAQ) 235 
Dihydroxymethylethoxymethylguanine 

(DHPG) 159 
1,25-dihydroxyvitamin D3 430,433,435 



Dimethylnitrosamine 202 
Dinitrochlorobenzene (DNCB) 544 
Diphtheria A chain 331 
Diphtheria toxin 291 
Distamycin 230 
Divergent radiograph 73 
DMSO 430,433,435 
DNA polymerase 363,436 
DNA-mediated transfection 209 
DNR (see Daunorubicin) 
Dose escalation 246 
Dose intensity 13,564,592,597 
Dose-effect relationship 121 
Dose-intensity hypothesis 577 
Dose-response 167 
Dose-response curve 78 
Dose-response relationship 120 
Dose-volume histogram 71 
Double bone marrow grafting 608 
Double minute chromosomes 198,217,508 
Doxorubicin 4, 168, 185.204,206.229,268, 

334.370.474.486,521,525,528,530, 
542,564,566,568,572,592,596 

Doxorubicin-induced cardiomyopathy 207 
Drug combination II 
Drug delivery 175. 179,259 

blood flow 274 
cerebral metabolism 274 
2-deoxY-D-( 14C)_glucose 274 
pharmacokinetic parameters 261 
pharmacokinetics 263 

Drug design 9.270 
chemical modification 270 
chlorambucil 273 
clinical trials 9 
lipophilic agents 270 
methotrexate 271 
nitrosoureas 271 

Drug development 437 
phase I 9 
phase II 9 

Drug Development Program 231 
Drug resistance 10,191,197,208,227 

antiarrhythmic agents 205 
buthionine sulfoximine (BSO) 208 
calcium antagonists 205 
calmodulin 205 
free radical-induced damage 208 
genetic approaches to 209 
glutathione monoethyl ester 208 
glutathione peroxidase 208 
glutathione reductase 208 
GSH 208 
LPAM 208 
modulation of 204-208 

polyene antibiotics 205 
reversal of 205 
superoxide dismutase 208 

Drug-resistance genes 24 
Drug screening 9 
DTIC (see Dacarbazine) 
Dynamic therapy 78 
Dysplastic nevus syndrome 539 

Effector cells 281 
EGF 371,434 
EGF receptor 471 
Element keys 233 
Elimination of drugs 192 
Endobronchial tumor 108 
Endocrine therapy 465 
Endometrial cancer 360 
Endoscopic laser therapy 484 
Endothelial cell growth factor (ECGF) 366 
EOE-13 563 
Ependymoma 447 
Epidermal Growth Factor (EGF) 205,364-

365,395,433,471,489 
Epidermal growth factor receptor 

(EGFR) 406,417 
Epidophyllotoxins (see also Etoposide and 

Teniposide) 197,200,581,606 
4' -Epidoxorubicin 229 
Epirubicin 254.582 
Epodyl 496 
Epstein-Barr Virus (EBV) 400 
erb A 362 
erb B 365.368,394,406,408,434,489 
Esophageal carcinoma 109,483-485 
Estradiol 360, 365 
Estrogen 364,366,369,374,463 

receptor 362 
Estrogen-potentiating factor 366 
Estromedins 366 
Ethionine 202 
Etoposide (VP-16) 13,15,197,460,505,516, 

521,564,591,596,602,606 
Etretinate 498 
ets 590 
European Neuroblastoma Study Group 

(ENSG) 133 
European Bone Marrow Transplant Group 

(EBMT) 131 
Ewing's sarcoma 131, 222, 590 
Extracellular matrix 386-387 

tumor cell interaction 386 

F(ab') fragments 322 
Fast neutrons 6 
Ferritin 605 

621 



Fetal liver 157 
a-Fetoprotein (AFP) 326,505 
Fibonacci schema of dose escalation 246, 249 
Fibroblast growth factor (FGF) 364,366 
Fibronectin 373,387,390,393 
Field planning 4 
Flavone acetic acid 237,241,250,491 
Flow cytometry 290 
Fluorodeoxyuridine (FUDR) 168,179,181, 

197 
5-Fluorouracil (5-FU) II, 13, 15, 168,241, 

179,180-181, 194, 197,228,264,455, 
474,480,484,486,491,497,542 

leukovorin 12 
topical 544 

Flutamide 503 
fms-l 408,435 
Follicular Non-Hodgkin's lymphomas 15,571-

574 
Formyl peptides 388 
Forskolin 389 
fos 368,395,408,419,518 
Free radical-induced damage 208 
French American British (FAB) morphologic 

classification 553 
5-FU (see 5-Fluorouracil) 
5-FUdR 492 

G-CSF 21, 159,302,311,314,406,564,578, 
582 

G-proteins 387, 389 
Gastric adenocarcinoma 435 
Gastric cancer 486-489 
Gastric carcinoid 524 
Gastric carcinoma 110,486-489 
Gastrin 489 
Gastrin-producing tumors 524 
Gelonin 331,337 
Gene 

amplification 197,205,217 
destruction 420-421 
insertion 421 
repair 420-421 
therapy 410,418-419 
vectors 421 

Genetic basis of neoplasia 399-400 
Genetic approaches to treatment 209 

Dihydrofolate reductase gene 
transfection 209 

Germ cell tumors 135,505-508 
Glioblastomas 39,106,447 
Glomerulosclerosis 603 
Glucagonoma 524 
Glucocorticoid receptors 362 
Glucocorticoids 362 
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Glutaminase 178 
Glutamyl cysteine synthetase 511 
y-Glutamyl-transferase 203 
Glutathione (GSH) 40,196,203,488,493-

494,510-511 
Glutathione monoethyl ester 208 
Glutathione peroxidase 208 
Glutathione reductase 208 
Glutathione S-transferase (GST) 203 
Glycolipids 326 
Glycoproteins 326 
GM-CSF 21, 159,281,302,311,314,343,406, 

564,578,582 
Goldie-Coldman hypothesis 120,193,265, 

573,603 
Graft rejection 153-154 
Graft-versus-host disease (GVHD) 143, 145, 

152,154,165,337,343,345,556 
Graft-versus-leukemia (GVL) 152,343,345, 

556 
Graft-versus-tumor 145 
Gray-scale images 77 
Growth factor therapy 372-373 
Growth factors 18,21,358,396 
Growth inhibitory factors 21 
Guanine nucleotide 387 
Gynecologic cancer 111 

Hairy-cell leukemia 148,287,428 
Halogenated pyrimidines 39,449 

BUdR or IUdR prior to radiation 39 
Haploidentical bone marrow 

transplantation 345 
Haptotaxis 392 
Head and neck cancer 384,455-458 
Hefi-l 563 
Helium ion therapy 46 
Hematopoietic growth factors (see also G-CSF 

and GM-CSF) 18,550,578,582 
Hemotopoietic stem cells 157 
Hematoporphyrin 453,613 
Hematoporphyrin derivative (HPD) 93,498 

absorption spectra 97 
Hepatic artery infusion 15,181,480,492 
Hepatic artery ligation 525 
Hepatoblastoma 595 
Hepatocellular carcinoma 479-481 
Her-2lneu 394,409,417 
Herpes simplex 159 
Herpes zoster 159 
Heterogeneity of tumor cells 86,227,290,337, 

382 
Hexadecyl-O-acetylglycerol 430 
Hexadecyl-2-0-methyl-

phosphatidylcholine 429 



Hexamethylbisacetamide (HMBA) 236,240 
High-dose chemoradiotherapy 608 
High-dose chemotherapy 119,122,343 

ara-C (cytarabine) 15 
BACT regimen 122 
BEAM regimen 122 
cyclophosphamide 15 
in lymphomas 124, 137 
in malignant germ cell tumors (MGCT) 132 
melphalan 608 
methotrexate 585 
in neuroblastoma 133 
in pediatric solid tumors 130 
in retinoblastoma 132 
in solid tumors in adults 134, 137 
in Wilms' tumour 132 

Histamine 524 
Histiocytic medullary reticulosis 148 
HL-60 cell line 430,433,435 
HLA-matched bone marrow 

transplantation 143, 158 
Hodgkin's disease 309,561-565 
Homogeneously staining regions (HSRs) 198, 

200,217,508 
Hormone effects on macromolecules 362-363 
Hormone receptors 361-362 
Hormone therapy 22 

supraphysiologic dose 374 
Hormone-responsive tumors 358-374 
Hs578T 365 
HTLV I 400 
Human chorionic gonadotropin (HCG) 505 
Human monoclonal antibodies 326 
Human tumor xenografts 331-332 
3H-Vinblastine 206,218 
Hybridoma (see Monoclonal antibodies) 
Hydatidiform mole 514-515 
Hydroperoxycyclophosphamide 16,344,555, 

582 
6-Hydroxydopamine 344 
5-Hydroxyindoleacetic acid (5-HIAA) 524 
Hydroxyurea 205,556 
Hyperbaric oxygen 38 
Hyperfractionation (of radiotherapy) 593,597 
Hyperosmotic infusions 267 
Hyperplastic liver nodules (HNs) 201 
Hypersplenism 557 
Hyperthermia 7,85-89,179,180,452,456, 

486,537 
in combined modality therapy 89 
labilizers in 86 
lidocaine in 86 
local 86 
regional 87 
thiopental 86 

Hypoxic cells 31,47 
Hypoxic cell-sensitizing drugs 38,614 

ICRF-187 17 
Idarubicin 553 
Idiotypic determinants 292 
Ifosfamide 8, 17,507,532,581-582,587,591, 

602,607 
Image file 77 
Imidazole carboxamide (DTIC) 536 
Immunoblastic lymphosarcoma 149 
Immunoconjugate 292 
Immunoglobulin genes 401 
Immunomagnetic depletion 344,351 
Immunopharmacology 286 
Immunoscintigraphy 327 
Immunotherapy 18, 178,282-284,297 

active 298 
bacille Calmette-Guerin (BCG) 298 
passive 298 

Immunotoxins 184,329-331,344-345,351, 
512,559 

In vitro screening 290 
Infectious complications of cancer 

chemotherapy 158 
Inositol analogs 437 
Inositol-l ,4,5-triphosphate (IP3) 390,408, 

433-434 
Insulin 205 
Insulin receptor 417 
Insulin-like growth factors (IGF I and II) 364-

365 
Integrated radiographic image 76 

gray-scale images 77 
image file 77 

Integrin recognition peptide 392 
Integrins 390,393 

recognition sequence (RG-D) 390,393 
Interferon inducers 307 
Interferons 19,20,286,301,303-306,307, 

406-407,408,413,435,457,462,469, 
489,493,499,518,526,537-538,544, 
550,556,565,568,572,582 

Interleukin-1 (IL-l) 311,471,569,578 
Interleukin-2 (IL-2) 19,152,185,288,298, 

301,307,452,462,470,489,493,510, 
538,550,565,569,573,610 

Interleukin-4 (IL-4) 471 
Interleukins 18,302 
International Bone Marrow Transplant 

Registry 146 
Interstitial implants (see Brachytherapy) 
Interstitial radiation (see Brachytherapy) 
Intra-arterial drug infusion 15,166,179,323, 

451,457,587 
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Intracavitary therapy 323 
Intralvmphatic therapy 323 
Intra-operati\l: radiation therapy (lORT) 4. 

43-44.475-476.4~6.4Y~ 

Intraperitoneal therapy (lP) 166.511 
ara-C 1~4 

AUC 172 
cis-platinum 176 
clearance 171 
5-FU 177 
interleukin-2 17~ 

MTX 176.IH3 
peritoneography 173 
radioisotopes 176 
total-body clearance 171 

Intrathecal chemotherapy 166. 182.265-
266 

4-hydropcroxycyclophosphamide 550 
methotrexate 547 

Intervasical bacillus Calmette-Guerine 
(BCG) 491 

Intravesical therapy 185 
bacille Calmette-Guerin (BCG) 185 
doxorubicin 185 
mitomycin C 185 
thiotepa I H5 

Invasion (by tumor cells) 373.381. 387. 392. 
405 

three-step hypothesis 387 
Invasive ductal carcinoma 386 
Invasive mole 515-517 
Iododeoxyuridine 39 
Iodo-13I-meta-iodobenzylguanidine 

(MIBG) 6 
Ion beams 6 
Ionizing radiation 85 
IP, (see Inositol-I A.5.-triphosphate) 
Ipomcanol 237.241 
Iproplatin 607 
Islet cell tumors 524 
Isotype 322 
IUdR (see Halogenated pyrimidines) 

J urkat cell line 429 

Kaposi's sarcoma 105,306 
Kcat inhibitors 228 
Ketoconazole 522 
Keys 234 
Ki-I 563 

Ll210 leukemia 233-234 
L-asparaginase 547 
L-diftuoromethyl ornithine (DFMO) 228 
L-phenylalanine 269 
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Labilizers 86 
Lactate dehydrogenase (LDH) 505,577,593 
LAK cells (see Lymphokine activated killer 

cells) 
Laminin 23,314. 373. 3~7. 390 
Laminin receptor 363,3YO-3Y3 
Large granular lymphocytes (LGL) 2~7 

Laser 99,49H.544 
argon 100 
argon-pumped dye 100 
CO2 99 
doppler 102-103 
neodymium Y AG Y9 
pulsed metal vapor 100 

Leu-19 308 
Leukemia. acute 200 

eNS-preventive therapy 549 
lymphocytic 146.222, 2H3, 546 
myeloid (AML) 344,407 
nonlymphocytic 144 
promyelocytic 407 

Leukemia, chronic 
lymphatic (CLL) 428,557 
myeloid (CML) 15.147.399.403,409.414 

417.422.556 
molecular abnormalities in 414 

Leukocyte functional antigen (LF A-I) 345 
Leukoencephalopathy 184 
Leuprolide 502 
Levamisole 29H,493 
LHRH agonists 369 
Lidocaine 86, H8 
Limb perfusion hyperthermia 87 
Limb-salvage surgery 586 
Linear energy transfer (LET) 46-47 
Lipid solubility of drugs 262 
Lipophilic agents 270 

chlorambucil 273 
dibutylmethotrexate 272 
methotrexate 271-272 
modification of lipophilicity 271 
monobutyl derivatives 272 
nitrosoureas 271 

Liposome encapsulated drugs 178,488,495 
Lipoxygenase inhibitors 390 
Liver cell proliferation 201 
Lobular carcinoma 386 
Local hyperthermia 86 
Lomustine (CCNU) 271,536 
LPAM (See melphalan) 
Lung cancer 134,384,435,459-462 
Luteinizing hormone releasing hormone 

(LHRH) agonists 364, 502 
Lymphoblastic lymphoma 577 
Lymphokine-activated killer (LAK) cells 19, 



178,185,301,307,452,470,489,493, 
510,538,565,573,579 

Lymphokines 19,309,489 
Lymphoma 119,124,137,147,306,344 

M5076 sarcoma 233 
Macrophages 286 
Mafosfamid 344,351 
Magnetic resonance imaging 63,563 
Malignant effusions 169 

methotrexate (MTX) for 169 
radioactive isotopes for 169 

Malignant germ cell tumors (MGCT) 132 
Malignant lymphoma (see Lymphoma) 
Malignant melanomas (see Melanoma) 
Malignant phenotype 404 

reversal of 404 
Mammary-derived growth factor 366 
Massive dose therapy 14 

ara-C 15 
cyclophosphamide 15 
methotrexate 15 
VP16 (etoposide) 15 

Maximally tolerated dose (MTD) 245-247 
MCF-7 cells 203,362,364 
MDA-MB-231 365 
Mdr-l 11,201,218-219 

cDNAs for 219 
clinical applications 224 

Mdr-2 223 
MDR (see Multidrug resistance) 
Mechanisms of drug resistance 193 
Melanocytic nevi 539 
Melanoma 19,104,107,135,305,308,320, 

534-539 
Breslow method 534 
Clark's anatomical levels of invasion 534 

Melanoma autocrine motility factor 388-389 
MELDIO 244,249 
Melphalan 194,204,208,264,269,510,558, 

566,568,597,606 
Meningeal involvement 183 
Merbarone 236,238,249 
6-Mercaptopurine 192,194,547,550 
Merocyanine 344, 540 
Mesna 17 
Metabolism 192 
Meta-iodobenzylguanidine 522, 607 
Metallothionein 196,199 
Metallothionine gene 422 
Metastasis 23,381,407-409 

molecular genetics 394 
multistep cascade 381 
new strategies for diagnosis and therapy 395 
organ tropism 383 

Methotrexate (MTX) 11, 15, 143, 155, 169, 
183,194,196-197,199,200,255,264-
265,267,271-272,333,370,411,455, 
484,492,497,516,542,547,549,572,580 

Methotrexate polyglutamates 194 
Methotrexate resistance 228 
Methotrexate/5-fluorouracil combination 171 
Methyl CCNU (see Semustine) 
Methylformamide 493 
Methyltyrosine 521 
Metodiclorofer 228 
Metrazol opening 268 
Metyrapone 521 
MGCT (see Malignant germ cell tumors) 
MIBG (see Meta-iodobenzylguanidine) 
Microspheres 181 
Migration 392 
mil/rat 590 
MIME regimen 126, 128 
Mismatched bone marrow transplantation 153, 

156,548 
Misonidazole 38,484,557,614 
Mitomycin C 185,474,480,486,492,496-497 
Mitoxantrone (DHAQ) 13,235-236,553 
Modeccin 331 
Modification oflipophilicity 271 
Modulation of drug resistance 204-205 
Molecular abnormalities in cancer 412-417 
Molecular genetics of metastasis 394-395 
Molecular modifications in drug 

development 229 
Molecular pathogenesis 23,399-423 

significance to therapy 403 
MOLT-3 cell line 429 
Monobutyl methotrexate 272 
Monoclonal antibodies 5, 10, 16, 18,284,290, 

299,301-302,311-312,317,319,325, 
452,469,477,488,493,507,512,538, 
543,559,563,565,573,579,582,588, 
607,609 

anti-ferritin antibodies 312 
anti-fetoprotein 326 
anti-idiotype monoclonal antibodies 293 
anti-ovarian 178 
212Bi 323 
carcinoembryonic antigen (CEA) 326 
CEA 326 
chelation 323 
clinical experience 319-321 
colorectalcancer 327 
conjugate (with cytotoxic agents) 325-338 
67CU 323 
dosimetry 321 
drug conjugates 332-338 
to glycolipids 326 
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Monoclonal antibodies (cont.) 
to glycoproteins 326 
human 326 
to human tumor-associated antigens 325-327 
hybridomas 299 
idiotypic determinants on 292-293 
immunoconjugates 292 
immunoscintigraphy 327 
intralymphatic 323 
isotype 322 
immunotoxins 329 
to mucins 326 
to neoantigens 326 
to oncofetal antigens 326 
to ovarian cancer 327 
mpb 323 
109Pd 323 
polyclonal antisera 319 
radiolabelled 317-323,518 
ricin conjugates 329 
47SC 323 
TIOI 292 
90y 323 

Motile response of tumor cells 389-391 
MTX-HSA-791T36 conjugate 333 
Mucins 326 
Multidrug resistance 194,199,200-204,216-

224,487-488,507,509,614 
amplified DNA sequences 200 
aryl hydrocarbon hydroxylase 203 
chemical carcinogenesis model 201 
double minute chromosomes 200 
homogeneously staining regions 200 
mdr-l cDNA 201 
P170 200-201 

Multileaf collimators 81 
Multimodality therapy 5 
Multistep cascade 381 
tnyb 419,435-436,590 
tnyc 368,395,402-403,406,408,419,435, 

507,518 
Mycophenolic acid 431 
Myelogenous leukemia 283 
Myeloma 148 
Myelosclerosis 148 

N-tnyc 411,605 
N-(phosphonacetyl)-L-aspartic Acid 

(PALA) 199,228,487,492-493 
N-acetoxy-N-acetylaminofluorene 205 
NS-IO methylene tetrahydrofolate 12 
National Bone Marrow Donor Registry 156 
Natural killer cell therapy 283-284,286,307, 

606 
Natural products 230 
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Negative pimesons 6 
Neoantigen 326 
Neocarzinostatin 331 
Neodymium YAG laser 99 
Nephrotoxicity 176 
Neplanocin A 429,430,436 
neu 368,372,394-395 
Neuroblastoma 119, 133, 148,222,344,350-

351,435,605-610 
Neuroendocrine tumors 524-527 
Neuroepithelioma 222 
Neurofibrosarcoma 598 
Neurone specific enolase (NSE) 605 
Neurotoxicity 183 
Neutron irradiation 47,456,503 
Nevoid basal cell carcinoma syndrome 544 
New drugs 

acquisition/selection 235 
anthracenedione 235 
anthrapyrazole 236-237 
anticancer test systems 231-232 
arabinosyl azacytosine (ara-Ac) 236,239 
biphenquinate 236,239-240 
chloroquinoxaline sulfonamide 237,240 
computer models 229-230,233-234 
deoxyspergualin 237, 240 
dihydrolenperone 240 
dihydroxyanthracenedione (DHAQ) 235 
flavone acetic acid 237, 241 
hexamethylbisacetamide (HMBA) 236,240 
ipomeanol 237,241 
merbarone 236, 238 
mitoxantrone 235-236 
molecular modifications 229 
natural products 230 
preselection 233 
Pyrazofurin 199, 431 
rational drug design 227-229 
screening for new leads 230-231 
semirational drug design 227 
structure-activity analysis 227, 235 
tetraplatin 236, 238 
tiazofurin 236, 238 
trimetrexate 236, 239 

New drug trials 243 
dose escalation 246 
end points 248 
MELD 244 
phase I 243 
phase I trials 245-246 
phase II 243 
phase II trials 245-246 

patient selection 250 
statistical design 251-252 

phase III 243 



phase III trials 253-254 
statistical design 253-254 

preclinical pharmacology 248 
preclinical toxicology 243-244 
schedule selection 244 
toxic dose low (TDL) 244 

New strategies for metastasis diagnosis and 
therapy 395-397 

Nifedipine 204,206 
Nitrogen Mustard 194 
Nitroimidazole 38 
Nitrosamides 486 
Nitrosoureas 271, 536 
NK cells (see Natural killer cell therapy) 
Nodular lymphomas 309 
Nodular poorly differentiated lymphoma 287 
Noncross-resistant drug regimens 120 
Non-Hodgkin's lymphomas (NHL) 306,344 
Nonmelanotic skin cancers 105 
Non-rhabdomyosarcoma soft tissue 

sarcomas 598-599 
Non-small cell lung cancer 459 
Nucleus keys 233 
Nullizygosity 403 

Octadecyl-2-0-methyl-3-
glycerophosphocholine 430 

Octanol/water partition coefficient 262 
OK-432 298,302 
Oligodendroglioma 447 
Ommaya reservoir 183-184,266 
Oncofetal antigens 326 
Oncogenes (see also individual entries) 402-

404,407,409 
erb B 365,368,434 
ets 590 
Jms 435 
Jos 368,395 
her-2lneu 394 
mil/raj 590 
myb 590 
rnyc 368,395,411,590 
N-rnyc 411,605 
neu 368,394-395 
p21 368,416,435 
ras 363,367-368,394-395 
ros 435 
sis 364,434 
src 395,435,590 
as therapeutic targets 409 

Oncovin 516 
Organ tropism of metastases 383 
Ornithine decarboxylation 228 
Ortho para'DDD 16 
Orthoparaprime DDD (mitotane) 521 

Osmotic opening of blood brain barrier 267 
Osteosarcoma 403,585-588 
Ovarian cancer 137,170,309,327,384,509-

512 
Oxanthrazole 250 
Oxazaphosphorines 16, 17 

P-glycoprotein (PI70) 11,194,199-201,217-
218,494,510,614 

p21 368,416,435 
P388 206,233-234 
P450-dependent enzymes 203 
PALA (see N-(phosphonacetyl)-L-aspartic acid) 
Pancreatectomy 475 
Pancreatic carcinoma 110,473-478 
Pancreaticoduodenectomy 473 
Particle beam radiation therapy 46 
212Pb 323 
PCNU 271 
109Pd 323 
PDGF (see Platelet derived growth factor) 
Pediatric solid tumors 130 

Ewing's sarcoma 131 
rhabdomyosarcoma 130 

Penetration of drugs into tumors 174 
Peptichemio 606-607 
Perhexiline maleate 204 
Peritoneography 173 
PET 77 
Pharmacodynamics 167 
Pharmacokinetic parameters 261 
Pharmacokinetics 12, 167, 170,263 
Pharmacologic sanctuaries 16 
Phase I chemotherapy trials 9,243,245 
Phase II chemotherapy trials 9,243,250 
Phase III chemotherapy trials 9,243,253 
Phenylalanine mustard (L-PAM) (see also 

Melphalan) 194,558 
Phenylhydantoin mustard 16 
Pheochromocytoma 222,520 
Phorbol esters 205,406,433,435 
Phosphatidyl choline 390 
Phosphatidylinositol 432, 437 
Phosphatidylinositol( 4 ,5)-bisphosphate 

(PIP2) 408,429,433-434 
Phosphatidylserine 432 
Phosphodiesterase 390 
Phospholipase A2 389 
Phospholipase C 434, 437 
Phospholipid 430 
Phospholipid analogs 437 
Phosphorescence 94 
Photo activation 7 
Photo affinity labelling 218 
Photobiology 94 
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Photochemistry 94 
Photochemotherapy 93 
Photocoagulation 612 
Photodynamic therapy 93.49H 

clinical experience 104 
dihematoporphyrin ethers 96 
hematoporphyrin derivative 93 
Hpd absorption spectra 97 
lasers. use of 99 
phosphorescence 94 
photobiology 94 
photochemistry 94 
photochemotherapy 93 
photoradiation 93 
photosensitizer 94 
phthalocyanines 99 
soret band 96 

Photo radiation 93.453.613 
Photo radiation therapy (see Photodynamic 

therapy) 
Photosensitizers 94 
Phthalocyanines 99 
Pibenzimol 526 
Pions 6.46 
PIP2 (see Phosphatidylinositol(4.5)-

bisphosphate) 
Plasma cell myeloma 566 
Plasminogen activator 363.373 
Platelet-derived growth factor (PDGF) 364. 

371.434 
Platelet-derived growth factor receptor 

417 
Platinum (see Cis-platinum) 
PLDR (see Potentially lethal damage repair) 
Pleiotropic drug resistance 194. 200. 411 
Pneumocystis carinii 159 
Polyclonal antisera 319 
Polyglutamation (see Methotrexate polygluta-

mates) 
Polyribosyl pyrophosphate (PRPP) 197 
Polysorbate 80 (Tween 80) 204 
Porphyrins 96 
Portal vein infusion 15 
Position-emission tomography (PET) 37.76, 

261 
Potentially lethal damage repair 35 
Preclinical Assessment 347-351 
Preclinical Pharmacology 248 
Preclinical Screening 302 
Preclinical Toxicology 243 
Prednisone 547,557,566 
Preleukemia 148,407 
Prenylamine 204 
Preoperative Chemotherapy 602 
Progesterone 360 
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Progesterone Receptors 362-363.463 
Progestogens 369 
Progression (of malignant neoplasms) 3H3 
Promotion (of malignant neoplasms) 3H3 
Prostaglandins 524 
Prostate cancer 35H. 360-361, 363. 3H4. 501-

504 
cell lines 365-366 

Prostatectomy 501,503 
Prostate-specific Antigen 363,370,373 
Protein Kinase C 390. 406. 408. 432. 434. 437 
Proteinases 393-394 
Proteins 417 
Proton beam irradiation 46-47 
Proton irradiation 503 
Proto-oncogenes (see Oncogenes) 
Pseudomonas 369 
Pseudomonas exotoxin (PE) 331, 337.512. 565 
Pseudomyxoma peritonei 178 
Psoriasis 2DD 
Pulmonary irradiation 592.603 
Pulsed metal vapor lasers 100 
Purging techniques 344-345.351-352.608 

in allogenic bone marrow 
transplantation 345 

in autologous bone marrow 
transplantation 345-353 

clinical assessment of purging methods 347-
351 

leukocyte functional antigen (LF A-I) 345 
Pyrazofurin 199,431 
Pyridoxine 498 
Pyrimidine synthesis pathway II 

Quinacrine 389 
Quinazoline derivatives 228 
Quinidine 11,204,206,224,488,494 

Radiation Damage 35 
Radiation sensitizers 5,37,449 
Radiation therapy 3-7,31-48,531 

fast neutrons 6 
field planning 4 
intraoperative irradiation 4 
ion beams 6 
negative pi mesons 6 
pions 6 
radiation protectors 5 
radiation sensitizers (see also 

Radiosensitizing drugs) 5 
systemic irradiation 7 
targeted radiation 5 
therapeutic index of 4 
three-dimensional imaging in planning 4 
total body irradiation 7 



Radioactive isotopes 169 
Radiolabelled monoclonal antibodies (see 

Monoclonal antibodies) 
Radiolocalization 290 
Radiolymphography 563 
Radionuclides 5,46 
Radioprotective drugs 37, 41, 603 
Radiosensitizing drugs 5,37,40,486 
Radiotherapy (see Radiation therapy) 

treatment planning 53 
ras 363,367-368,394-395,402,404,408-410, 

416,419,435,437,489 
Rational drug design 227-228 
Receptor antagonists 372 
Regional hyperthermia 87 
Regional therapies 15, 166 

dose-response 167 
doxorubicin 168 
drug delivery 175 
5-f1uorouracil 15,168 
hepatic artery infusion 15 
intra-arterial (IA) 15,166 
intraperitoneal (IP) 166 
intrathecal (IT) 166, 182 
malignant effusions 169 
penetration of drugs 174 
pharmacodynamics 167 
pharmacokinetics 167 
portal vein infusion 15 

Renal cell carcinoma 19, 305, 468-471 
Repair 35-36 
Reserpine 204 
Retinoblastoma 108, 132,403,420,612-615 
Retinoblastoma gene 614 
Retinoic acid 430,433-435,507,610 
Retinoids 24,407,458,498,544 
Retroperitoneal sarcomas 110 
Retroviral vectors 210 
Retroviruses 210 
Reversal of drug resistance 205 
Reversal of the malignant phenotype 404 
Rhabdomyosarcoma 130,222,595-596 
Ribosome-inactivating proteins (RIPs) 331 
Richter's syndrome 558 
Ricin 329,337,344,512 
Ricin A chain (RTA) 330-331,369,559,565 
Ring keys 233 
Ring systems 234 
ros 435 
RTA-791T/36 immunotoxin 332 

Salvage factors 192 
153samarium 152 
Sanctuary sites 16, 192 
Saponin 434 

Saporin 331, 337 
Sarcoma 791T 330-331 
Sarcomas 384 
47SC 323 
Schedule selection 244 
Screening for new leads in drug 

development 230 
Second tumors 562,612 
Selenazofurin 254 
Semirational drug design 227 
Semustine (MeCCNU) 271 
Serotonin 524 
Shoulder (radiation) 34 
Signal transduction 406 
Simulation for radiotherapy 73,77 
SIN retroviral vectors 210 
s~ 364,371,408,434,518 
Skin erythema dose 53 
Small-cell lung cancer (see Lung cancer) 
Sodium thiosulfate 17 
Soft tissue sarcomas 595-599 

in adults 528-532 
chemotherapy of 530 
in childhood 595 
nonrhabdomyosarcoma ,598 
radiotherapy of 531 

Solcoderm 544 
Solid tumors 134,137,148 

brain tumors 137 
breast cancer 136 
germ cell tumor 135 
melanoma 135 
ovarian-carcinoma 137 
small-cell lung cancer 134 
somatostatin analog (SMS-201-995) 526 

Somatostatin 489,526 
Soret band 96 
Spirohydantoin mustard (SHM) 270 
Splenectomy in chronic myeloid leukemia/ 

eLL 557 
Splenic irradiation 557 
Squamous carcinomas 106 
Squamous carcinomas of the lung 109 
src 374,419,435,507 
Stable chimerism 153 
Statistical design of drug trials 251, 253 
Steroid hormones 361 

cellular responses 361 
hormone effects on macromolecules 362-

363 
hormone receptors 361-362 

Streptozotocin 16,474,525 
Structural fragments 233 
Structure-activity relationships (drugs) 227, 

235 
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Suicide enzyme inhibitors 228 
Sulfotransferases 203 
Superoxide dismutase 208 
Supraphysiologic hormone therapy 374 
Suramin 522 
Systemic radiation therapy 7, 44 

TlOl monoclonal antibody 292 
Talin 393 
Tamoxifen 204,464 
Target volume 80 
Targeted cancer therapy 317 

chemotherapy 16 
radiation therapy 5 

TBI (see Total body irradiation) 
T-cell antigen receptor genes 401 
T-cell leukemia/lymphomas (see Adult T-cell 

leukemia/lymphoma) 
T -cell-depleted marrow transplantation 

145,153,157 
T cells 283,286 
Teniposide 580,606 
Teratocarcinoma 405 
Tetradecanoylphorbol-13-acetate (TP A) 428 
Tetraplatin 236,238,512 
TGF-f3 (see Transforming growth factor) 
Therapeutic approaches 417-418 
Therapeutic index 4 
Thiol Oepleters 204 
Thiopental 86,88 
Thiosulfate 176, 178 
Thiotepa 184-185,496, 550 
Three-dimensional CT-based treatment 

planning 58 
Three-dimensional dose calculations 64 

beam geometry 66 
delta volume 67, 75 

Three-dimensional imaging 4 
Three-dimensional radiotherapy treatment 

planning 67-78 
automated structure recognition 74 
delta volume 67, 75 
divergent radiograph 73 
tiling 68 
wire frame 68 

Three step hypothesis 387 
Thymic Factors 302 
Thymidine Kinase 363,374 
Thymidylate Synthetase 11, 12,228,363 
Tiazofurin 236,238,254,431 
TIL cells (see Tumor infiltrating lymphocytes) 
Tiling 68 
TLI (see Total lymphoid irradiation) 
TNF (see Tumor necrosis factor) 
Toposiomerase II 197,494 
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Total body irradiation (TBI) 7,44-45,123, 
149,150,592,597,608 

Total lymphoid irradiation 44 
Total-body clearance 171 
Toxic dose low (TOL) 243 
Toxicity 24,309 
TPA 433,436 
Transferrin 407 
Transforming growth factor (TGF-f3) 22,364, 

366-367,371-372,408,471 
Transitional cell carcinoma of the bladder 111 
Translocations (chromosomal) 399 
Transplantation antigens 282 
Transport systems 260 
Treatment planning 63 
Triftuoroperazine 204 
Trimetrexate 11,196,236,239,255,550 
Triparanol analogs 204-5 
Trophoblastic neoplasia 514-518 
Tubular carcinoma 386 
Tuftsin 299,302 
Tumor heterogeneity (see Heterogeneity) 
Tumor infiltrating lymphocytes 19, 588 
Tumor initiation 383 
Tumor metastasis 299 
Tumor necrosis factor 19,281,301-302,309, 

407-408,435,471,489,493,537-538, 
565,569 

Tumor stem-cell assay 491 
Tumor volume (in radiation therapy) 80,81 
Tumor-associated antigens 290 
Tumor-infiltrating lymphocytes (TIL) 470, 538 
Tumor-specific therapy 24 
Type I collagen 390 
Type IV collagen 390 
Type IV collagenase 396 
Tyrosine analogues 418 
Tyrosine kinase 395,409,414,417-418,433-

435,437 
therapeutic approaches 417 

Tyrosine phosphorylation 433 

UOP-glucuronosyl transferase 203 
Ultraviolet 205 
Undifferentiated lymphomas 577 
Uridine kinases 363 
Uroprotection 17 

Vasopressin 205 
VCR (see Vincristine) 
Verapamil 11,204,206-207,224,494,510 
Very high dose therapy (see High dose 

chemotherapy) 
Vinblastine 200,505,536 
Vinca alkaloids (see also Vincristine and 



Vinblastine) 200, 536 
Vincristine 204,206,522,547,557-558,564, 

566,568,580,596,600,606,612 
Vindesine 333 
Vitamin A analogues 24 
VM-26 (see Teniposide) 
Von Recklinghausen's disease 598 
VP16 (see Etoposide) 

W-13 204 
Watch-and-wait approach to low grade 

lymphomas 558 
Whipple's operation 473 
Whole-body hyperthermia 88 

Wilms'tumor 132,403,420, 595, 600-603 
Wire frame 68 
WR-2721 (S-2-(3-aminoprophylamino)­

ethylphosphorothioic acid) 41,512,603 
WTl-Ricin A chain 184 

X-irradiation 268 
Xenobiotic-resistant rat hepatocytes 202-203 
Xeroderma pigmentosum 539,544 

Yttrium-90 46,323 

Zollinger-Ellison syndrome 524 
ZR-75-1 365 
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_ International Union Against Cancer 

Springer-Verlag Berlin 
Heidelberg New York London 
Paris Tokyo HongKong 

New edition accepted worldwide by all 
national committees 

B. Spiessl, O. H. Beahrs, P. Hermanek, 
R. V. P. Hutter, O. Scheibe, L. H. Sobin, 
G. Wagner (Eds.) 

TNM-Atlas 
Illustrated Guide to the TNM/pTNM-Classi­
fication of Malignant Tumours 

3rd edition. 1988. 452 figures. 
Approx. 350 pages. ISBN 3-540-17721-3 

The TNM Atlas follows the sound principles 
of the previous editions and includes a 
number of organs that were newly classified 
since the last edition. The present third 
edition takes into consideration all additions 
and changes made in the fourth edition of the 
TNM Classification of Malignant Tumours 
and, therefore, represents the current state of 
the TNM classification as accepted worldwide 
by all national committees, including the 
American Joint Committee on Cancer. 
Numerous illustrations help to visualize the 
anatomical extent of malignant tumours at 
the different stages of their development. The 
TNM Atlas is designed as an aid in the practi­
cal application of the TNM Classification for 
all doctors working in the field of oncology. 



International Union Against Cancer 

Springer-Verlag Berlin 
Heidelberg New York London 
Paris Tokyo HongKong 

P.Hermanek, L.H.Sobin (Eds.) 

TNM Classification 
of Malignant Tumors 
4th fully revised edition. 1987. XVIII, 197 pages. 
ISBN 3-540-17366-8 

The TNM System is the most widely used classification 
of the extent of growth and spread of cancer. The 
anatomical extent of disease is the prime indicator of 
prognosis for most cancer patients and provides the 
main criterion for the selection of therapy. After four 
years of international collaborative activity, a revised, 
unified, fourth edition of the TNM Classification is 
published as the result of a joint venture by the Ameri­
can, British, Canadian, French, German, Italian and 
Japanese National TNM Committees. Of paramount 
importance is the adoption of identical criteria of classi­
fication in the fourth edition of the VICC TNM Classi­
fication and the third edition of the Manual of Staging 
of Cancer of the American Joint Committee on Cancer 
(AJCC). 
Specific changes and additions to the fourth edition 
include the elimination of all differences between the 
AJCC and UICC TNM classifications of head and neck 
tumours and lung tumours; revision of the T classifica­
tions of esophageal and gastric carcinomas based on the 
Japanese studies of over 15,000 gastric and over 3,000 
esophageal carcinomas; modification of the classifica­
tion of colorectal tumours to provide direct congruence 
with the Dukes' classification, as well as allowing for a 
finer degree of subdivision; redrafting of the FIGO clas­
sification of gynecological tumours in the format of 
TNM, carried out in collaboration with FIGO; addition 
of TNM classification for sites not previously covered 
in earlier VICC editions, such as the pancreas, liver, gall 
bladder, biliary tract, salivary glands, maxillary sinus, 
bone and brain. 
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