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INTRODUCTION

This volume, the last in this series on cancer growth and
progression, is a companion volume to Volume IX and
further explores established and novel approaches for the
therapy of patients with malignant neoplasms. The stra-
tegies reflected in these volumes are direct extrapolations
from the basic science of cancer biology, growth and pro-
gression described in earlier volumes of this series. Some
approaches are directed towards the eradication or modifi-
cation of the properties of heterogeneous malignant tumor
cells at various stages of tumor progression, while other
approaches are directed towards modification of the host
antitumor defense systems, e.g., enhancement of host anti-
tumor immune reactivity.

The chapters reviewing immunotherapy and biological
tesponse modifiers in cancer treatment indicate how
advances in the basic science of cancer biology and tumor
immunology (see Volumes I-IV) have been rapidly extended
to clinical strategies for therapy of human neoplasms. In-
deed, these new approaches may yield effective modalities
for cancer treatment with a high margin of safety and effi-
cacy with the capacity to overcome conventional drug resis-
tance and tumor heterogeneity. Additional approaches
towards cancer treatment, as well as advances in conven-
tional treatment are also reviewed in this volume and in-
clude: transcatheter management, antifolates, purine metab-
olites, alkylating agents, platinum compounds, nitro-
soureas, triazine and hydrazine derivatives, anthracycline
antibiotics, actinomycin and other antitumor antibiotics.

Moreover, the current status of plant-derived vinca alka-
loids and non-alkaloid natural products is summarized.
Advances in hyperthermia and additional approaches for
the therapy of malignancies are also presented.

The volume continues with chapters on bone marrow
transplantation as well as hematologic and nutritional sup-
port for the cancer patient. Blood pressure in the cancer
patient, therapy for nausea and vomiting as well as pain are
discussed. The last chapter is devoted to the problems of the
terminally ill, including evaluations of the burden relatives
and friends of the cancer patient have to bear.

It is clear that important advances in the basic science of
cancer growth and progression (reviewed in Volumes I-1V
of this series) coupled with an understanding of cancer in
man as compared to other species (Volume V), and an
understanding of the etiology of cancer in man (Volume VI),
local invasion and spread of cancer in man (Volume VII),
and patterns of metastasis/dissemination in man (Volume
VIII) are all essential features for the formulation of new
advances in cancer management for human neoplasms. The
recent and substantial advances in cancer management re-
viewed in this volume, and in Volume IX, indicate the rapid
and expanding progress that will continue to emerge from
this continuum of basic sciences, preclinical studies in
therapy and diagnosis models in animals, and ultimate ex-
trapolation to the management of cancer in man.

Volume Editor
Paul V. Woolley

Series Editor
Hans E. Kaiser
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BIOLOGICAL RESPONSE MODIFIERS

ROBERT K. OLDHAM

ABSTRACT

Biotherapy represents a new modality of cancer treatment. It uti-
lizes biologicals and biological response modifiers. Many of these
substances are of ‘natural’ origin eminating from mammalian cells
as physiologic mediators of immune response and as substances
active in the regulation of growth and maturation. With the advent
of molecular biological techniques, hybridoma technology and
computer applications, it is now possible to prepare these biological
substances in highly purified form and in large quantities for use as
medicinals. The expertise required to apply these biotherapeutic
approaches to the treatment of cancer often involves the use of
immunological and/or molecular biological capabilities. Because of
the rather specialized expertise needed to understand and apply
these substances as anticancer approaches, those individuals with
expertise in the application of chemotherapy to patients with cancer
are not necessarily well prepared for the translation of biotherapy
to the clinic. Biotherapeutic approaches are broad and involve a
whole range of physiological responses inherent in cancer biology.
The approaches needed to bring these biotherapeutic capabilities to
the clinic need to be considered carefully and the use of new tech-
niques and new methods of application should be encouraged so as
not to inhibit these potentially powerful anticancer approaches. As
natural mediators, many biologicals have much less inherent toxic-
ity than the drugs previously used in systemic cancer therapy.
Therefore, the systems for translating these substances from the
laboratory to the clinic should be restructured for the rapid trans-
lation of biotherapy to the patient.

INTRODUCTION

Biologicals could encompass any substance of biological
origin but generally represent the products of the mam-
malian genome. With modern techniques of genetic engi-
neering the mammalian genome represents the new ‘medi-
cine cabinet’. Biological response modifiers (BRM) are
agents and approaches whose mechanisms of action involve
the individual’s own biological responses. Biologicals and
BRM can act in several ways in the biotherapy of cancer:

(a) augment the host’s defenses by administering cells,
natural biologicals or the synthetic derivatives thercof as
effectors or mediators (direct or indirect) of an antitumor
response;

(b) increase the individual’s antitumor responses through
augmentation and/or restoration or effector mechanisms
and/or decrease a component of the host’s reaction that may
be deleterious;

(c) augment the individual’s responses using modified
tumor cells or vaccines to stimulate a greater response by the
individual or increase tumor cell sensitivity to an existing

response;

(d) decrease transformation and/or increase differentia-
tion (maturation) of tumor cells;

(e) increase the ability of the host to tolerate damage by
cytotoxic modalities of cancer treatment.

While several of these approaches involve the augmen-
tation of biological responses, an understanding of the bio-
logical properties of immune response molecules, growth
and maturation factors and other biological substances will
assist in the development of specific molecular entities which
can have direct actions on biological responses and/or on
tumor cells. Thus, one can visualize the development of
biological approaches with response modifying as well as
direct cytolytic, cytostatic, or maturational effects on tumor
cells.

It is clear that the mechanisms are now available for the
development of biotherapy. To put these approaches into
clinical practice it is important to dispel a historical dogma
of immunotherapy. Biotherapy can have activity on clini-
cally apparent disease, and the testing is not restricted to
situations where the tumor cell mass is imperceptible (38).
Thus, the clinical trial designs for biotherapy can be similar
to those used previously for other modalities of cancer

treatment, as long as one is sensitive to the need to measure

both pharmacokinetics and the biological responses affected
by these approaches (34). Thus, testing is continuing for the
interferons, lymphokines/cytokines, growth and maturation
factors, monoclonal antibodies and immunoconjugates
thereof, vaccines and cellular therapy.

HISTORICAL PERSPECTIVES

Given the variability of cancer’s clinical presentation, it is
not surprising that randomized trials of nonspecific and
specific immunotherapy, as translated from animal models,
have not been uniformly successful in cancer treatment (21,
22). Naturally occurring cancers arise in a particular organ
from one cell or a few cells under some carcinogenic stim-
ulus. In humans, these initial foci of cancer cells may grow
over very long periods of time (from 1% to 10 % of the
human life span) before there is any clinical evidence of the
disease. Dissemination of cells from initial focus may occur
at any time during the development of the primary tumor.
Thus, growth and metastasis occur over months to years,
allowing complex biological interactions to take place.

By contrast, experimentally induced cancer is an artificial
situation. The tumor cells injected into young, normal ani-

P.V. Woolley (ed.), Cancer management in Man: Biological Response Modifiers, Chemotherapy, Antibiotics, Hyperthermia, Supporting Measures
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2 Robert K. Oldham

mals, thereby circumventing the influences of environmental
or genetic factors which may be operative in the natural host
during tumor development, and the injection represents a
single instantaneous point source for a defined tumor load
which has been manipulated in virro. Regardless of whether
that tumor load is 10" or 10% cells, it is being placed artifici-
ally into a single site and allowed to grow and metastasize
from that selected single site. Thus, these transplantable
cancers are not analogous to clinical cancer.

The modern era of cancer treatment began in the 1950s
with the recognition that most cancers were systemic prob-
lem. It became obvious that lymphatic and blood-borne
metastases often occurred simultaneously with local growth
and regional spread. The early success of alkylating agents
in the systemic treatment of lymphoma prompted a massive
search for drugs which might have cytolytic or cytostatic
effects on cancer cells. There is now widespread recognition
that drugs in cancer treatment can effectively palliate and
sometimes cure. The development of three modalities (sur-
gery, radiotherapy and chemotherapy) and their subsequent
integration into what is now multimodal cancer treatment
have been recently summarized (8).

In the last 5 years, we have reached a plateau in cancer
treatment. New surgical techniques and new methods of
radiotherapy are being developed but these two modalities
are useful mainly in the local and regional cancer treatment.
Chemotherapy continues to evolve, with new drugs and new
combinations of drugs being developed for cancer treat-
ment. There has been continued slow progress in the treat-
ment of highly replicative and drug sensitive malignancies
over the last 10 to 15 years. It is now apparent that further
progress with chemotherapy will probably depend on a
greater understanding of the metabolic processes of cancer
cells and the differences between these and normal cells. In
addition, there are the problems of selectivity of action and
drug delivery. Clearly, cancer cells are more like than unlike
normal cells with respect to sensitivity to current chemo-
therapeutic agents. There is little evidence of selectivity in
the delivery or effects of anticancer drugs. Many chemo-
therapeutic agents are highly cytolytic, but the problems of
normal tissue toxicity, drug delivery, and tumor cell resis-
tance remain (8, 18). Thus, cancer remains a systemic prob-
lem which requires further systemic approaches for more
effective treatment.

The scientific base is now firm for the establishment of
biotherapy as the fourth modality of cancer treatment. His-
torically, there was an attempt to establish immunotherapy
in this role. While immunotherapeutic effects were re-
producible under selected experimental conditions, it was
not strikingly effective in animals bearing palpable tumors.
Given the observation that immunotherapy was more effec-
tive with smaller tumor burdens, investigators began to
study both ‘specific’ and ‘nonspecific’ immunotherapy as
treatment for minimal residual disease. Although it became
widely accepted that the treatment of animals with minimal
residual disease was analogous to the postsurgical treatment
of cancer in humans, this analogy was often stretched to the
limit. Immunotherapy in young and normal animals was
often begun on the day (or 1-2 days) of the tumor transplant
using a transplant of a very small number of tumor cells (one
to 1000) into a single site. In many of these studies and in
studies where the tumor was surgically resected and no

evident disease remained, the effects of immunotherapy were
reasonably reproducible and were most beneficial when the
tumor mass was < 10° cells.

These experimental results developed into the dogma that
immunological manipulation or immunotherapy could
work only when the tumor cells mass was imperceptible (38).
This posed real problems for the immunotherapy of human
malignancies since the tumor cell mass is at least two orders
of magnitude greater than 10° cells at clinical diagnosis.
Even in the postsurgical adjuvant setting, the timing of most
recurrences would seem to indicate that larger numbers of
cells were probably present (although clinically impercep-
tible) than immunotherapy would likely have been able to
cure.

Despite the obvious difficulties with the experimental re-
sults in animal tumor models, clinicians began immuno-
therapy trials in the 1970s. Initial, small nonrandomized
trials would often be reported as being positive. Larger,
randomized, controlled studies were done to confirm or
deny the efficacy of a particular immunotherapeutic regimen
in a particular cancer. While some of the controlled studies
were positive, most yielded marginal or negative results.
Thus, the negative attitude of most clinicians toward immu-
notherapy by the end of the 1970s (51).

Why did immunotherapy fail to establish itself as a major
modality for cancer treatment? An important factor was the
lack of definition and purity of the reagents for immuno-
therapy. Many of the nonspecific approaches involved the
use of complex chemicals, bacteria, viruses, and poorly
defined extracts in an attempt to ‘stimulate’ the immune
response without any molecular definition as to the actual
stimulating entities (such as tumor-associated antigens)
which might have been involved in the treatment. Given the
lack of analogy between model systems and man, the poorly
characterized reagents and the problems of variability in
experimental procedures, the lack of efficacy was hardly
surprising.

Biological control mechanisms should be envisioned on a
much broader basis than the immune system. While
immunotherapy remains a subcategory of biotherapy, there
are numerous additional possibilites for the control of can-
cer. Growth and differentiation factors, the use of syntheti-
cally derived molecular analogs, and the pharmacologic
exploitation of biological molecules now involves a much
broader range of approaches than those previously con-
sidered as immunotherapy.

There were specific developments that led to biotherapy
becoming the fourth modality of cancer therapy (37). First,
advances in molecular biology have given scientists the
capability to clone individual genes and thereby produce
significant quantities of highly purified products of the
mammalian genome for analysis. Unlike extracted and puri-
fied biological molecules, which were available only in small
quantities in semi-purified mixtures, the products of cloned
genes have a level of purity on a par with drugs and can be
analyzed alone or in combination as to their effects in cancer
biology. In addition, recent progress in nucleic acid sequenc-
ing and translation, protein sequencing and synthesis, the
isolation and purification of biological products and mass
cell culture, has given us the opportunity to alter proteins at
the nucleotide of amino acid levels to manipulate and opti-
mize their biological activity.



A second major technical advance was the discovery of
hybridomas. A major limitation for the use of antibodies
was the inability to make high-titer specific antisera and to
define these preparations on a molecular basis. Immuno-
globulin reagents can now be produced with the same level
of molecular purity as cloned gene products and drugs.
These monoclonal antibodies are powerful tools in the iso-
lation and purification of tumor-associated antigens, lym-
phokines/cytokines and other biological molecules which
can be used in biological therapy. The advances in molecular
biology and hybridoma technology have eclipsed previous
techniques for the discovery and purification of biological
molecules.

Technological advances in equipment and computers
have been critically important for isolating and purifying
biological molecules. We now have the capability to con-
struct nucleotide or amino acid sequence to fit any biological
message that we are able to decipher. While this synthetic
capability is currently limited to smaller genes and gene
products, the techniques are rapidly becoming available
where analysis and construction of nucleotide sequences will
occur in an automated way, making enormously complex
molecules possible to synthesize and manufacture.

DETECTION OF BIOLOGICAL ACTIVITY IN
PRECLINICAL MODELS

Central to the identification of biotherapy that might be
useful in clinical oncology is the recognition that, in the
main, the challenge in humans is the eradication of metas-
tases. In this regard, two important facts must be kept in
mind: First, metastases can result from different subpopu-
lations of cells that reside within the primary neoplasm (12),
which may explain the fact that cells residing within a metas-
tasis can be antigenically distinct from those that predomi-
nate in the parental tumor (2, 11, 30), and from other
metastases (2, 50). The implications of such findings as they
relate to the outcome of specific immunotherapy are ob-
vious. Second, normal animals are not comparable to ani-
mals or humans bearing autochthonous neoplasms (30).
Specific or nonspecific defects may exist in animals and in
humans that lead to the development of their autoch-
thonous tumors. Corrections of such defects may require a
totally different form of biotherapy than that required to
assist the normal host in controlling an implanted cancer.

SCREENING CRITERIA

Theoretically, an ideal procedure for screening should em-
ploy a system of sequential and progressively more demand-
ing studies designed to select a maximum number of effective
agents.

The term screening denotes a series of sequential assays
through which many agents are tested for therapeutic poten-
tial. For some BRM, a general screening procedure may be
inappropriate. For example, the activity of a monoclonal
antibody with antitumor specificity would not be detected
by use of the general activity screen. The design of a general
screening system for biological therapy has been reviewed
(13, 31). Such a step-by-step approach to the screening of
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potential BRM has been designed to define their effects on
T-cell, B-cell, NK cell, and macrophage functions. A pro-
gressive sequence in vitro to in vivo allows the variables of
dose, schedule, route, duration and maintenance of activity,
adjuvanticity, and synergistic potential to be explored in an
orderly fashion.

EFFICACY TESTING

The preclinical evaluation of biotherapy requires the in vivo
testing of these agents in relevant model systems. The impor-
tance of the use of primary hosts with autochthonous
tumors for investigating approaches that show preliminary
therapeutic potential in transplantable animal tumor models
cannot be overemphasized. Although this concept has been
frequently discussed, the ability to obtain significant num-
bers of primary hosts in a reasonable time after initiation of
a tumor by chemical or physical carcinogens remains a
problem. Spontaneous neoplasms (of unknown cause) arise
in rodents, but the use of these tumors as models is currently
not practical.

The UV radiation carcinogenesis model developed by
Kripke and co-workers (27, 28), has been useful in screen-
ing. In this system, chronic exposure of mice to UV radi-
ation results in the development of single or multiple skin
neoplasms. These tumors are antigenic, and most are re-
jected when transplanted into normal, synergeneic recip-
ients. However, the tumors grow progressively in immu-
nologically deficient recipients or in synergeneic mice that
have been exposed to low-dose, nontumorigenic UV radia-
tion. The immune response of UV-irradiated mice to a
variety of exogenous antigens is normal, suggesting that
suppressor cells with selectivity for antigens expressed on
autochthonous UV radiation-induced tumors exist.

An ideal carcinogen-induced tumor system would be one
in which the carcinogen is easily administered, has a short
latent period, is not highly toxic, and is capable of reproduc-
ibly inducing palpable primary tumors that metastasize in a
high percentage of rodents. The induction of mammary
tumors in rats by IV injections of single-dose N-nitroso-N-
methylurea appears to be a suitable carcinogen-induced
tumor system with many of these characteristics and is being
used as a second model in this screening process (29).

SCREENING EVALUATION

Screening programs for chemotherapeutic agents were initi-
ated in the mid-1950’s and attempts have been made to
randomly examine thousands of compounds for antitumor
activity. Such large screening programs are empirically rath-
er than rationally based and are no longer appropriate (1).
The biotherapy screen should confirm, standardize, and
extend previous laboratory observations in a valid, syste-
matic, and interpretable way to provide a vehicle for the
translation of data to the clinical reality.

Whether induced or transplantable animal tumor systems
are valid models for testing therapeutic modalities for
human cancer has been a controversial issue (21, 22). In
patients, therapy successful for one type of tumor may not
be successful for another type or even for another patient
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with the same histologic type of cancer. Unlike the model
systems where treatment can be given with precise timing
relative to the metastatic phase of an implanted tumor or
injected tumor cells, cancer diagnosis is generally late in
humans, and micrometastases and often macrometastases
have become established before treatment can be initiated.
Thus, screening programs can only provide tentative indi-
cations on agents/approaches of interest. The testing of
biotherapy in an involving, controlled system may help
eliminate arbitrary decisions on the use of a given biological
approach and ultimately may contribute to the development
of novel approaches for the treatment of disseminated can-
cer.

BIOTHERAPY: SPECIFIC AGENTS AND
APPROACHES

Nonspecific immunomodulators: Since the early 1900s,
immunotherapy with bacterial or viral products has been
utilized with the hope of ‘nonspecifically’ stimulating the
host’s immune response (38). These agents have been useful
as adjuvants and as nonspecific stimulants in animal tumor
models. However, human trials have been disappointing.
Clearly, in the animal tumor models, specific requirements
for immune stimulation are much better defined. It may be
possible that purified components of bacterial cell walls,

fungi, purified viruses, or specific chemicals (Table 1) will

lead to the development of more effective adjuvants or
stimulants of the immune response for use in association
with tumor associated antigens and synthetic peptide vac-
cines for active specific immunotherapy or immunoprophy-
laxis. The use of purified derivative of bacterial components
such as muramyl di- (or tri-) peptide packaged in liposomes
as a method to stimulate macrophages to greater anticancer
activity is an approach of greater promise.

Active specific immunotherapy. There has been a substantial
effort to actively immunize autochthonous or synergeneic
hosts with irradiated or chemically modified tumor cells in
an attempt to use active specific immunotherapy (39). In-
herent to this approach is the assumption that tumor cells
express immunogenic tumor associated antigens (TAA).
Treatment of tumor cells with a variety of unrelated agents
such as irradiation, mitomycin, lipophilic agents, neurami-
nidase, viruses, or admixtures of cells with bacterial ad-
juvants have produced nontumorigenic tumor cell prepara-
tions that are immunogenic upon injection into synergeneic
hosts.

Recently, a reevaluation of the procedures of active spe-
cific immunotherapy using BCG-tumor cell (‘antigens’)
vaccines has been undertaken using a synergeneic hepato-
carcinoma in an inbred strain of guinea pigs. Investigations
of several variables of vaccine preparation, such as a ratio of
organisms to viable, metabolically active tumor cells, the
procedures of cryobiologic preservation, and the irradiation
attenuation of cells, have resulted in the development of an
optimal nontumorigenic BCG-tumor cell vaccine, as well as
an effective regimen for the treatment of both micrometa-
static and limited macrometastatic disease (19, 20).

The nature of the anatomic alteration in metastatic nod-
ules that accompanies active specific immunotherapy was

Table 1. Biologicals and biological response modifiers.

Lymphokines and cytokines

Antigrowth factors
Chalones
Colony-stimulating factor
(CSF)
Growth factors (transform-
ing growth factor-TSF)
Lymphocyte activation factor
[LAF-interleukin 1(IL-1)]
Lymphotoxin (LT)
Macrophage activation
factor (MAF)
Macrophage chemotactic
factor

Migration inhibitory
factor (MIF)

Maturation factors

T-cell growth factor
[TCGF-interleukin 2
(IL-2)]

Interleukin 3 (IL-3)

T-cell replacing factor
(TRF)

Thymocyte mitogenic
factor (TMF)

Transfer factor

B-cell growth factor
(BCGF)

Tumor necrosis factor
(TNF)

Monoclonal antibodies

Monoclonal antibodies to
growth promoting factors

Anti-T-cell and anti-T-
suppressor cell antibodies

/

: Tumor-associated antigens

Antitumor antibody (including
antibody fragments and/or
conjugates with drugs, toxins,
and isotopes)

/ Antigens

Vaccines

Effector cells

Macrophages
NK cells

T-cell cytotoxic clones
Lymphokine activated cells

Miscellaneous approaches

Allogeneic immunization

Bone marrow transplantation
and reconstruction

Viral oncolysates of cells

Plasmapheresis and ex vivo
treatments (activation columns
and immunoabsorbents)

Immunomodulator and/or immunostimulating agents

. Alkyl lysophospholipids

(ALP)

Azimexon

BCG

Bestatin

Brucella abortus

Corynebacterium parvum

Cimetidine

Sodium diethylithio-
carbamate (DTC)

Levan

Muramyldipeptide (MDP)

Malic anhydide-divinyl
ether (MVE-2)

Mixed bacterial vaccines
N-137

Nocardia rubra cell wall
skeleton

Picibanil (OK 432)

Prostaglandin inhibitors

Endotoxin (aspirin, indomethacin)
Glucan Staphage lysate (SPL)
‘Immune’ RNAs Thiobendazole
Therafectin Tilorones
Krestin Tuftsin
Lentinan

Interferons and interferon inducers
Interferons Brucella abortus
Poly IC-LC Viruses
Tilorones

Thymosins

Thymosin alpha-1
Thymosin fraction 5

Other thymic factors




explored further by use of a specific monoclonal antibody as
a probe to assess vascular permeability within these tumor
models (24, 25). Immunohistologic analysis of antibody
distribution showed that significantly more antibody accu-
mulated in tumors from vaccinated animals than in compar-
able tumors from untreated guinea pigs. Insufficient atten-
tion has been given to the possibility that the anatomic
characteristics of tumor foci restricted drug or host inter-
actions, thus protecting tumors not only from immuno-
therapy but from other forms of treatment as well (18).

The regulation of the blood supply to neoplastic tissue
may be different from that of the host tissues invaded by the
tumor. This biologic state of the tumor metastatic nodule
contributes to the fact that blood-borne substances, such as
chemotherapeutic agents, monoclonal antibodies, and im-
mune effector cells, would encounter this vascular barrier,
thus limiting their access to all portions of the tumors. Such
vascular barriers may provide an environment in which
some tumor cells survive blood-borne chemotherapeutic
and biologic agents. In this respect, solid tumor nodules may
serve as ‘pharmacologic sanctuaries’, allowing even drug-
sensitive tumor cells to continue to grow (18).

Hanna and co-workers (20), demonstrated that strategi-
cally timed chemotherapy subsequent to immunotherapy can
effectively double the number of survivors attainable with
immunotherapy alone. Furthermore, it has been shown that
the synergistic effects obtained by combining immuno-
therapy with chemotherapy are not drug-specific. These
results suggest a new basis for active specific immuno-
therapy in the treatment of solid tumors. Inflammatory
disruption of anatomic barriers of metastatic nodules com-
bined with strategically administered chemotherapy or
biological therapy may prove to be useful in the design of
future clinical trials in man.

Another approach might involve the delivery of lym-
phokines/cytokines such as tumor necrosis factor, lym-
photoxins, macrophage cytotoxic factors, and activated
complexes (such as those generated by plasma perfusion
over protein A columns) to the tumor and its vascular bed.
The delivery of these substances to tumor nodules might
increase the vascular permeability and increase the access of
antibody, immunoconjugates, drugs, and activated cells to
the cancer cells (18).

A major limitation of active-specific immunotherapy has
been the availability of purified tumor antigens. As presently
established, the necessity of adhering to a strict protocol for
whole-cell vaccine preparations (which may differ among
different tumors) constitutes a major limitation in adapting
this procedure for the clinic. While the present vaccine
preparations must contain viable, nontumorigenic cells
prepared from individual tumors, it is possible that in the
future monoclonal antibody-defined purified tumor anti-
gens would be available for large-scale immunizations. With
these, a procedure can be visualized which would include
antigen purification and characterization followed by genet-
ic engineering of the antigen for vaccine production. Alter-
natively, synthetic peptide sequences of the active portion of
tumor associated antigens may prove useful in the near
future. Even the combining site of antibody to TAA has
recently been suggested as a potential vaccine. All of these.
technologies are at hand and specific preparations will soon
be available for clinical evaluation.
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Thymic factors. It has been known for years that thymic
extracts have biological activity on cells in the immune
system (17). Thymosin fraction 5 and thymosin alpha-1 have
received the most attention in the laboratory and the clinic.
Thymosin fraction 5 is an extract containing a variety of
thymic polypeptides, and alpha-1 is a synthetic polypeptide
component present in many thymic extracts. Components of
thymic preparations have been shown to enhance and sup-
press immune responses in both intact and thymectomized
animals. Many investigators have reported that the thymo-
sins can correct selected immunodeficiency states, both nat-
ural and laboratory-induced. There have also been reports
that thymic factors can augment suppressed or depressed
T-cell responses in patients with cancer. Studies are in pro-
gress with thymosin fraction 5 and with alpha-1 to deter-
mine their efficacies in patients with cancer. Studies in pre-
clinical screening have demonstrated stimulation of T-cell
activity (48), but clinical studies have not shown striking
effects (9, 47, 48).

Interferons. Interferons are small, biologically active pro-
teins with antiviral, antiproliferative and immunomodula-
tory activities. Each interferon has distinctive capabilities in
altering a variety of immunological and other biological
responses. As a class, the interferons appear to have some
growth-regulating capacity in that antiproliferative effects
are measurable with in vitro assays and in animal model
systems. The relative efficacy of the mixtures of natural
interferons that occur after virus stimulation as compared to
the cloned interferons remains to be precisely determined.
Because there may be > 20 interferon molecules (and hun-
dreds of recombinant hybrids thereof) and because attempts
have already begun at recombining the different molecules
into mixtures of interferon and because of efforts are under-
way altering individual interferon molecules in specific ways,
the range of biological activities of the interferons as anti-
viral agents, as immunomodulating agents and as antipro-
liferative agents may be very broad (35).

In addition to antiviral and antiproliferative activity, the
interferons have profound effects on the immune system.
Relatively low doses will enhance antibody formation and
lymphocyte blastogenesis, while higher doses will inhibit
both of these functions. Low to moderate doses may inhibit
delayed hypersensitivity while enhancing macrophage
phagocytosis and cytotoxicity, natural killer (NK) activity,
and surface antigen expression. Interferons prolong and
inhibit cell division, in both transformed and normal cells.
In addition, interferon stimulates the induction of several
intracellular enzyme systems with resultant profound effect
on macromolecular activities and protein synthesis. All of
these functions have been documented in murine systems,
but complete dose-response effects for all types of inter-
ferons in these cellular activities have not been thoroughly
investigated in either mouse or man. The alpha interferons
have been most extensively tested but it would appear that
beta and gamma interferon have similar effects, but relative
potency may vary.

With respect to cancer therapeutics, it is still unclear
whether the interferons work primarily by their anti-
proliferative activity or through alterations of immune re-
sponses. Most of the current evidence with lymphoma sup-
ports a direct antiproliferative effect in that higher doses
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induce more responses and patients failing in lower doses
can be reinduced to respond to higher doses (5, 16, 49).
What is clear from the current preclinical and clinical studies
is that the interferons have antitumor activity even in bulky
drug resistant cancers (46, 47). Clinical activity has been
seen most reproducibly with a variety of lymphomas, but
response in many other tumor types have been seen (36, 37).
The best dose, schedule, route of administration, and type of
interferon needs to be determined by further efficacy studies,
and the use of interferon in combination with other antican-
cer agents is just beginning (34).

Lymphokines and cytokines. Many of the biologicals which
will be tested in biotherapy are cell products (cytokines),
lymphocytes products (lymphokines) or direct cytotoxic fac-
tors of activated lymphocytes (lymphotoxins) or macro-
phages (cytotoxins) (38). The lymphokines have a specific
ability to regulate certain components of the immune re-
sponse, which may be useful in altering the growth and
metastasis of cancer in man. For example, it is possible that
certain lymphokines may augment the ability of T-cells to
respond to tumor-associated antigens, and others may in-
duce higher responsiveness with respect to B-cell activity in
cancer patients. Additionally, lymphokines which decrease
suppressor functions may be useful in enhancing immune
responses through a lessening of suppressive effects. Anoth-
er specific use of lymphokines may be in the pharmacologic
regulation of tumors of the lymphoid system. While many of
these tumors are considered to be generally unresponsive to
normal growth-controlling mechanisms mediated by lym-
phokines, it is possible that large quantities of pure lym-
phokines administered as medicinals or the use of certain
molecular analogs of these naturally occurring lymphokines
may be useful in the treatment of lymphoid malignancies.
This concept has recently been extended to other cancers in
that in vitro observations now suggest an antiproliferative
activity of the interferons in many solid tumors. A major
question exists on how to maximize the use of these sub-
stances. Their antiproliferative effects might be maximized
by testing the tumor cells of each patient to ‘custom tailor’
the treatment rather than giving these biologicals as general
treatment in the method used for anticancer drugs (42, 44).

Interleukin 1 (IL-1), originally known as lymphocyte acti-
vating factor, is a macrophage-derived cytokine that was
identified originally as a result of its nonspecific enhancing
effect on murine thymocyte proliferation. Both IL-1 and
viable macrophages are necessary for the initial step in
activation of interleukin 2 (IL-2). Cloning of IL-1 and 11-2
has made large quantities of highly purified materials avail-
able for further studies.

Clinical studies with IL-2 have been oriented around in
vitro cell production protocols and/or induction or main-
tenance of antitumor T-cell effects in vivo (6, 36). The reports
of Rosenburg using IL-2 to activate peripheral blood cells
has stimulated much interest. These activated cells are
generally more active against cancer cells than normal cells
although their lineage (T-cell, NK-cell, LAK cells, etc.) is
not clear. This approach though expensive and cumber-
some, illustrates the rapidity with which developments in
biotherapy are occurring (42, 44).

A lymphotoxic product of antigen mitogen-stimulated
leukocytes was the first lymphotoxin described. Lympho-
toxin may be the principle effector of delayed hypersensitiv-
ity and, although conflicting data have been reported, may

also be involved in the cytotoxic reactions of T-cell-
mediated lysis and NK or K-cell lysis. Depending upon the
type of tumor cell involved, the in vitro effect of lymphotoxin
may be either cytolytic or cytostatic. Mouse tumor cells are
frequently killed by homologous and heterologous lym-
photoxins, whereas in other species, reversible inhibition of
tumor cell proliferation is more common.

Human lymphotoxin has been produced from peripheral
blood lymphocytes or tonsillar lymphocytes by stimulation
with phytohemagglutinin or concanavalin A, and it has been
harvested from supernatants of lymphoblastoid cell lines
which constitutively produce small amounts of lympho-
toxins (45). Isolation of human lymphotoxin for in vivo
studies is complicated by the coproduction of at least five
major species and several subspecies which result from the
association with other components and by the subsequent
spontaneous degradation to lower molecular weight forms.
The recent purification and cloning of tumor necrosis factor
(TNF) a lymphotoxin like molecule will resolve the molec-
ular heterogenity issue as it did for the alpha interferons and
will make available sufficient material for clinical eval-
uation. Clinical trials with TNF are now underway in Japan
and the US with early reports of direct anticancer activity
and some considerable toxicity.

Combined treatments with lymphotoxin, local or system-
ically administered, with other antitumor agents may be
more valuable than lymphotoxin alone. What may be im-
portant is the ability of lymphotoxin to inhibit chemical and
radiation-induced neoplastic transformation (10). Lym-
photoxin used as an adjunct to chemotherapy may permit
higher levels of effective but potentially carcinogenic agents
to be used with less risk of producing a second malignancy.

Lymphotoxin antitumor activity may be potentiated
when it is given with other lymphokines such as macro-
phage-activating factor TNF interferon, and IL-2. Lym-
photoxin directly inhibits the growth of some tumor cells
and also renders these cells more susceptible to NK-
mediated lysis. Since interferon enhances the activity of NK
cells, lymphotoxin and interferon given together or in
sequence may result in more NK-mediated killing than that
obtainable with either agent alone. There is now evidence
that the combined use of various lymphokines may give
enhanced antiproliferative effects (Oldham, R.K., unpub-
lished observations). Selective assays for lymphokine anti-
proliferative cocktails may prove useful in tailoring such
preparations for individual patients. (42).

More than 100 biological molecules have already been
described and named as lymphokines. Clearly, several bio-
logicals such as the interferons, lymphotoxins, TNF macro-
phage-activating factor, IL-1, IL-2, and IL-3 are now avail-
able and under evaluation as antitumor agents since each,
through its own distinct mechanism, may contribute to
tumor control. Such studies require quantities of material
sufficiently pure to exclude contributions by other factors
and permit definitive evaluation of each lymphokine/
cytokine. Larger-scale studies will require standardized
preparations, in quantities best obtained through genetic
engineering, with the use of sensitive and rapid assay
procedures to monitor production, purification, bioavaila-
bility.

Monoclonal antibody. The advent of hybridoma technology
in the late 1970’s has made available an important tool for



the production of monoclonal antibodies for therapeutic
trials (4). Hybridoma/monoclonal antibody technology has
revolutionized studies with antibody across the whole field
of immunology. These reagents can now be produced in
huge quantities, in highly purified form, and in high titer,
making available specific reagents of a type never possible
with heteroantisera. These antibodies have already proven
useful in purifying lymphokines/cytokines and in defining
and isolating tumor associated antigens. As such, these
monoclonal antibodies will undoubtedly define a whole new
range of antigens on the cell surfaces, which will improve
our understanding of cell differentiation and of cancer biol-
ogy. Major problems in understanding the biology of the
cancer cell have been the difficulties of isolating, purifying,
and characterizing tumor-associated antigens. The use of
monoclonal antibody technology will better define the neo-
plastic cell surface and identify its differences from the nor-
mal counterpart, will be of value in cancer diagnosis and
histopathologic classification, and will be useful in the imag-
ing of tumor cell masses and in the therapy of cancer (14, 16,
23,24, 32, 37, 41, 43, 46). Finally, antibody may be a useful
reagent in treating certain immune deficiencies and in alter-
ing immune responses. The removal of T-cells from bone
marrow to improve bone marrow transplantation tech-
niques is an example of using antibody as a BRM (32).

In spite of encouraging data for the use of antibody and
especially immunoconjugates as targeting agents, the
heterogeneity of cancer is an important consideration. If one
uses a single antibody or a combination of a few antibodies
that cover only a portion of the tumor cells and, if that
preparation does not eliminate the true replicating cell
population (stem cell) from the tumor population present in
the patient, eventual outgrowth of viable cells and perhaps
resistant cells will be inevitable. Therefore, it seems logical to
proceed with attempts to type human tumors and to deliver
toxic substances to them utilizing ‘cocktails’ of antibodies
sufficient to cover all the tumor cells known to exist in each
patient. This type of approach may require a considerable
amount of testing for each patient and a ‘typing’ of one or
more tumors from each patient. Such approaches may be
much more custom tailored than is easily approachable
through the product development paradigm which has been
used with some success in the development of new cancer
drugs. If indeed, the spectrum of human tumor hetero-
geneity is great, the possibility of the ideal antibody con-
jugated to the ideal toxic agent may not be achievable.

The difficulties in preparing antibodies and immunocon-
jugates, for clinical use, are obvious and these approaches
will be complex and time consuming. Initially, it will be
important to deliver unconjugated antibody in a way to
better understand its biodistribution, pharmacokinetics and
clinical effects. Then, we should proceed to the delivery of
immunoconjugates in a way as to best learn what their
clinical effect might be. Testing of this sort is now underway
and investigators and patients alike can anticipate an im-
provement in the selective delivery of toxic agents to the
cancer cell in the near future.

PERSPECTIVES

What should we expect from biotherapy in this decade? At
the onset, it is clear that we now have much more powerful
tools for improving cancer therapy in the future. We now
have the techniques to decipher the major problems in can-
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cer biology down to the genetic level. The development of
these techniques, along with the recognition that biotherapy
can provide increased specificity in cancer treatment, sup-
ports the belief that new and highly effective approaches are
coming. As with the other three modalities, biotherapy
should not stand alone. It provides an additional technique
which may work most effectively in combination with sur-
gery or radiotherapy to decrease the local and regional
tumor or with chemotherapy to reduce the systemic tumor
burden. It may work very effectively with radioisotopes
specifically to the tumor site or with traditional chemo-
therapy with respect to enhancing the specificity of drug
delivery.

The use of biotherapy is at an early stage. It is already
clear that highly purified biologicals can be effective in
patients with clinically apparent tumors. Clinical studies
with alpha interferon and IL-2 have now demonstrated the
responsiveness of drug-resistant lymphoma, melanoma, and
renal carcinoma. These results, along with the early clinical
results using monoclonal antibody, confirm the concept that
we need not think of biotherapy as a tool that can be used
only in patients with undetectable and minimal tumor bur-
dens. While this modality may work best with minimal
tumor burdens, a situation which is also true for chemother-
apy, biotherapy can be useful as a single modality in clini-
cally apparent disease. It may be even more effective in
multimodality treatment regimens. Biotherapy offers the
hope for selective treatments in ways that should significant-
ly enhance the therapeutic toxic ratio and lessen the problem
of nonspecific toxicity, a major impediment to the develop-
ment of more effective anticancer treatment. The 1980s will
provide new opportunities to pursue new approaches in
cancer treatment. Given these new techniques and new ap-
proaches, we must now begin to redesign many of the
mechanisms for the development and testing of new antican-
cer agents (33). It may well be possible that specifically
tailored treatment will require biotherapy to be developed
much more individually as compared to the historical de-
velopment of therapy for broad disease categories. We must
be prepared to change and adapt to the challenges and
opportunities afforded by biotherapy (37).
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ANTITUMOR EFFECTS OF INTERFERONS'

ROBERT M. FRIEDMAN and ROBERT K. OLDHAM

ANTITUMOR EFFECTS OF INTERFERONS IN
ANIMAL SYSTEMS

Numerous studies have been reported, examining the effects
of Interferons (IFNs) on tumors of different type and histol-
ogy in various animal systems. Both IFNs and IFN inducers
have been used to study inhibitory effects on virus, chemical
and radiation induced tumors as well as transplantable and
spontaneous tumors. These have been reviewed extensively
elsewhere (2, 33, 83)

The findings that IFNs could inhibit the multiplication of
oncogenic viruses as well as nononcogenic viruses led to the
discovery that IFN preparations could also inhibit cell
transformation and tumor production caused by these on-
cogenic viruses. In animals inoculated with polyoma, Rous
sarcoma or Shope fibroma viruses, tumors were inhibited
and animal survival increased if IFN treatment was prior to
virus inoculation. In contrast, in mice inoculated with
Friend and Rauscher leukemia viruses, it was necessary to
continue IFN treatment after viral infection in order to
inhibit the various manifestations of these leukemias (33).
Since virus multiplication occurs throughout the course of
these diseases, continued repression of virus multiplication
by IFN may have been necessary for inhibition of evolution
of the disease.

In order to examine the possibility that IFNs might be
inhibiting multiplication of the tumor cells themselves or
might be enhancing tumor-cell rejection in the host, Gresser
and his associates (34, 35, 38) studied the growth of inocu-
lated tumors in several strains of mice. These tumors de-
veloped from transplanted tumor cells and not from trans-
formation of host cells by virus. Less success was usually
attained in the treatment of solid transplantable tumors
than in the treatment of ascites tumors. IFN therapy was
most effective when the tumor inoculum was low; once the
tumor was well established regression did not occur (33).
However, IFN treatment inhibited the development of both
the subcutaneous nodules of the Lewis lung carcinoma at
the site of transplantation and the development of pulmo-
nary metastases from the transplant (37).

Another approach that has been employed to study direct
effects of IFN on tumor growth has been to use immuno-
suppressed hosts. Gresser and Bourali-Maury (1973) (37a)
found that treating mice with anti-lymphocyte serum or

* The opinions or assertions contained herein are the private views
of the authors and should not be construed as official or necessarily
reflecting the views of the Uniformed Services University of the
Health Sciences or Department of Defense.
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X-irradiation did not alter IFN’s inhibitory effect on trans-
plantable tumors. Additionally, in another study, the de-
velopment of tumors from transplanted HeLa cells and
xenografts of human breast cancers in nude mice was mar-
kedly suppressed by human IFN (87). These studies suggest
the possibility that the inhibitory activity of IFN against a
tumor may result from a direct antigrowth action on the
tumor cells themselves, bypassing the immune response of
the host.

There have not been many reports on the antitumor
effects of gamma IFN, mainly due to the lack of availability
until recently of sufficient quantities of gamma IFN prepara-
tions to carry out significant studies. There are several re-
ports indicating that in the treatment of certain tumors, the
antitumor activity of gamma IFN was more potent per
antiviral unit of IFN than the alpha or beta preparations
(18, 31, 74); however, due to the presence of many lym-
phokines in these gamma IFN preparations, conclusions
cannot yet be made concerning the antitumor activities of
this form of IFN.

Another important area of investigation concerns the use
of IFN in conjunction with other antitumor agents to deter-
mine whether the effects are additive, synergistic or an-
tagonistic. In one study, IFN treatment inhibited murine
leukemia only after the number of tumor cells was first
reduced by treatment with 1,3-bis (2-chloroethyl)-1-nitro-
sourea (16). Direct injections of IFN followed by poly-
rI:poly-rC after several hours, led to a synergistic inhibitory
effect on autochthonous Moloney murine sarcoma virus-
induced tumors (83) while, IFN and cyclophosphamide
were reported to have additive effects on increasing survival
after diagnosis of lymphoma in AKR mice (41).

POSSIBLE BASES OF ANTITUMOR ACTIVITIES OF
INTERFERONS

Several hypotheses have been proposed attempting to ex-
plain the antitumor effects of IFNs. These include: (1) in-
hibition of tumor virus replication and cell transformation
by virus; (2) inhibition of tumor development through pri-
mary effects on the immune system of the host; and, (3)
direct inhibition of proliferation of the tumor cell itself.

Inhibition of virus replication

Interferon treatment results in a marked decrease in the
production of oncogenic viruses and in the efficiency of cell

P.V. Woolley (ed.), Cancer management in Man: Biological Response Modifiers, Chemotherapy, Antibiotics, Hyperthermia, Supporting Measures
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transformation by virus. IFNs were thought to inhibit
tumor viruses through the same mechanism as that involved
in the inhibition of other viruses. However, for the inhibition
of both the DNA and RNA tumor viruses that have been
studied extensively, the mechanism of IFN action appears to
be complex. For the SV40 system, treating cells with IFN at
various times relative to virus infection yields different re-
sults. These different effects have been reviewed (25, 72). If
IFN was added to cells prior to SV40 infection, virus
production and T-antigen synthesis were inhibited. It has
been suggested that these effects resulted from IFN blocking
the transcription of SV40 DNA molecules by the cell RNA
polymerase (58). The findings that infection of these cells
with SV40 DNA instead of intact virions overcame the
antiviral effect of IFN suggested that IFN was also inhibit-
ing SV40 uncoating (95) and probably thus early transcrip-
tion (9). Addition of IFN to cell during the early phase of
SV40 infection (before viral DNA synthesis) failed to inhibit
production of SV40 early RNA. In contrast, IFN addition
during the late phase of the virus lytic cycle resulted in
inhibition of viral protein synthesis at the level of translation
in the absence of inhibition of viral mRNA synthesis or
significant inhibition of host cell protein synthesis (72). Data
from studies on the effect of IFN on SV40-transformed cells
indicate that transcription and translation of the T-antigen
are not sensitive to IFN in SV40-transformed cells, although
T-antigen production is sensitive during the late phase of the
SV40 lytic cycle. The very interesting question as to why a
single viral gene may be sensitive to IFN in certain phases of
virus growth and resistant in others, remains to be elu-
cidated.

Similar to the situation with SV40-transformed cells, IFN
treatment of cells chronically infected with C-type leukemia
viruses resulted in no inhibition of viral RNA or protein
synthesis (6, 27, 29, 71). RNA tumor viruses are, however,
sensitive to IFN and it appears that IFN acts at a late stage
of virus maturation. In some systems, IFN treatment resulted
in marked inhibition of virus release while in others, particle
production appeared normal; however, the released virus
was deficient in infectivity (25). The data suggest that IFN
may be inhibiting these viruses by altering the membrane
through which these viruses are exported out of the cell (14,
26) and/or by altering cellular or viral protein(s) necessary
for proper maturation of the virus particle (13, 60, 70).

Studies with cells infected with an adeno-SV40 hybrid
virus which contains a combination of an IFN-sensitive
(SV40 virus) and an IFN-insensitive (adenovirus) genome
have yielded interesting findings. In simultaneous infection
of cells with both complete viruses the sensitivity of ad-
enovirus or SV40 T-antigen production was characteristic of
infection with either virus separately. In contrast, in cells
infected with an SV40-adenovirus hybrid, production of
both T-antigens was as resistant as adenovirus T-antigen
production in infection with adenovirus alone (67).

There is evidence that the SV40 genome is covalently
linked to the adenovirus genome in the hybrid or to cellular
DNA in SV40-transformed cells. The mRNA produced by
the integrated SV40 genome contains host sequence, and the
mRNA of the hybrid contains both adenovirus and SV40
sequences. The resistance to IFN treatment of SV40 T-
antigen production directed by an integrated viral genome

may indicate that the primary sequence in the mRNA that
specifies the viral protein does not determine sensitivity to
IFN. Other sites on the genome such as those concerned
with initiation or control of genetic expression may then be
the loci of IFN action. This may also explain the lack of
IFN-induced inhibition or murine RNA tumor virus protein
production in chronically infected cells where the proviral
DNA is integrated into host DNA.

In experimental systems with virally induced tumors, such
as hamsters inoculated with polyoma virus or chickens in-
fected with Rous sarcoma virus, IFN most likely inhibited
development of tumors by inhibiting virus multiplication
and/or an early virus-dependent step involved in cell trans-
formation. It is unlikely, however, that the antiviral activi-
ties of IFNs are responsible for inhibition of tumors which
are apparently not virus-induced, or tumors in which virus
replication is not involved in the progression of develop-
ment. One possibility is that IFN inhibits replication of the
tumor cell itself. IFN may also have effects on the host’s
capacity for tumor rejection. For example, the demonstra-
tion that leukemia L1210 cells, that were resistant to the cell
growth inhibition activity of IFN in vitro, could be inhibited
in vivo suggested that the antitumor effect of IFN in these
mice was not a result of direct inhibition of tumor cell
multiplication (40).

Effects of interferons on the immune system

IFNs have inhibitory as well as stimulatory effects on many
different immunological reactions. These have been reviewed
(30,33,77, 79, 83). IFN treatment appears to affect all of the
cells of the immune system and thus, influences many hum-
oral and cellular aspects of the immune system.

IFNs were shown to exert a dosage and time dependent
effect on antibody response. Administration of high titers of
alpha and beta IFNs to mice after immunization with sheep
red blood cells (SRC) resulted in suppression of plaque-
forming cell (PFC) response; however, lower doses of alpha
or beta IFN resulted in enhancement of the PFC response to
SRBC (8). When mice were treated with IFN 4-48 hrs before
sensitization with SRBC, the PFC response was greatly
suppressed.

If treatment was 58-72 hrs after sensitization with SRBC,
the PFC response was enhanced (79). Gamma IFN was also
shown to have a dosage regulatory effect on antibody
production and the immunosuppressive activity of gamma
IFN was substantially more potent on the basis of antiviral
titer than that of alpha or beta IFN (80, 91).

Interferons also exert an immunoregulatory effect on the
IgE system. Treatment of spleen cells from sensitized ani-
mals with interferon resulted in a decreased ability to trans-
fer cutaneous anaphylaxis. Interferon was also found to
increase the release of histamine from basophils after ex-
posure to ragweed antigen or to anti-IgE antibodies. The
addition of infectious or inactivated viruses to human leuko-
cyte cultures facilitated histamine release, when the cultures
were subsequently exposed to anti-IgE. There was a tem-
poral relationship between the augmentation of histamine
release and the induction of interferon in the cultures. It is
in this context that interferon has been ascribed a potential



role in the development of asthma during upper respiratory
tract infections. Additionally, the interferons may serve to
induce other cofactors associated with the reagenic res-
ponse, such as the IgE binding factors (44).

Many of the observed effects of interferon on the cellular
immune system may stem from interferon-induced changes
in membrane-associated antigens and receptors on lym-
phoid cell types. These changes may be analogous to other
interferon-induced changes in the cell surface (26). Inter-
feron has been demonstrated to augment in vitro the ex-
pression of histocompatibility antigens on murine thymo-
cytes and splenic lymphocytes. Substantially higher con-
centrations were required to induce Ia and Lyt 1, 2, and 3
antigens on thymocytes. No increase in theta antigen was
observed upon treatment with alpha and beta interferon
preparations. Gamma interferon-containing preparations
were found to induce histocompatability antigens at signifi-
cantly lower concentrations of interferon. Similarly, the
induction of Ia and Lyt antigens, as well as theta antigen,
was inducible. Interferon-enhanced IgG Fc receptor binding
by murine macrophages has also been demonstrated. As was
observed for the induction of thymocyte membrane anti-
gens, gamma interferon preparations were found to be con-
siderably more efficacious (by approximately 33-fold) in the
induction of FcR (30).

Evidence from studies of the murine system also suggest
a role of activated macrophages in the direct destruction of
tumor cells (77). Several types of macrophage activities have
been shown to be affected by IFNs. Administration of IFN
resulted in increase of macrophage activation, measured by
macrophage spreading, and in enhanced phagocytosis of
carbon particles by macrophages (77, 79). Macrophages can
also be induced by IFNs to be tumoricidal. Addition of IFN
to cultures of macrophages and leukemia cells induced the
resting macrophages to inhibit the growth of the leukemia
cells and this action was reversed by addition of prostaglan-
dins E1 and E2 and hydrocortisone (79).

A role for interferons in the regulation of cell-mediated
immunity has been recognized for some time; however, the
specific mechanisms by which interferons exert their varied
effects are from being elucidated. One of the earliest recog-
nized and most striking effects of interferon on cell-mediated
immune responses in vivo was the demonstration that inter-
feron inducers or interferon-rich culture supernatants sig-
nificantly delayed the rejection of skin grafts across major or
minor histocompatibility differences in mice. It was sub-
sequently demonstrated that administration of interferon
inducers or interferon-rich preparations to mice previously
sensitized with picryl chloride or sheep erythrocytes resulted
in inhibition of delayed type hypersensitivity (ear or footpad
swelling) upon challenge with the sensitizing antigen. Inter-
feron not only inhibited the delayed type hypersensitivity
reaction upon challenge, but also depressed sensitization
when administered prior to the sensitizing injection. Til-
orone (an interferon inducer in mice) administration in-
hibited the cell-mediated response to a number of intra-
cellular parasites as well as to sheep erythrocytes. As there
are many examples of depressed cell-mediated immunity
following virus infection, these findings strongly implicated
interferons as suppressive agents. The timing of administra-
tion of interferon was found to be critical with regard to the
modulation of delayed hypersensitivity. As was observed for
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the modulation of antibody synthesis (see above), adminis-
tration of interferon prior to sensitization with antigen led to
a depression of the cell-mediated response; however, when
administered after the sensitizing antigen, an augmentation
could be demonstrated. The dosage of antigen was also
critical, so that interferon-induced enhancement of the cell-
mediated response occurred only when suboptimal or non-
sensitizing doses of antigen were used (30).

Interferons have also been shown to modulate a number
of in vitro responses felt to reflect in vivo cell-mediated
immunity. Interferon depressed the proliferative responses
of lymphocytes to the T cell mitogen, phytohemagglutinin
(PHA), or to an allogeneic stimulus. Subsequently, it was
demonstrated that the T cell response to concanavalin A
(Con A) was also depressed by in vitro exposure to inter-
feron and that in vivo administration of interferon led to the
depression of proliferation in response to PHA or Con A in
vitro. Interferon mediates the suppression exhibited by Con
A-induced human suppressor cells, including the response of
normal lymphocytes to Con A. Taken collectively, these
findings suggest that interferons can exert on T lymphocytes
a strong antiproliferative effect analogous to that observed
for B lymphocytes (see above). It is interesting to note that
exogenous interferon enhanced or depressed the production
of lymphokines by Con A-stimulated human leukocytes,
depending on the concentration of interferon added to the
cultures. Since the manifestations of delayed type hypersen-
sitivity are closely associated with the production of lym-
phokines, this provides an underlying mechanism for the
observed effect of interferon on delayed type hypersensitiv-
ity responses in vivo and in vitro (30).

One possible mechanism by which IFNs might contribute
to the inhibition of tumor growth is by activation of cells
that are cytotoxic to tumors. Lindahl et al. (54) demon-
strated that IFN could enhance the specific cytotoxicity of
sensitized murine T lymphocytes but had no effect on nor-
mal lymphocytes, although there are several reports that
longer incubation times resulted in lysis or inhibition of
growth of target cells (7, 15, 86). Another mechanism of
mononuclear cell killing that might play a role in antitumor
defense is antibody-dependent, cell-mediated cytotoxicity
(ADCC) which is mediated by killer (K) cells; IFNs have
been shown to enhance ADCC in vitro (42, 43). All types of
IFN have also been shown to be potent activators or natural
killer (NK) cell cytotoxicity in vivo and in vitro (80). It is
interesting to note that NK cells challenged with cells carry-
ing foreign antigens produce alpha IFN (89).

In addition, various preparations of interferon have been
shown to augment the generation of cytotoxic lymphocytes
(CTL) and killer cells (K cells) associated with antibody-
dependent cell cytotoxicity. These findings led investigators
to hypothesize that interferons provide an essential signal in
the generation of cytolytic effector cells; however, the precise
role of interferons in the generation of CTLs and the re-
quirement for additional cytokine signals is not yet under-
stood (reviewed in ref. 30).

Natural killer (NK) cells comprise a heterogenous sub-
population of lymphoid cells that possess spontaneous cy-
tolytic activity both in vivo and in vitro against a variety of
cellular targets. No previous sensitization with the target cell
is required for their lytic activity. They exist in man, mouse,
and a wide variety of other species and are felt to form the
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cellular basis for nonspecific host resistance to tumors as
well as to intracellular infectious agents. NK cells were
originally recognized by their characteristic ability to lyse a
broad range of tumor cells in vitro, however, other studies
have since extended the lytic reactivity of NK cells to include
virus-infected, as well as certain normal cells, such as hema-
topoietic bone marrow cells. In this regard, it has been
suggested that NK cells may play a role not only in sur-
veillance and resistance against neoplasia and viral disease,
but also in the control of normal development of hemato-
poietic cells.

The participation of interferons as modulators of NK cell
activity has been recognized for approximately seven years
during which time a large number of reports have demon-
strated for murine and human systems that the in vivo and
in vitro administration of interferons or interferon inducers
resulted in a 2- to 10-fold augmentation of NK cell activity.
Interferons also induce differentiation of the pre-NK cells to
fully cytolytic forms.

The effect of interferons on NK target cells presents a
curious paradox. Several investigators have demonstrated
that interferon treatment of the target cells decrease their
sensitivity to NK cell cytolysis in a dose-dependent fashion.
Under optimal conditions, this inhibition of cytotoxicity can
be greater than 99% (30).

It is important to note that although under certain experi-
mental conditions IFNs interact with macrophages and lym-
phocytes, but it is not known if the same effects are observed
under natural conditions of tumor growth in the host. Along
these lines, Gresser and Bourali-Maury (1973) found that
IFN was still effective in inhibiting tumor growth in mice
whose lymphocyte and macrophage activities had been de-
pressed by X-irradiation, anti-lymphocyte serum, or silica;
however, it is possible that depression of lymphocyte and/or
macrophage functions was not complete or that another cell
population involved in antitumor activities was not affected
by X-irradiation, antilymphocyte serum or silica. Addition-
ally, in studies with athymic ““nude” mice, human IFN was
able to suppress the development of human breast tumors
leading the investigators to conclude that IFN was exerting
a direct effect on cell proliferation (87).

With the wide variety of effects that IFNs have on most
aspects of the immune system, it is possible that at least part
of IFN’s antitumor activity is mediated through the immune
response. However, studies on the antitumor action of IFNs
have not yet provided any unequivocal instance of the im-
mune response being responsible for slowing the growth of
a cancer.

Inhibition of cell proliferation

With the demonstrations that purified molecules of IFN can
inhibit both virus replication and cell multiplication (39, 49)
it is well established that IFNs can inhibit the growth of a
wide range of cell types. The sensitivities of cells to the
growth inhibitory effects of IFNs range from very sensitive
to resistant and the same cell type can show varying sen-
sitivities under varying assay conditions: growth of colonies
in agar is more sensitive than growth on a solid support; and
sparsely seeded culture appear to be more sensitive than the
same cells seeded at high densities (87).

There seems to be conflicting evidence about whether

tumor cells are more sensitive to the growth inhibitory
effects of IFNs than are normal cells. The multiplication of
HeLa cells was shown to be inhibited to a greater extent than
that of human fibroblasts (25); similarily, the inhibition of
the multiplication of human osteosarcoma cells was greater
than that of nontumor cells (85). In contrast, the multipli-
cation of retrovirus carrier cells (5), or of X-ray transformed
cells (10) derived from C3H fibroblasts was less inhibited by
IFN than that of nontransformed cells. Moreover, in the
comparison of normal human mammary epithelial cells to
breast cancer cells, or 3T3 cells to SV40-transformed 373
cells, the normal cells were at least as sensitive to the growth
inhibitory effects as the respective transformed cells (4).
Thus, many different cell types, both normal and malignant
appear to be affected by IFNs in vitro. There are some
studies that suggest similar effects in vivo. IFNs can inhibit
the multiplication of tumor cells as well as normal cells in
animals (36); inhibit the multiplication of allogenic lym-
phocytes and syngeneic bone marrow cells, when these were
transformed into irradiated mice (12); and, inhibit liver cell
regeneration in partially hepatectomized mice (24). It should
be noted, however, that the dosages of IFN used in these
studies were much higher than those needed to inhibit tumor
cell growth.

There are many possible sites at which IFNs can act to
inhibit the complex process of cell multiplication. Different
approaches are being used to examine aspects of control of
cell growth and what effects IFNs have on these processes:
(i) examination of IFNs’ effects on the cell cycle; (ii) study
of cellular functions that may be involved in control of cell
growth or cellular parameters that are altered in malignant
cells; and, (iii) determination of whether any of the molec-
ular mechanisms thought to be implicated in IFN’s antiviral
activities play any role in the antiproliferative activities of
IFN.

Interferons and the cell cycle

The effects of IFNs on cell cycles of both asynchronously
dividing cells and synchronized cultures have been examined
(87). The available data suggests that IFNs do not arrest
cells in one phase of the cell cycle. IFN treatment reduces the
rate of entry into S phase and also increases the duration of
the G, and S + G, phases (3). Thus, the increased length of
cell cycle time observed in IFN-treated cultures (17) is prob-
ably due to the extension of these phases.

Quiescent cells that can be stimulated to divided syn-
chronously by mitogens provide an excellent system to study
the events in G, which are crucial to the initiation of DNA
synthesis and what effects IFNs have on these activities. The
events that occur after stimulation of these cells with mito-
gens, but preceding DNA synthesis, can be divided into
‘early’ and ‘late’ categories. Early events occur within
minutes after mitogen stimulation and are not dependent on
cellular protein synthesis. These events include changes in
intracellular cAMP levels and increased uptake of ions,
nucleotides, and sugars. Late events, that occur hours after
mitogen stimulation, are protein synthesis dependent and
include secondary increases in sugar and ion uptake and an
increase in the activities of certain enzymes. One of these
enzymes, orinthine decarboxylase (ODC), catalyzes the first
rate limiting step in the synthesis of polyamines, that are
involved in the regulation of various cellular reactions, in-



cluding transcription and translation. Increases in ODC
activity are associated with the proliferative response of cells
in culture, in tumors and also with tumor promotion (46).

Addition of IFN to quiescent Swiss 3T3 cells at the time
of mitogen stimulation had no effect on the early increase in
uptake of ions, nucleosides or sugars; however, IFN treat-
ment showed a differential effect on protein synthesis-
dependent events: induction of ODC activity was inhibited
while the second phase of stimulation of 2-deoxy glucose
uptake was not affected. These results were observed with
serum, with a combination of growth factors, or with a
tumor promoter serving as the mitogen (81, 82). Similar
findings were recently reported on the inhibitory effect of
IFN on the induction of S-adenosyl-L-methionine decar-
boxylase, another enzyme involved in polyamine biosyn-
thesis (53). Thus, it appears that there is a common IFN-
sensitive step involved in the stimulation of DNA synthesis
by serum, tumor promoters or growth factors. Further evi-
dence suggesting an IFN-sensitive step crucial to DNA
synthesis is derived from the examination of two clones
isolated from Swiss 3T3 cells with differential sensitivities to
both antiviral and antiproliferative activities of IFNs. One
clone was more sensitive to IFN in terms of inhibition of cell
division, DNA synthesis, and induction of ODC activity
when IFN was added at the time of serum stimulation.
Additionally, under the same conditions, NIH 3T3 cells
which were sensitive to the antiviral effect of IFN against
murine leukemia virus exhibited no inhibition of cell divi-
sion, DNA synthesis, or ODC induction (19). One argument
against ODC induction being the crucial step involved in the
stimulation of DNA synthesis is that the inhibition of ODC
synthesis in human embryo skin fibroblasts did not result in
the inhibition of DNA synthesis upon stimulation from
quiescence. This suggested that the pool of polyamines in
these cells was sufficient for one further cycle of replication
(46). There is now strong evidence to indicate that inhibition
of DNA synthesis caused by IFN is not dependent on the
inhibition of ODC activation that is also caused by IFN.
Concomitant inhibition of DNA synthesis and of activation
of the enzyme was observed only when polypeptide hor-
mones were used as stimulants; cholera toxin-stimulated
DNA synthesis was inhibited by IFN toxin-stimulated ODC
activation was not (53). These results indicate that a poor
correlation exists between the activation of ODC and DNA
synthesis in quiescent 3T3 cells that are stimulated to
proliferate. Thus, ODC induction may not be the critical
step in DNA synthesis inhibition caused by IFN; however,
the role it plays in the cell growth inhibition caused by IFN
treatment is not yet clearly understood.

Effects of interferons on other cellular parameters

Information concerning the many varied effects of IFNs on
cell structure and function is increasing rapidly. [For reviews
see (33, 83, 87)] IFN treatment of cells results in significant
alterations of the cell surface including increased expression
of histocompatibility antigens (54); increased net negative
charge on the cell surface (49); decreased thymidine uptake
(11); and alteration in the density of the plasma membrane
(14). Alterations in the cell membrane resulting from IFN
treatment most likely play a role in the IFN-induced inhibi-
tion of murine leukemia viruses discussed earlier. Addition-
ally, SV40 transformed cells that normally produce and
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release plasminogen activator (PA) seem to accumulate PA
at the plasma membrane after IFN treatment (76). It is
possible that IFN might alter the cell surface in a manner
that prevents particle shedding in one system of C-type virus
particles and in another, of PA. Since cell to cell contact
plays a role in cell growth regulation, alteration induced in
the plasma membrane by IFN treatment could well cause
alterations in cell DNA synthesis and growth.

A direct negative effect on cell growth would, of course,
be an ideal mechanism of action for an antitumor substance.
In many respects IFNs would seem to be negative growth
control factors. Thus, they are an unusual class of biological
substances, since almost all growth factors that have been
studied stimulate cell synthesis. It is likely that many of the
‘toxic’ effects observed in IFN therapy, such as leukopenia,
thrombocytopenia and hair loss, are indeed extensions of
the growth inhibitory properties of IFN. Another structure
that has been studied is the cytoskeleton. Changes in the
cytoskeleton, which is composed of microtubules, microfila-
ments (actin and myosin) and the cytoplasmic matrix, have
been observed in conjunction with transformation. It is not
yet clear, however, whether these changes are a cause or
result of transformation. What relationship exists between
IFNs and the cell’s cytoskeleton has been and is being
examined mainly by following the effects of agents that alter
the cytoskeleton on the various activities of IFNs. For
example, drugs such as colchicine, that disrupt the cyto-
skeleton inhibit the development of the antiviral action of
IFN, while compounds such as sodium butyrate, which has
been reported to promote cytoskeletal organization, appear
to enhance IFN action (87).

The antiviral activities of IFNs were shown to be potenti-
ated by dibutyryl cAMP (28). Additionally, it was reported
that IFN-treated cells contained increased levels of cAMP
(56, 92). Since it appeared that increased levels of cAMP
might be involved with inhibiting cell growth rates of several
systems (73), it was thought that membrane adenylate cy-
clase activities might play a role in the antiproliferative
response to IFNs. It was, however, shown recently that
more time of treatment with IFN was necessary for alter-
ation of cCAMP levels than for detection of cell growth
inhibition (88). Additionally, growth of Schwann cells,
human keratinocytes, and human mammary epithelial cells
is stimulated by both cholera toxin and cAMP analogues
(87). Thus, the relationship between IFNs and cAMP ap-
pears to be complex. It is also interesting that cyclic GMP
levels are also increased after IFN treatment (88) and re-
duced levels of cGMP are found in proliferating cells (59).

Interferons and oncogene expression

The level of expression of oncs appears to be related to
malignant transformation, and to cellular differentiation
and growth (52, 90). It is possible that the effects of IFNs on
differentiation and growth involve a regulatory activity of
IFNs on onc expression; therefore, the inhibitory effects of
IFNs on the growth of some tumors may be linked to a
decrease in onc expression. This might occur in cancers
where oncogenesis is related to increased production of an
onc-specified product. Therefore, a change in the expression
of oncs could be an important mechanism in carcinogenesis.
There are two basic mechanisms for onc-induced trans-
formation: an alteration in an onc product, or an increase in
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its production. In some cancers, therefore, a decrease in onc
expression could result in reversion to an untransformed
state. Such a modulation in onc expression may be induced
by a potent biological response modifier such as an IFN.
The current rationale for the use of IFN in the therapy of
cancers is their cell growth inhibitory activity; however,
IFNs do not have a consistent, selective effect on trans-
formed cell growth. On the other hand, a regulatory effect of
IFNs on onc expression might result in a selective effect on
the growth of tumors, the etiology of which is related to an
increase in onc expression.

During the course of studies involving treatment with
IFN of RS485 cells, an NIH 3T3 line transformed by a
human c-Ha-ras oncogene, there was phenotypic reversion
of a portion of the previously transformed RS485 cells. The
revertant RS485 cells were morphologically similar to NIH
3T3 cells, had a low saturation density in culture, and did
not form colonies in soft agar or tumors in nude mice. While
the revertants retained the transfecting c-Ha-ras DNA, they
produced significantly decreased amounts of the c-Ha-ras-
specified gene product, p21, and c-Ha-ras mRNA, than did
RS485 cells (75).

Correlation of antiviral and antiproliferative activities of
interferons

Several specific proteins that are induced in IFN-treated
cells and which are most likely involved in the antiviral
activities of IFN, have been identified [for reviews see (1,
72)]. One of these proteins is the oligoadenylate synthetase
which polymerizes ATP into pppA2’ pS’A2'p5S’A .. . oli-

Table 1. Interferon preparations used for clinical trials.

gomers (chains of adnylic residues linked by 2’5" phos-
phodiester bonds) that, in turn, activate an endoribo-
nuclease (RNase F). Another is a phosphokinase which
phosphorylates the initiation factor elF2 (21).

Are these proteins, in any way, involved in the cell growth
inhibitory activities of IFN? In one report, mouse embry-
onal carcinoma stem cells which were insensitive to the
antiviral and antiproliferative effects of IFN did not demon-
strate RNaseF induction after IFN treatment. After dif-
ferentiation, RNaseF was induced and growth of these cells
was inhibited (51); however, many changes occur within a
cell upon differentiation and it is difficult to assign respon-
sibility for acquired sensitivity to any one of these changes.

The role of the (2°5") A, synthetase in these antiprolifer-
ative effects has been studied by examining the effects of 2’5
oligo adenosine directly on cells (45, 68, 93). The dephos-
phorylated timer, that can apparently pass through the cell
membrane, has also been shown to inhibit DNA synthesis in
lymphocytes stimulated by lectins (48). The induction of
these proteins in NTH 3T3 cells after IFN treatment was
studied. These cells were sensitive to the antiviral effects of
IFN against murine leukemia virus; however, IFN treat-
ment resulted in no antiviral activity against a lytic virus
such as encephalomyocarditis virus, and no inhibition of cell
division, induction of ODC activity, or DNA synthesis (19).
Both (2°-5") A, synthetase and kinase activities were induced
in these cells after IFN treatment and only the endonuclease
ordinarily activated by 2’5 oligo adenosine appeared to be
absent. These results suggest that kinase activity is not
sufficient for cell growth inhibition, and also suggest a pos-

Interferon Purity

Comments

Alpha
Natural (Cantell)
(10-25 subtypes)

Recombinant o, Highly pure

Recombinant A

Highly pure

Recombinant D or «, Highly pure

Lymphoblastoid Semipure, highly pure
(6-10 subtypes)
Beta
Natural Semipure

Recombinant f, Highly pure

Recombinant f,, Highly pure

Gamma
Natural

Recombinant y, Highly pure

Impure, semipure, highly pure

Impure, semipure

Less pure in trials
before 1982

E. coli-produced,
position-2 arginine,
position-44 deletion

E. coli-produced,
position-23 lysine,
position-44 deletion

E. coli-produced, 29

amino acid variation
from A

From cultured lymphoma
cells or from hamsters

From fibroblasts or
SV-40 transformed cells

Position-17 cysteine

Position-17 serine

Less pure in earlier trials

E. coli-produced,
probably different from
natural y




sible role of the 2’5" oligo activated pathway in the anti-
proliferative activities of IFN (20).

In one system the antiviral action of interferons has been
clearly disassociated from its antiproliferative effect (87).

CLINICAL STUDIES

Modern cancer therapy began during the 10-year period
between the mid-1940s to mid-1950s, when it was recognized
that most human tumors are, at diagnosis, systemic prob-
lems requiring systemic treatment. The first reports of favor-
able clinical responses to certain drugs that have cytolytic or
cytostatic effects on cancer cells stimulated a massive search
for more and better chemotherapeutic agents. Of more than
half a million compounds tested as possible anticancer
agents over the past four decades, only some 40 have
reached the clinic; of those, perhaps about 10 may be re-
garded as moderately effective, the others as only marginally
effective. With all clinically available chemotherapy, more-
over, dose-limiting normal tissue toxicity, inadequate drug
delivery to tumors, and tumor resistance to drugs are major
problems (61).

In recent years, another systemic approach to the treat-
ment of cancer — biotherapy has attracted increasing atten-
tion (62). Although the use of biologic or synthetic co
pounds to modulate the body’s responses to cancer was
investigated in the 1960s, interest became intense only in the
late 1970s. The major reasons included technical advances in
molecular biology and recombinant DNA technology, the
advent of hybridoma technology and improvements in com-
puter applications.

Among all biologicals with known or potential systemic
activity against human cancer, the interferons may be re-
garded as prototypes. They were the first lymphokines and
cytokines to be clearly identified and the first anticancer
agents to be genetically engineered to be clinically available
at modest cost, in highly purified form and in large quantity.

Table 2. Solid tumors: interferon results summary — 1985.
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Interferons have been used in hundreds of patients with
various neoplasms (61, 63).

In clinical trials, the preponderance of available data
relates to alpha interferon — the impure Cantell, the relative-
ly pure lymphoblastoid, and the highly pure recombinant
forms (Table 1). Much of the data comes from phase I, or
toxicity, studies not designed to measure therapeutic effi-
cacy.

With those limitations in mind, we can draw some pre-
liminary conclusions about interferon therapy for human
cancer. One is that the Cantell, lymphoblastoid and recom-
binant alpha interferons are similar, both quantitatively and
qualitatively, in their toxicity, antitumor efficacy, and other
biologic effects. Second, objectively defined antitumor re-
sponses in phase I alpha interferon trials (most involving
lymphoma, myeloma, Kaposi’s sarcoma, melanoma, and
renal cancer) have been observed in about 10% of patients.
That value may not seem impressive, but it does compare
favorably with an average response rate of 1% to 2% in
phase I trials or recently developed chemotherapeutic agents
(61). We should also note that in phase I alpha interferon
studies there have been very few responses in patients with
tumors of the colon, lung, or lower genitourinary system
(Table 2).

A third impression, suggested by increased response rates
with higher alpha interferon doses, is that interferons may
produce their acute antitumor effect by a direct cytostatic
action, rather than an indirect immunomodulatory mecha-
nism. Finally, very preliminary clinical experience with beta
and gamma interferons indicates that the beta type produces
response rates and response patterns similar to those ob-
tained with alpha interferon and that the gamma type may
not be much more potent against cancer than the other two
types. In view of the preclinical data suggesting gamma
interferon’s strong immunomodulatory and antiprolifer-
ative activities, that last findings is particularly disappoint-
ing if borne out by future results.

During the 1970s, Scandinavian and U.S. investigators
studied the effects of natural alpha interferon — primarily the

Complete or

Dosage Number partial response

Tumor (MU|wk) evaluated (%) Assessment
Colon 1-300 > 150 <5 No effect

With 5-FU 5-50 > 30 5-10 No effect over 5-Fu alone
Gastric 10-20 14 0 No effect
Lung

Non-small-cell 1-200 <5 No effect

Small-cell 1-500 0-10 No effect as single agent
Ovary 10-400 > 100 0-20 Possible palliative effect
Uterine cervix 50-150 18 0 No effect
Melanoma 1-500 > 300 5-15 Visceral disease

responses < 10%
(comparable to those
with dacarbazine);
addition of cimetidine
not effective
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Cantell preparation — in patients with multiple myeloma,
non-Hodgkin lymphoma, renal cell carcinoma, and breast
cancer. In patients with osteosarcoma initial analysis, based
on comparison with historical controls, indicated that inter-
feron treatment added to surgery was beneficial. In a
randomized study of an interferon-treated group in com-
parison to a chemotherapy-treated and a nontreated group,
all three groups did better than historical controls yet did
not differ significantly among themselves. Recent trials in-
volving small numbers of patients with advanced disease
have indicated no benefit in osteosarcoma.

Studies by Merigan showed that Cantell alpha interferon
administered over a longer period at 1-3 Million Units
(MU) per day induced intolerable fatigue, malaise, and
weight loss. In more recent phase I trials, with alpha inter-
feron obtained by a process similar to Cantell’s, the maxim-
ally tolerated dose was about 18 MU/m per day with two
different products, and the single maximal tolerated dose
was 60 MU/m for a third. Aside from the major dose-limit-
ing effects, natural alpha interferon preparations sometimes
produced mild hepatic toxicity (elevated serum glutamic-
oxaloacetic transminase) and myelosuppression (reduce
neutrophil and lymphocyte counts). As for clinical efficacy,
trials reported on polyacrylamide gel electrophoresis there
are real constitutional differences among Cantell alpha in-
terferon products; nevertheless, toxicity and clinical efficacy
have been resonably comparable.

As for clinical efficacy, trials reported in the early 1980s
added hairy cell leukemia, chronic myeloid leukemia,
Juvenile laryngeal papillomatosis, and bladder papilloma-
tosis to the list of conditions responsive to natural alpha
interferon.

Altogether, most clinical trials with impure alpha inter-
feron preparations evaluated doses of 3 to 10 MU per day
administered intramuscularly or subcutaneously for 28 to 35
days. Serum levels reached 1 to 300 U/ml within four to six
hours, with measurable activity still present at 24 hours. The
major immunologic effect noted was increased natural killer
cell activity. A 3MU dose initially augmented NK cell
cytotoxicity (24-48 hr after administration), with a fall to
baseline 7 to 10 days later in spite of continued treatment.

Lymphoblastoid and recombinant alpha interferons have
been studied in a number of phase I and phase II trials.
Tolerable doses of lymphoblastoid preparation ranged for
15 to 30 MU/m (admuinistered intramuscularly twice a day
for seven days, intramuscularly three times a week for five
days by a six hour infusion). Other recent studies showed
that recombinant clone A alpha interferon was tolerable at
25 to 50 MU/m (intramuscularly three times a week), and
recombinant alpha-2, at 20 to 30 MU/m (intravenously or
intramuscularly daily for five days every three weeks). As
with the impure alpha interferon products, fever, chills,
anorexia, weight loss, and fatigue were the major dose-limit-
ing effects. Chronic dosing at moderate and higher levels
with the purer alpha interferon products also first boosted,
then suppressed NK cell cytotoxicity.

Objectively defined clinical responses to either lympho-
blastoid or recombinant alpha interferon have been noted in
patients with hairy cell leukemia, myeloma, non-Hodgkin’s
lymphoma, renal cell carcinoma, Kaposi’s sarcoma, malig-
nant glioma and breast cancer. The pattern of antitumor
activity resembles that seen with impure alpha interferon.

However, high doses (30 MU/m) of recombinant clone A
alpha interferon were needed to obtain responses in melano-
ma, and breast cancer has been less responsive to the purer
alpha interferon products than to the Cantell interferon
preparation. A major overall finding with lymphoblastoid
and recombinant alpha interferons is that higher doses lead
to increased response rates. This dose response effect has
been seen in patients with Kaposi sarcoma, renal cell car-
cinoma, lymphoma, and malignant melanoma.

For any given tumor type, issues such as optimal dose,
schedule, route of administration, and alpha subtype are still
unresolved. The most impressive results have been seen in
selected hematologic malignancies (Table 3). Among solid
tumors, there are also encouraging preliminary results, but
most of the common solid tumors have been quite unrespon-
sive.

Table 3. Hematologic malignancies: summary of responses to alpha
interferon.

Tumor type Response
rate (%)

Multiple myeloma 18-27

Chronic lymphocytic leukemia 0-77

Hairy-cell leukemia 80

Low-grade lymphoma 38-73
High-grade lymphoma 0-10
Kaposi sarcoma 25-40
Chronic myelogenous leukemia 88

Adapted from Bonnem EM, Spiegel RJ: J Biol Response Modif 3:
580, 1984

Phase II trials in acute myelogenous leukemia docu-
mented that alpha interferon reduced levels of circulating
tumor cells, but it did not produce prolonged remission.
Similar results were obtained in patients with chronic lym-
phocytic leukemia. In both chronic myelogenous leukemia
and hairy cell leukemia, however, complete clinical response
rates on the order of 75% or better have been reported,;
treatment resulted in generally excellent (but not always
complete) clearing of leukemia cells from peripheral blood
and bone marrow, and patients have remained in remission
for periods of more than one year.

Almost as encouraging are the results in non-Hodgkin’s
lymphoma patients. Aggressive tumors in this category have
been relatively unresponsive, but about 50% of indolent,
favorable histology, low grade tumors (e.g., nodular, poorly
differentiated lymphocytic lymphomas) and intermediate
grade tumors (e.g., diffuse, poorly differentiated lymphocyt-
ic lymphomas) have responded. The responses were more
often partial than complete, and the median duration of
response has been little more than six to eight months. Many
of the treated patients had bulky advanced disease that were
progressive and drug and radiation resistant.

In a recently reported phase 11 trial of recombinant alpha
interferon in previously treated patients with relapsing non-
Hodgkin’s lymphoma, 13 of 24 patients with low grade
tumors had objective responses, four of which histologically
confirmed as complete; two of six patients with intermediate
grade lymphoma also responded (one completely), whereas



only one partial response was seen in seven patients with
high-grade tumors. Patients whose responses ceased with
low dose maintenance interferon could be reinduced to
respond with higher doses (4) was given to sustain responses
4).

In solid tumors, phase II trials with Cantell, lymphoblas-
toid, or recombinant alpha interferon have demonstrated
overall (complete and partial) response rates of about 15-
40% in patients renal cancer, melanoma and Kaposi’s sar-
coma. In patients, with renal cancer, Cantell or recombinant
alpha interferon induced significant responses in 15-25%.
Approximately the same rates (20-30%) were seen when
patients with melanoma were treated with recombinant
alpha interferon; some responses occurred in patients with
visceral disease, and some were complete. Recombinant
alpha interferon also induced partial or complete responses
in patients with Kaposi sarcoma, the highest overall rated
being 41%. Breast cancer response rates have fallen with
further testing. Two studies using a 3MU/m per day of
natural alpha interferon found antitumor activity in about
25% of patients, whereas later studies, using lymphoblas-
toid or recombinant alpha interferon, found less or no such
activity (Table 4). Other common solid tumors have been
almost uniformly unresponsive to alpha interferon treat-
ment.

Studies with recombinant beta and gamma interferons are
only beginning so less can be said about their biologic effects
and antitumor efficacy. Early studies with partially purified
nonrecombinant beta and gamma preparations, however,
showed that both types were inactivated after intramuscular
injection and the half-lives were very brief (78). Results to
date with recombinant preparations confirm the need for an
intravenous route of administration, but the relative merits
of prolonged infusion versus repetitive dosing remain to be

2: Antitumor effects of interferons 17

In summary, it is clear that the interferons are promising
agents for the treatment of human cancer. Their clinical
activity has been seen most reproducibly in a variety of
hematologic malignancies, but the responses of other tumor
types have also been observed. Further studies must resolve
the issues of appropriate dose, schedule, route of ad-
ministration, and interferon type. It is also unclear whether
interferons work primarily by direct antiproliferative activ-
ity or indirectly by altering immune responses. Most of the
available evidence - especially that from lymphoma studies,
supports the view that a direct antiproliferative effect is
responsible, since higher interferon doses induce more re-
sponses than lower doses and patients failing at lower doses
respond at higher doses.

Perhaps the most important finding in preclinical and
clinical interferon studies is that these biologicals have
antitumor activity even in advanced, bulky cancer that are
resistant to drugs or radiation (6-8).
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POSTSCRIPT

Hematopoietic growth factors could be of great importance
in the treatment of neoplastic diseases following aplasiogen-
ic chemotherapy and bone marrow transplantation (11).
Genetic engineering techniques permit large scale produc-
tion of substances produced during the immune response
which may have therapeutic value for the modification of
biologic response to cancer (8). The role of contact inhibi-
tion and cell shape was nil in the malignant fibrosarcoma
line HT1080. Treatment of HT1080 cells with low con-
centration of human fibroblast interferon (less than 40 units/
ml) restored shape-dependent proliferation but had little
effect on normal cells. Subantiproliferative doses of inter-
feron restored contact-inhibited proliferation control to
malignant cells previously lacking it (10).

Recombinant DNA technology is able to produce large
amounts of several interferons (20). Gamma-interferon is
perhaps stronger in boosting immune recognition and rejec-
tion of tumor cells than alpha and beta interferons (2).
Immunomodulators in clinical medicine, cancer and ac-
quired immunodeficiency syndrome alike were reviewed by
Fauchi and co-workers (5). It is unexplained why only a
small proportion of patients show an objective response to
interferon (3; see also 9, 23, 18, 21, 6, 17). Antigen-
nonspecific suppressor factors may have an important phy-
siological role in regulating immune responses and cell divi-
sion in general (1). Antiproliferative effects of interferon alfa
2b were seen in vitro and in vivo. This interferon showed as
a single agent maximum tumor cell colony reduction when
used in high concentrations with continued cell exposure.
Combined with doxorubicin clinical responses in patients
with ovarian, cervical, colorectal and pancreatic carcinoma
and one case of lymphoma were observed (24). The role of
interferon in cancer therapy lies in the combination with
other agents as the 4th arm of cancer therapy (7). Interferon
can be a potent inducer of various degrees of transforma-
tion, differentiation, and proliferation in different subsets of
normal and malignant B cells (16, see also 15). Endogenous
production of tumor necrosis factor in normal mice and
human cancer patients by interferons and other cytokines
combined with biological response modifiers of bacterial
origin was investigated by Satoh (19). Interferons preferenti-
ally inhibit the chemotaxis of transformed and tumor-
derived cell lines when compared to control fibroblasts (12).
Objective tumor effects in Japan have been observed in renal
cell carcinoma, brain tumor, multiple myeloma, malignant
lymphoma, adult T cell leukemia, chronic lymphocytic
leukemia, chronic myelogenous leukemia and by local injec-
tions in skin cancer such as malignant melanoma and cuta-
neous lymphoma (13). The inducing agents of interferons
include viruses, bacteria, bacterial products, polymers, low
molecular weight compounds, and antigens or mitogens.
Interferon gamma employed alone and in combination with
interferon alpha may dramatically increase interferons ac-
tivity (22). Toxicity of interferons exhibits fever, chills, myal-
gias, arthragias, and headache with some variation accord-
ing to type of interferon, route of administration, schedule

and dose. The most important nonacute symptom is fatigue
(14). Clinical immunology exhibits three active develop-
ments namely immunopharmacology of immunosuppres-
sive drugs; clinical use of the alpha-beta and gamma inter-
ferons and interleukin-2; and monoclonal antibody applica-
tions in marrow transplantations and antitumor therapy (4).
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TRANSCATHETER MANAGEMENT OF NEOPLAMS

C. HUMBERTO CARRASCO, SIDNEY WALLACE, CHUSILP CHARNSANGAVEJ
and W. BECHTEL

The development of percutaneous angiographic techniques
has made possible selective catheterization of most clinically
important vascular territories in the human body. The inter-
ventional radiologist has integrated these techniques with
others derived from established surgical procedures for a
more aggressive approach to the management of the cancer
patient. Our ability to gain access to neoplasms by either
direct punctures or through vascular catherizations, to
establish the nature and extent of the disease, and to assess
its response to therapy have been greatly augmented by
developments in the various imaging modalities, particular-
ly image intensification, ultrasound and computed tomo-
graphy. Vascular occlusions and infusions, and per-
cutaneous drainage procedures have now become the
province of the interventional radiologist.

INTRA-ARTERIAL INFUSION CHEMOTHERAPY

The therapeutic activity of an antineoplastic agent is related
in part to its concentration at the target organ which is
determined by dosage, schedule, metabolic processes, and
route of administration. The responses achieved by most
chemotherapeutic agents have been accomplished by their
intravenous administration, however, higher drug con-
centrations at the target organ may be achieved by the
intra-arterial route. At the present, two major modes of
intra-arterial administration of chemotherapeutic agents are
available and consist of isolation perfusion and infusion
techniques. Isolation perfusion chemotherapy (5, 46, 3, 4, 1)
is usually performed by surgical cannulation of vessels and
maintenance of circulation through an extracorporeal pump
oxygenator. The chemotherapeutic agent is administered
into the isolated artery and the venous outflow is recir-
culated, thus minimizing the systemic escape of the drug.
This technique permits the use of very large doses of che-
motherapeutic agents which would otherwise be lethal.
During intra-arterial infusion chemotherapy there is no re-
circulation of the venous effluent via an extracorporeal cir-
cuit and variable amounts of the drug, not taken up by the
infused tissues during the first pass, reach the systemic cir-
culation.

Intra-arterial infusion of chemotherapeutic agents was
introduced in 1950 when Klopp et al. (73) and Bierman et al.
(11) independently reported their experiences with the ar-
terial administration of nitrogen mustard in the manage-
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ment of various neoplasms. They observed profound tissue
changes within the territory supplied by the infused artery
that had not been noted following the intravenous ad-
ministration of the drug. Their experience also suggested
greater therapeutic efficacy and a decreased systemic toxicity
when this drug was administered intra-arterially as opposed
to intravenously.

The rationale for intra-arterial infusion is to expose a
given neoplasm to a higher concentration of a chemothera-
peutic agent than that achieved by its intravenous ad-
ministration in order to obtain a greater therapeutic effect in
a limited anatomic area. The cytotoxic effect of a given
chemotherapeutic agent is not only concentration time de-
pendent but also varies according to its total body clearance,
its metabolic alterations, its intratumoral disposition, and
the intrinsic sensitivity of the tumor to the drug. A linear
physiologically based pharmacokinetic model was used by
Chen and Gross (22) to study drug delivery characteristics of
chemotherapeutic agents after intra-arterial and intra-
venous infusion. This model confirms that intra-arterial
infusion produces higher local tissue levels and a reduction
in the systemic drug availability. The increase in local drug
concentration depends largely on the blood flow rate
through the infused artery and the rate of drug elimination
by the rest of the body, whereas the reduction in systemic
drug delivery is dependent on the ability of the infused
region to eliminate the drug. Ensminger et al (36) discovered
that hepatic extraction of S5-fluoro 2’-deoxyuridine
(floxuridine) was in the order of 94% to 99% and that of
S-fluorouracil was 19% to 51% after a single pass through
the liver following hepatic artery infusion. During hepatic
artery infusion, the systemic levels of floxuridine were 25%
and those of S5-fluorouracil were 60% of corresponding
systemic concentrations with peripheral venous infusion.
Hepatic extraction was also demonstrated for doxorubicin
(adriamycin) which had an extraction ratio of 45% to 50%
depending on the dosage of the drug administered. The
systemic levels of adriamycin during hepatic arterial in-
fusion were 25% lower than the corresponding systemic
levels with peripheral venous infusion (41). Similar observa-
tions were made by Kelsen ez al. (72) with hepatic arterial
infusion of cis-diamminedichloroplatinum (cisplatin) in
dogs which yielded a coefficient of extraction of 72% to
97%. Therefore, hepatic arterial infusion should have
greater advantage over the intravenous route in the manage-
ment of hepatic neoplasms at least with relation to the use
of floxuridine, 5-fluorouracil, adriamycin and cisplatin.

Jaffe et al. (59) demonstrated consistently elevated cis-
platin concentrations in the local vein as opposed to a
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peripheral vein during arterial infusion of this agent for the
management of patients with osteosarcoma. Concentrations
of cisplatin in the neoplasms were directly related to the
number of arterial infusions. A direct relationship between
the neoplastic concentrations of cisplatin and degree of
tumor destruction was also noted.

In the attempt to increase the efficacy of intra-arterial
infusion chemotherapy, various techniques aimed at reduc-
ing the blood flow through the infused territory have been
attempted. Theoretically, by decreasing the rate of blood
flow there is an increase in the concentration of the infused
agent and concomitantly a decrease in the transit time re-
sults in prolongation of the tissue contact time. Tourniquets
have been applied to the abdomen and extremities during
intra-arterial infusion chemotherapy in order to achieve this
effect (13, 14, 15, 16) Anderson et al. (5) by combining
intra-arterial infusion of 14C labelled 5-fluorouracil with
temporary vascular occlusion using a double lumen balloon
catheter in the external iliac artery of a dog increased the
local tissue concentration of this drug by 7 to 9 times when
compared to intra-arterial infusion alone. The tissue levels
of 5-fluorouracil were 30 to 50 times greater than those
obtained by the intravenous administration. Wright ez al.
(137) using a percutaneous approach combined arterial bal-
loon occlusion infusion of floxuridine with recirculation of
the venous effluent with the aid of a pump oxygenator and
achieved local tissue levels 27 times greater than those ob-
tained by arterial balloon occlusion infusion alone.

TRANSCATHETER EMBOLIZATION

Therapeutic embolization has been in use for over 50 years
(48), it was initially employed in the management of ar-
teriovenous fistulas (122, 78) and malformations (84, 85),
particularly of those occurring in the brain. With the de-
velopment of percutaneous transcatheter techniques, the
uses of embolization were extended to the control of
hemorrhage (112) in various regions of the body and devas-
cularization of tumors prior to surgery in order to minimize
intraoperative blood loss. The changes observed in neo-
plasms following surgical arterial ligation and the occasion-
al iatrogenic arterial occlusion occurring during catheteri-
zation for infusion chemotherapy led to the realization that
occlusion could be an effective tool in the local control of
neoplasms. (132) Devascularization is a general term which
includes surgical arterial ligation, catheter induced arterial
injury, drug induced arteritis, as well as transcatheter em-
bolization. The goal of tumor embolization is to apply
superselective catheterization techniques for vascular occlu-
sion in order to achieve maximal tumor necrosis with mini-
mal normal tissue infarction.

Arterial embolization can result in central or peripheral
occlusion depending on the size of the embolic particles
employed and, therefore, on the caliber of the vessels oc-
cluded. Central embolization, analogous to surgical liga-
tion, consists of occlusion of an artery maintaining its
peripheral branches patent. Reconstitution of the peripheral
branches then occurs immediately, in most vascular ter-
ritories, through a different route. This technique is used to
redistribute blood flow to a single vessel where a given
neoplasm is supplied by more than one artery. In this man-

ner, only one catheter is employed for effective infusion of
the entire neoplasm (23). Central embolization is also per-
formed to protect a vascular territory not involved by tumor
from the effects of chemotherapeutic agents or embolic
materials injected proximally to its origin (46, 76). In most
vascular territories tissue infarction does not occur second-
ary to central embolization. The purpose of peripheral
embolization in tumor management is the production of
ischemic necrosis of the neoplasms in question. Small parti-
cles, usually measuring less than 0.5mm in diameter are
employed for this purpose.

The choice of embolic materials will depend on their
availability, ease of use, their effectiveness as occluding
agents and on whether central or peripheral embolization is
desired. Although a large number of embolization materials
is available, the most commonly ones used at UT M.D.
Anderson Hospital and Tumor Institute are absorbable
gelatin foam (Gelfoam) polyvinyl alcohol foam (Ivalon)
(46), dehydrated ethanol and stainless steel coils (25, 132).
These materials have been used in over 1000 procedures with
minimal complications.

HEPATIC NEOPLASMS

The liver is one of the major organs most commonly in-
volved by metastatic neoplasms that usually originate in the
alimentary tract. The extent of the hepatic metastases and
the functional state of the residual normal hepatic paren-
chyma appear to be the most important factors influencing
the course of the disease and the duration of survival (63).
A median survival time of 75 days for patients with un-
treated hepatic metastases from a variety of primary neo-
plasms was reported by Jaffe and colleagues (63). Other
authors reported median survival times of 4.2 months (136)
and 13 months (17) for patients with untreated hepatic
metastases from colorectal carcinomas. The prognosis for
primary hepatic neoplasms is similar to that of metastatic
disease (9). Rarely, hepatic neoplasms are localized and thus
amenable to surgical resection (41). In unresectable disease,
alternative modes of treatment such as systemic chemo-
therapy (110) and surgical dearterialization of the liver have
been used with limited success (3, 97, 121). Hepatic artery
infusion chemotherapy and hepatic artery embolization are
also being used in an effort to control the local progression
of the disease and prolong the survival of patients with
hepatic neoplasms.

HEPATIC ARTERY INFUSION CHEMOTHERAPY

Since hepatic neoplasms derive most of their blood supply
from the hepatic artery (14, 50, 119) while the normal liver
parenchyma receives only 25%, these tumors are exposed to
relatively higher concentrations of the agents infused intra-
arterially. Hepatic neoplasms refractory to systemic chemo-
therapy may respond to arterial infusion of the same agent
dosage (6). Hepatic inactivation of some of the cytotoxic
agents infused (49) may also lessen the systemic toxic side
effects. Increased tumor response rates have been reported
with hepatic artery infusion of some chemotherapeutic
agents with prolongation of the median survival time in the
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Figure 1. Hepatocellular carcinoma. A. Computed tomography demonstrates a large tumor in the left lobe of the liver. B. Following three
courses of hepatic artery infusion chemotherapy there was complete resolution of the mass. Biopsies at laparotomy failed to demonstrate

viable tumor.

responders (41, 99, 103, 104). A response rate of 43.4% with
a median overall survival of 11 months was observed in a
group of 55 patients with metastatic colorectal carcinoma
confined to the liver treated with floxuridine and mitomycin
C by hepatic arterial infusion. The median survival in pa-
tients with intentional or inadvertent arterial occlusion was
prolonged to 15 months as opposed to 8 months for those
with an intact arterial tree (105). In a group of 12 patients
with hepatocellular carcinoma treated with intra-arterial
floxuridine, adriamycin and mitomycin C there were seven
partial and one complete remissions (Figure 1). A prolonga-
tion of the median survival time (14 months) was also ob-
served in patients with hepatic arterial occlusion when com-
pared to those patients without it (6 months) (106).
Several chemotherapeutic agents are used for infusion
into the hepatic artery. Floxuridine, mitomycin C and cis-

platin are used for metastases from colorectal carcinomas.
These agents in combination with adriamycin are also used
to treat primary hepatic neoplasms and various metastatic
neoplasms. Cisplatin is used to treat hepatic metastases from
melanoma and breast carcinoma. Other agents used for
hepatic artery infusion include 5-fluorouracil, vincristine,
dacarbazine, and streptozotocin.

HEPATIC ARTERY EMBOLIZATION

Markowitz in 1952 (89) suggested hepatic artery ligation as
a possible method of treating neoplasms. Following hepatic
artery ligation, Gelin and associates (45) demonstrated a
90% decrease in tumor blood flow and a 35% to 40%
decrease of flow in the normal liver parenchyma. Variable

Figure 2. Metastatic carcinoid. A. Computed tomography demonstrates two metastatic foci in the liver. B. Partial remission of the hepatic

metastases following hepatic artery embolization.
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Figure 3. Hepatic artery embolization for redistribution. A. Celiac
arteriogram. Note accessory right hepatic artery arising from the
gastroduodenal artery. B. Catheterization of the accessory right
hepatic artery prior to its occlusion with a stainless steel coil. C.
Proper hepatic arteriogram. Reconstitution of the embolized artery
has occurred through intrahepatic collaterals.

results of hepatic artery ligation in the management of
hepatic neoplasms have been reported (74, 7, 91, 37) but the
effects of surgical ligation are usually short-lived since re-
constitution of flow occurs through intra- and extra-hepatic
collaterals. This phenomenon is demonstratable angio-
graphically immediately following central occlusion of any
part of the hepatic arterial system and forms the basis for
redistribution of flow in the presence of aberrant hepatic
arteries (23). Occlusion of the more peripheral branches
through embolization with fine particles has a longer lasting
effect and causes varying degrees of necrosis of hepatic
neoplasms by depriving them of their blood supply. The
normal liver parenchyma is protected from infarction by
reason of its dual blood supply.

The collateral circulation that develops after occlusion of
any portion of the hepatic arterial system will determine, at

least in part, the degree of necrosis of hepatic neoplasms.
The more peripheral the occlusion, the less effective the
collateral circulation, and therefore, the greater the tumor
necrosis. It is also possible that some neoplasms are more
sensitive to ischemia than others. Complete necrosis of
hepatic neoplasms does not usually occur following the
initial hepatic embolization and therefore, the procedure
must be performed periodically. Initially, embolizations are
spaced approximately one month apart, and depending on
the response, subsequent procedures are performed at lon-
ger intervals. A median survival time of 11.5 months after
the first hepatic artery embolization in patients with hepatic
neoplasms in whom other forms of therapy, including hepat-
ic artery infusion chemotherapy, had failed has been re-
ported previously (24).

When portal hypertension with secondary ascites and
esophageal varices occur due to arterio-portal shunting in
some hepatic neoplasms, particularly hepatomas, hepatic
artery embolization may decrease the shunt and reverse the
hepatofugal flow in the portal vein. Resolution of the symp-
toms of portal hypertension may occur subsequently.

In cases of hormone-secreting hepatic tumors such as
metastases from neuroendocrine tumors, hepatic artery em-
bolization will decrease the tumor’s production of pharma-
cologically active substances. Patients with the carcinoid
syndrome whose clinical symptomatology is usually deter-
mined by the hepatic metastases will experience relief of
their symptoms for variable periods of time (Figure 2). (2,
20, 86, 109)

HEPATIC ARTERY REDISTRIBUTION

The classic sequence of the common hepatic artery originat-
ing from the celiac artery and continuing as the proper
hepatic artery which then divides into right, middle and left
hepatic arteries only occurs in 55% of the population (92).
In the remainder, aberrant hepatic arteries arising from the
left gastric artery and the superior mesenteric artery pose an
obstacle to effective arterial infusion of chemotherapeutic



agents. In order to infuse the entire liver through a single
catheter it is necessary to occlude the aberrant vessels. Cen-
tral embolization of an aberrant hepatic artery is readily
achieved with stainless steel coils which will lead to im-
mediate reconstitution of its territory through intrahepatic
collaterals arising from the still patent celiacal hepatic artery
(23) (Figure 3).

RENAL CELL CARCINOMA

The treatment for primary renal cell carcinoma confined to
the renal capsule (Stage I) is radical nephrectomy (111).
Renal artery embolization as a therapeutic modality was
first suggested by Lalli e «l. in 1969 (77) and it is now
utilized prior to surgery in cases of large neoplasms in order
to facilitate resection and decrease operative blood loss (134)
(Figure 4). It has been reported that over 50% of a group of
patients with Stage I neoplasms measuring over 6.5¢cm in
diameter were found to have lymph node metastases (54)
and it is possible that these may benefit from a possible
immunologic response against the neoplasm following pre-
operative renal infarction.

Patients with metastatic disease at the time of their initial
presentation pose a therapeutic dilemma. Chemotherapy,
radiation therapy and hormonal manipulation have gener-
ally been of no value in prolonging survival nor causing
regression of metastases in patients with renal cell car-
cinoma. Based on the initial work of Almgard et al. (4) who
reported stabilization of metastases in several of their pa-
tients with renal adenocarcinomas following renal artery
embolization, a protocol involving renal infarction, ne-
phrectomy, and hormonal therapy was established at UT
M.D. Anderson Hospital and Tumor Institute. Evaluation
of the first 100 cases with long term follow-up demonstrated

Figure 4. Renal cell carcinoma. A. Left arterio
vein. An additional left renal arter
ethanol.
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an overall response rate (including those patients showing a
complete or partial response or prolonged stabilization) of
28% (128). The median survival time for the responding
patients was over 30 months with one-third surviving 5
years. The overall survival rates for this group of patients do
not represent an improvement when compared to historical
controls treated at UT M.D. Anderson Hospital and Tumor
Institute by nephrectomy and hormonal-chemotherapeutic
protocols without renal embolization. However, in patients
with only pulmonary metastases a significant increase in the
survival rates was observed in comparison to controls
treated by nephrectomy alone. This improvement in the
survival rates was almost entirely due to those patients with
only pulmonary parenchymal metastases. The median sur-
vival time of patients with metastases confined to the lung
parenchyma was twice as high (18 versus 9 months) that of
patients with hilar mediastinal lymphadenopathy or pleural
effusion (with or without parenchymal metastases).

The apparent clinical benefit of renal embolization and
nephrectomy in some patients with pulmonary parenchymal
metastases from renal cell carcinoma continues to be an
empiric observation. It has been suggested that immunologi-
cal factors play a role based on the assumption that infarc-
tion of the neoplasm may release or uncover tumor antigens
thereby triggering an antineoplastic response (20).

Our current management of patients who present with
pulmonary parenchymal metastases include transcatheter
embolization of the primary tumor with Gelfoam and stain-
less steel coils followed by radical nephrectomy approx-
imately 1 week later. Following nephrectomy, these patients
are treated with medroxyprogesterone acetate (Depro-Prov-
era) 400 mg intramuscularly twice weekly as long as there is
no progression of their disease. Patients with metastases to
sites other than the pulmonary parenchyma alone do not
appear to benefit from infarction and nephrectomy and are,

eft ar gram. Diffuse neoplastic infiltration of the kidney with tumor vessels extending into the renal
y is faintly opacified. B. Complete occlusion of the renal artery following embolization with dehydrated
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therefore, offered experimental protocols that include renal
embolization with BCG, and infarction and nephrectomy
followed by daily injections of human leukocyte interferon.

PELVIC NEOPLASMS

Pelvic neoplasms often undergo extensive local growth prior
to metastasizing and local recurrence following primary
treatment modalities is a frequent occurrence. In such cases,
these neoplasms are unsuitable for extirpative surgery or
radiation therapy but are amenable to arterial infusion
chemotherapy.

The majority of pelvic neoplasms managed by intra-
arterial infusion chemotherapy receive their blood supply
from branches of both internal iliac arteries, thus requiring
simultaneous catheterization of each one of these vessels for
infusion. The local concentration of the infused chemo-
therapeutic agents can be augmented by central emboliza-
tion of the superior and inferior gluteal arteries (Figure 5).
These two vessels, after giving origin to a variable number
of pelvic visceral branches, exit from the pelvis to supply the
tissues of the buttocks and posterior aspect of the proximal
thighs. Since these two vessels usually account for over half
of the blood flow derived from the internal iliac arteries,
their occlusion will prevent infusion of tissues not usually
compromised by pelvic neoplasms while at the same time
increasing the concentration of the drug in the area of
interest. Occlusion of both gluteal arteries can be accom-
plished with stainless steel coils and Gelfoam fragments.
Reconstitution of their peripheral branches occurs usually
through collateral circulation arising from the fourth lum-
bar artery, the superficial iliac circumflex artery and bran-
ches of the deep femoral artery. The pelvic blood flow
derived from each internal iliac artery is then estimated by
radionuclide angiography utilizing 99 mTc macroaggre-
gated albumin and the dose of the chemotherapeutic agents

Figure 5. Occlusion of both superior and inferior gluteal arteries
with steel coils. Bilateral internal iliac angiography prior to infusion’
chemotherapy demonstrates flow limited to the pelvic cavity.

to be infused is fractionated between the two infusion cath-
eters accordingly. Bilateral internal iliac artery infusion
chemotherapy for pelvic neoplasms is usually performed at
monthly intervals for three courses following which the
infusions are spaced at longer intervals depending on the
response or the suitability of other modes of treatment
following remission.

CARCINOMA OF THE UTERINE CERVIX

The treatment of patients with squamous cell carcinoma of
the uterine cervix varies according to the extent of their
disease. Surgical resection or radiation therapy are usually
employed in those patients with Stage I and II tumors (131).
Patients with locally advanced (Stage III and IV) disease are
usually treated solely by radiation therapy because of the
difficulty of ensuring adequate surgical margins and the high
incidence of pelvic and para-aortic lymph node metastases
which contraindicate primary surgery (13, 131). Neverthe-
less, persistence or local recurrence of disease continues to
be a major problem and is often associated with intractable
pain, bleeding, foul discharge and fistulas. In these patients
palliation has been difficult to achieve by systemic chemo-
therapy. During the past three decades arterial infusion of
chemotherapeutic agents has been utilized to increase the
local concentration of drugs but responses have been gener-
ally poor and of short duration.

In 1952 Cromer et al. (32) reported on the intra-aortic
injection of nitrogen mustard in 16 patients with carcinoma
of the cervix and vagina. They observed regression of the
local disease in 8 patients and a reduction in the size of the
pelvic tumor in 4 patients. Krakoff and Sullivan (75) using
the percutaneous approach, also found some objective bene-
fitin 3 of a group of 6 patients with carcinoma of the cervix
following the intra-aortic injection of nitrogen mustard.
Sullivan et al. (124) used surgically implanted catheters into
the internal iliac arteries for the infusion of methotrexate
and noted total or partial tumor regression in all 4 of their
evaluable patients with carcinoma of the cervix. Hulka and
Bise (53) also infused chemotherapeutic agents (5-fluoroura-
cil, floxuridine or methotrexate) selectively into the internal
iliac arteries of a group of 13 patients with carcinoma of the
cervix and vagina. These investigators observed a complete
remission in four patients with Stage III and IV disease who
also underwent irradiation following chemotherapy. Mor-
row et al. (94) employed intra-arterial infusion of bleomycin
in 20 patients with carcinoma of the cervix without a signifi-
cant response rate. Libshitz et al. (81) using intra-aortic
methotrexate alone or in combination with vincristine ob-
served tumor regression in 3 of 14 patients with a mean
survival time of 13 months compared to 7.9 months for the
nonresponders. Their 3 patients who experienced objective
tumor response had all received combination methotrexate
and vincristine. None of their patients treated with metho-
trexate alone had tumor regression. Swenerton et al. (130)
used intra-aortic or common iliac artery infusions of com-
bination vincristine, bleomycin and mitomycin C in 20 pa-
tients with carcinoma of the cervix. There were no complete
responders and only three patients experienced partial re-
sponses which were generally short lived. In a study perfor-
med at UT M.D. Anderson Hospital and Tumor Institute,



cisplatin was selectively infused into the internal iliac ar-
teries of 9 patients with cervical carcinoma. A partial remiss-
ion was observed in 3 patients with a mean survival of 13
months compared to 7 months for the nonresponders (18).

In an attempt to lower the local recurrence rate and
improve the response rates to chemotherapy of Stage 111 and
IV patients, a study consisting of intravenous administra-
tion of vincristine (2 mg) with intra-arterial infusion of mit-
omycin C (10 mg/m?), bleomycin (20-40mg.m?) and cis-
platinum (100-110 mg/m?) is being performed at UT M.D.
Anderson Hospital and Tumor Institute. Three courses
spaced three weeks apart are given via percutaneously
placed catheters into each internal iliac artery. The initial
results of this study are encouraging; 30 out of 41 evaluable
patients without previous therapy were considered respon-
ders (Figure 6) and 7 patients had stable disease. All of these
37 patients underwent subsequent external irradiation and
24 patients (59%) remain free of disease at a median follow-
up of 8 months (range 1-31 months). Thirteen of the 41
patients relapsed at a median of 5 months and their median
survival time after relapse was only 3 months. The median
length of follow-up in this group of patients is still short and
the impact of this therapeutic modality on survival and local
recurrence is as yet unknown. An identical drug regimen was
employed in 17 patients with recurrent disease following
primary radiation with an overall response rate of 41%.
However, partial responses (29%) were of short duration
and did not lead to a significant prolongation of the patients’
survival (69).

CARCINOMA OF THE URINARY BLADDER

A variety of forms of local therapy are employed in the

3: Transcatheter management of neoplasms 27

treatment of patients with carcinoma of the urinary bladder
in stages O and A. The treatment of invasive carcinoma
(Stages B and C) usually consists of a combination of radi-
ation therapy and radical excision (66). Surgical therapy or
irradiation are of no value in patients with advanced disease
(Stage D-D,). Different chemotherapeutic agents adminis-
tered via the intravenous or the intra-arterial routes have
been employed in patients with unresectable bladder car-
cinomas. In 1961, Byron et al. (15) reported on their ex-
perience with intra-arterial infusion of several antineoplastic
agents in a group of patients with various malignancies. No
responses were observed in their two patients with bladder
carcinomas. Ogata et al. (101) noted various degrees of
antitumor effect in all of their 33 patients treated with
mitomycin C via surgically placed catheters into the internal
iliac arteries. Nevin ez al. (98) utilizing a similar technique
infused 5-fluorouracil into each internal iliac artery. A com-
plete response in 9 of a group of 15 patients undergoing
infusion chemotherapy followed by radiation therapy was
reported. A partial response occurred in 5 patients and only
one patient failed to respond. No worthwhile response was
demonstrated in another group of patients with recurrent
bladder disease after radiation therapy nor in those patients
with squamous cell carcinomas.

With the introduction of newer agents and techniques for
the percutaneous approach to catheter placement, various
therapeutic modalities were investigated at UT M.D. An-
derson Hospital and Tumor Institute. In a group of 18
patients with advanced carcinoma of the bladder (Stage
D,-D,) cisplatin was infused into each internal iliac artery
at a dose of 80-120 mg/m” over a 24 hr period. The infusions
in three of the 18 patients were performed after surgery or
radiation therapy had eliminated all measurable traces of
the disease and were therefore considered as adjuvant

Figure 6. Carcinoma of the uterine cervix. Bilateral internal iliac angiography. A. large hypervascular pelvic tumor. B. Marked improve-

ment following arterial infusion chemotherapy.
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therapy. In the remaining 15 patients, there were 6 complete
responses, 3 partial responses and 6 failures. The overall
response rate was 60 percent (9 of 15 patients) with a median
survival of 75 weeks. Pelvic pain in 12 of 15 patients and
hematuria in 8 of 10 patients were adequately controlled
(135).

In another group of 29 patients, 5-fluorouracil was ad-
ministered intra-arterially during the intravenous infusion
of adriamycin and mitomycin C. Seventeen (58%) of the 29
patients achieved an objective response. Twelve of the 20
patients with transitional cell carcinomas responded. All
four patients with adenocarcinomas and one patient with
adenocarcinomatous transformation responded to the in-
fusion chemotherapy. No response was observed in the three
patients with squamous transformation of transitional cell
carcinoma nor in the single patient with a spindle cell variant
neoplasm (83).

A third group consisting of 28 patients with unresectable
bladder carcinomas who had no evidence of distant visceral
metastases were managed with intravenous and intra-
arterial CISCA (cytoxan, adriamycin and cisplatin) chemo-
therapy. For intra-arterial CISCA, only cisplatin was ad-
ministered intra-arterially; cytoxan and adriamycin were
infused via the intravenous route. All patients had locally
advanced disease with or without nodal metastases. These
patients either had unresectable tumor at presentation (26
patients) or had failed initial therapy consisting of cystec-
tomy or irradiation (2 patients). The tumors were of bladder
origin in 26 patients and of ureteral origin in 2 patients. All
but two patients received a combination of intra-arterial and
intravenous CISCA chemotherapy. Those patients with
only locally advanced disease received three courses of intra-
arterial CISCA spaced one month apart. Patients with nodal

Figure 7. Carcinoma of the urinary bladder. A Computed tomo-
graphy demonstrates a large neoplasm about the right lateral and
posterior aspects of the bladder. B. Complete remission following
bilateral internal iliac artery infusion chemotherapy.

metastases received their initial chemotherapy intravenously
followed by intra-arterial CISCA if an objective response
was achieved. The doses for intra-arterial CISCA consisted
of cytoxan 650mg/m?, adriamycin 50-60 mg/m® and cis-
platin 100mg/m*. A complete remission occurred in 11
patients (39%) with a median duration of remission 49
weeks (range 25-108 weeks) (Figure 7). In seven (25%)
additional patients an objective regression of tumor occur-
red. Ten patients (36%) failed to respond. A significant
improvement in the survival rate was documented for the
complete responders but there was no difference in the
survival rates between those patients achieving an objective
response and the nonresponders (82).

OSTEOSARCOMA

For many years, radical surgery has been the principal mode
of therapy for primary osteosarcomas. The overall survival
rate for patients with osteosarcoma employing this thera-
peutic modality is around 20% (43). Radiologic evidence of
pulmonary metastases occurs at a median of 8.5 months
following potentially curative surgery (64, 88) and patients
usually die within six months after detection of pulmonary
metastases (129).

The fatal outcome of most osteosarcoma patients follow-
ing surgery led to the use of radiation therapy for local
control (16, 65, 80) in an effort to spare patients likely to
develop pulmonary metastases unnecessary mutilation. It
was also believed that radiation might change tumor cell
viability and prevent implantation of cells dislodged during
surgery. However, this approach yielded survival rates com-
parable to those achieved by surgery alone (43) and so
radiation therapy was discarded as a primary treatment
modality.

Chemotherapeutic agents were also utilized in an attempt
to improve on the results obtained by surgery alone. Initi-
ally, the agents used yielded far from ideal results (39, 47,
123, 125). However, more recently, response rates in the
order of 35 to 40 % have been obtained using methotrexate
(57, 58), adriamycin (30), cisplatin (100) and cytoxan (107).
Their administration alone or in combination has led to
eradication of established metastases, destruction of pri-
mary tumors and prolongation of disease-free survival. The
fact that osteosarcoma is microscopically disseminated at
the time of diagnosis, as evidenced by the rapid onset of
clinically evident pulmonary metastases soon after ampu-
tation, has led to the administration of adjuvant chemo-
therapy following surgery (28, 126).

Advances achieved with chemotherapy led to the search
for alternative methods to treat the primary tumor short of
amputation the most significant of which has been limb
salvage (60, 107, 114). Preoperative chemotherapy was also
used initially in an attempt to contain the primary tumor
while awaiting the production of a customized endopros-
thesis for limb salvage surgery (87, 116). Subsequently, pre-
operative chemotherapy and delayed surgery were employed
with the intent to treat the primary tumor and identify an
effective chemotherapeutic agent for adjuvant therapy based
on the degree of tumor necrosis (86, 114, 115). Rosen et al.
(115) using methotrexate, adriamycin, bleomycin, cytoxan
and actinomycin achieved an overall disease-free rate of
72%.



Intra-arterial infusion chemotherapy was performed in
order to increase the exposure of the primary osteosarcoma
to the antineoplastic agents and thus attempt to improve on
the results obtained by their systemic administration.
Akaoshi et al. (1) used mitomycin C, 5-fluorouracil and
methotrexate by continuous intra-arterial infusion for 8 to
48 days followed by surgery and bronchial artery infusion in
14 patients with osteosarcoma. Metastases occurred in 60%
of patients during the first year. The projected S-year sur-
vival rate was 44% in those patients in whom the infusion
lasted longer than 3 weeks compared to 26% for those who
received shorter infusions. Eilber et al. (35) using the intra-
arterial infusions of adriamycin followed by radiation
therapy in 36 patients, observed tumor cell necrosis in over
80% of the resected specimens. In more than half of the
specimens, 90 to 100% destruction of the neoplasm was
noted. Jaffe et al. (60) observed between 90 to 100% tumor
destruction in 3 of § patients who underwent intra-arterial
infusion of adriamycin and systemic methotrexate. In
another report, Jaffe et al. (61) noted one partial and three
complete responses among nine patients who underwent
intra-arterial infusion of methotrexate as part of a rando-
mized study. No responses occurred in the six patients who
recieved intravenous methotrexate.

Preoperative intra-arterial cisplatin is currently being ad-
ministered to patients with localized osteosarcomas at UT
M.D. Anderson Hospital and Tumor Institute. A response
rate of 66% was achieved in 18 patients treated with intra-
arterial cisplatin; there were nine complete and three partial
responses (62) (Figure 8). The results were determined by
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clinical, angiographic and histologic parameters (needle
biopsy, amputation, and local resection). Increased tumor
destruction was found to be a function of the number of
infusions (three or more), high cisplatin concentration with-
in the neoplasms, and tumor subtype (osteoblastic). In con-
trast, decreased tumor destruction was associated with less
than four infusions, smaller concentrations and the telan-
giectatic subtype (59).

In another group of 40 evaluated adult patients, ten
(25%) showed 100% tumor necrosis and 13 (32.5%) showed
90% to 99% necrosis in the resected specimens. Twenty-
four (60%) of the 40 adult patients underwent limb salvage,
surgery, whereas 16 (40%) required amputation because of
early disease progression (two patients), size or location of
tumor (nine patients), or inappropriately placed biopsy (five
patients). Only six of the 24 patients who underwent limb
salvage surgery were considered candidates for this
procedure at presentation. Therefore, preoperative chemo-
therapy increased the number of patients in whom the ex-
tremities could be preserved. The overall two-year survival
rate projected according to the Kaplan-Meier life-table
analysis was 82% with a continuous disease-free survival
rate of 60%. The most important predictor of prolonged,
continuous disease-free survival was the degree of response
to preoperative chemotherapy. Patients with at least 90%
tumor necrosis had a three-year rate of 85%, compared with
30% for those with less than 90% tumor necrosis (116).

In summary, systemic methotrexate, adriamycin, cispla-
tin, mitomycin C, and 5-fluorouracil are effective in the
treatment of the primary tumor in osteosarcoma, with

Figure 8. Femoral osteosarcoma. Superficial femoral arteriography. A. Hypervascular neoplasm prior to arterial infusion chemotherapy.
B. Decreased vascularity of the tumor consistent with response to intra-arterial chemotherapy.
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methotrexate appearing to be the most efficacious yielding
response rates of up to 80% (117). In contrast to the intra-
venous administration, the intra-arterial route delivers high
tumoricidal concentrations to the primary tumor. The re-
sponse rates to intra-arterially administered adriamycin and
irradiation (135) were higher than those achieved by its
intravenous infusion (118). With cisplatin, the responses
were increased from approximately 20% to 50% for its
systemic administration (20, 37, 39, 95, 132) to approximate-
ly 66% for its intra-arterial infusion (111). The intra-arterial
administration of methotrexate did not prove to be more
effective than the systemic route which yielded comparable
and even superior results (50, 62, 117). Intra-arterial
adriamycin and cisplatin infusions may be complicated by
skin and subcutaneous tissue reactions. Skin reactions
secondary to cisplatin usually consist of erythema and
brawny induration, however, those caused by adriamycin
may lead to sloughing and ulceration.

EMBOLIZATION OF SKELETAL NEOPLASMS

Embolization of skeletal neoplasms was initially performed
as an adjunct to surgical resection for hypervascular tumors
in order to decrease operative blood loss (73, 97, 104).
Subsequently, this technique was used for palliation of pain
caused by skeletal metastases (68) and later it was extended
to the management of patients with certain benign bone
tumors who had failed other therapeutic modalities (67).
Bone metastases from renal carcinoma are frequently
hypervascular which can influence their surgical manage-

ment. When a pathological fracture occurs, internal fixation
is usually indicated to relieve pain and to allow the patient
to remain ambulatory. Surgical excision and prosthetic re-
placement may be considered in cases of solitary lesions
located in accessible sites (90). However, surgical interven-
tion i8 often complicated by excessive blood loss which can
be avoided in the majority of cases by preoperative em-
bolization (69, 77). In six of eight patients managed in this
manner at UT M.D. Anderson Hospital and Tumor In-
stitute the estimated operative blood loss averaged 550 ml.
In the two remaining patients, embolization was inadequate
and blood losses were 3800 ml and 7000 ml respectively (69).
Radiation therapy, at times in conjunction with hormonal
and chemotherapeutic agents, is usually the primary modal-
ity employed in palliation of pain due to skeletal metastases.
Embolization is performed when the patient fails to respond
to conventional treatment (25, 69, 128) (Figure 9). In a
group of 21 patients with bone metastases treated in this
manner, mild to marked pain relief lasting from one to seven
months occurred in all patients (25).

Embolization has been performed in the management of
unresectable giant cells tumors and aneurysmal bone cysts
after failure of other modes of therapy or as a primary
treatment modality (31, 64, 67, 84). Twelve patients with
giant cell tumor and/or aneurysmal bone cyst were treated
by arterial embolization at UT M.D. Anderson Hospital
and Tumor Institute (18, 64). The tumor were located in the
sacrum in four patients, sacrum and lumbar spine in two
patients, sacrum and ilium in one patient, ilium only in two
patients and in one patient each in the thoracic spine (T-10),
the lumbar spine (L-4) and the humerus. All patients had

Figure 9. Sl_(ele.tal metastases from renal cell carcinoma. A. Lumbar angiography. Hypervascular metastases at the L-3 vertebral body. B.
Post embolization arteriogram demonstrates adequate occlusion of the lumbar artery supplying the tumor. The patient experienced marked

pain relief following embolization.
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Figure 10. Giant cell tumor. A. Computed tomography demonstrates a large lytic and expansile tumor destroying the sacrum. B. Following
arterial infusion of cisplatin and bilateral internal iliac embolization there is healing of the tumor.

some degree of pain as the initial symptom. Five of the 12
patients had failed to respond to both chemotherapy and
irradiation. Two additional patients had had chemotherapy
alone and all had some form of surgery. Seven of the 12
patients experienced significant pain relief but radiographic
features of healing (calcium deposition within the tumor and
decrease in size of the soft tissue mass) were observed in only
six patients (Figure 10). These seven patients had excellent
clinical response lasting 14 to 55 months.
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POSTSCRIPT

Transcatheter management of certain neoplasms, either as
arterial infusion (chemotherapy) or as embolization, has
been done with a number of organs, especially the liver, and
with primary or metastatic tumors as well. Advantages and
disadvantages of Lipiodol-Transcatheter arterial emboliza-
tion in diagnosis and treatment of hepatocellular carcinoma
were outlined by Shimotsuma et al. (2) and Shimamura et al.
(1). Transarterial embolization or infusion in regard to un-
resectable liver cancer were discussed by Taniguchi et al. (3).
Infusion chemotherapy of primary neoplasms is especially
known from Japan with its high incidence of liver cancer (see
chapter 6/Vol. VI) or in metastatic cancer to the liver. Em-
bolization is used in patients with primary and metastatic
cancer: Primary tumors and their treatment were described
and metastatic ones such as islet cell tumors metastatic to
the liver or from colorectal cancer. Other recent studies dealt
with combined treatment for primary and metastatic neo-
plasms and complications. Some papers were more of tech-
nical nature or reported experimental work.
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INTRODUCTION

By definition, folate antagonists are compounds which are
capable of interfering with tetrahydrofolate utilization. The
source of folic acid (1) in man is exogenous. All biologically
relevant coenzymatic forms of folic acid possess a tetrahy-
dropteridine ring system (11). Folic acid is converted to
5,6,7,8-tetrahydrofolic acid by a stepwise reduction
mediated by the key enzyme dihydrofolate reductase (EC
1.5.1.3). The stereochemistry of the enzymatic reduction of
folic acid to its tetrahydroderivative was investigated by
Charlton and Young (19), and they defined the absolute
configuration at C-6 of this derivative as (S). The (S) con-
figuration at C-6 of tetrahydrofolic acid is usually referred to
as the ‘natural configuration’. This stereochemical assign-
ment was in agreement with that proposed by Fontecilla-
Camps et al. (44) by X-ray crystallography.

In contrast to the enzymatic reduction, the chemical re-
duction of folic acid results in the formation of d,/-L-
tetrahydrofolic acid, which is a mixture of diastereomers.
The individual diastereomers are /-L-tetrahydrofolic acid
and d-L-tetrahydrofolic acid. The former compound is the
natural isomer of tetrahydrofolic acid having the (S) con-
figuration at C-6 and the later is the unnatural isomer (79).
All known folate cofactors, which take part in the biochemi-
cal reactions catalyzed by folate dependent enzymes have
the natural configuration at C-6. The crystal and molecular
structure of folic acid dihydrate has been determined by
Mastropaolo and Camerman (86) by X-ray diffraction and
found that it is an extended conformation with the pteridine
ring in the keto form. The pteridine ring and the phenyl ring
interact in a stacking manner, and the investigators specu-
lated that this type of interaction is suggestive of the type of
association these rings could form in a complex of folic acid,

Figure 1. Schematic representation of the role of folate cofactors and folate based enzymes in de novo thymidylate biosynthesis.
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Table 1. Enzymatic reactions.

1. Dihydrofolic acid
+ NADPH + H*

dihydrofolate reductase,
e e

Serine hydroxymethyl transferase

Tetrahydrofolic acid + NADP*

Thymidylate synthase
e e

Methylene tetrahydrofolate reductase

N°, N'*_methylene tetrahydrofolic
acid + glycine

Dihydrofolic acid + dTMP

2. Serine + tetrahydrofolic
acid

3. N, N'%_-methylene
tetrahydrofolic acid
+ dUMP

4, N°, N'%-methylene

tetrahydrofolic acid
+ NADH + H*

Methylene tetrahydrofolate dehydrogenase

N°-methyl tetrahydrofolic
acid + NAD*

N°, N'%-methenyl tetrahydrofolic

5. N°, N'’-methylene
tetrahydrofolic acid
+ NADP*

6. Glycinamide ribo-

nucleotide (GAR) +
N°, N¥-methenyl-
tetrahydrofolic acid
+ H,0

7. Aminoimidazole
carboxamide ribo-
nucleotide + NY-
formyl-tetrahydro
folate

8. Homocystein + N°-
methyl-tetrahydro-
folic acid

GAR-transformylase
Pt ekl S

AICAR-transformylase
—_— 5

Methionine synthetase
— s

Glutamate-formimino transferase

acid + NADPH + H*

N-formyl glycinamide ribo-
nucleotide + tetrahydrofolate

5-formamido imidazole-4-
carboxamide ribonucleotide
+ tetrahydrofolic acid

Methionine + tetrahydrofolic
acid

9. N-formimino glutamic
acid + tetrahydro-
folic acid

10. Formimino glycine +
tetrahydrofolic acid

1. Tetrahydrofolate +
Formic acid + ATP

Glycine-formimino transferase
Pt Attt Y

Tetrahydrofolate formylase
bt A bbbt Ay

N°-formimino tetrahydrofolic
acid + glutamic acid

N°-formimino tetrahydrofolic
acid + glycine

N'._formyl tetrahydrofolate
+ ADP + Pi

NADPH and dihydrofolate reductase. The enzymatic re-
duction product of 7,8-dihydrofolic acid (/-L-tetrahydrofol-
ic acid) serves as a common precursor of all biologically
active coenzymatic forms of folic acid. The metabolic fate of
dihydrofolic acid as well as it’s regeneration in vivo is depic-
ted diagrammatically in Figure 1. An outline of the major
enzymatic reactions in which folate coenzymes are involved
is presented in Table 1. The presence of 7,8-dihydrofolic acid
in the cell is the result of its formation as a co-product in the
reaction catalyzed by the enzyme thymidylate synthase (EC
2.1.1.45). Dihydrofolate thus generated can become active
only if it is reduced to the tetrahydro derivative by dihy-
drofolate reductase. Tetrahydrofolic acid, as its N> N'"-
methylene derivative plays a unique role in the de novo
biosynthesis of DNA, by providing the required methylene
unit for the conversion of deoxyuridylic acid (dUMP) to
thymidylic acid (dTMP). This thymidine nucleotide (dATMP)
is required exclusively for the biosynthesis of DNA and
hence cell division. Three folate dependent enzymes are
directly involved in the conversion of dUMP to dTMP.
They are:

(1) Dihydrofolate reductase: This enzyme catalyzes the

reduction of dihydrofolate to tetrahydrofolate (reaction 1,
Table 1).

(2) Serine hydroxymethyl transferase, which catalyzes the
transfer of the methylene unit from serine to tetrahy-
drofolate, with the formation of N° N'"-methylene tetrahy-
drofolate and glycine (reaction 2, Table 1).

(3) Thymidylate synthase: This enzyme facilitates the
transfer of a methylene unit from N°,N'-methylene te-
trahydrofolate to the 5-position of deoxy uridylate (reaction
3, Table 1).

In addition to the unique metabolic role of tetrahy-
drofolate in de novo DNA biosynthesis, it also functions as
a key intermediate in all other one carbon transfer reactions.
Various derivatives of tetrahydrofolate function as one car-
bon carriers in many metabolic processes.

The one carbon fragment is carried in a covalent linkage
either at N°, N'°, or as a cyclic unit between N° and N'° of
the tetrahydrofolate molecule. The one carbon unit is car-
ried over these positions in various oxidation states of car-
bon. The partial structures of these derivatives are shown in
Table 2 together with a statement of the function of each of
these compounds. Examination of this table reveals that



Table 2. Partial structures in various oxidation states of carbon.

apart from its participation in the synthesis of thymidylic
acid, tetrahydrofolate has other important functions as well;
such as its role in amino acid interconversion; purine biosyn-
thesis; RNA biosynthesis; histidine degradation; protein
synthesis and the formation of methionine. Participation of
a folate derivative has been implicated in the biosynthesis of
heme. This compound, presumably a folyl-polyglutamate
apparently functions as an activator of uroporphyrinogen-I
synthase (112). It has been shown that 5-methyl tetrahy-
drofolic acid can also function as a methyl donor in the
methylation of indolethylamines (82). Although, it is well
recognized that the folate cofactor used in the GAR-trans-
formylase reaction is N°,N'-methenyl tetrahydrofolate,
Benkovic has shown that reaction no. 6 as written in Table
1, requires a second enzyme which is a trifunctional protein,
and the true folate cofactor for the GAR-transformylase
reaction is L(—)-10-formyl tetrahydrofolate; which is the
hydrolysis product of L(+)-5,10-methenyl tetrahydrofolate
(134). Historically, the transformylase assay was carried out
with a mixture of diastereomers. Therefore, the utilization of
L(—)-10-formyl tetrahydrofolate was not previously recog-
nized because L-(+)-10-formyl-tetrahydrofolate is an ex-
cellent competitive inhibitor of GAR transformylase.
These observations, taken together clearly indicate that
tetrahydrofolate is a vitamin which has a central role in
many important biochemical processes and any interference
with its utilization in vive might lead to profound biological
consequences. Natural folates have complex structures, and
they are widely distributed. The complexity of their struc-
tures arises from the fact that at least three states of reduc-
tion can occur in the pyrazine ring, and six different one
carbon substituents can be present at N°, N'° or both of
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these positions of the folate framework. Each of these de-
rivatives can exist as their respective poly-y-glutamates with
the glutamyl chain length varying anywhere from two to
eight (4). The structures of the naturally occurring folate
derivatives are shown in Figure 2. During absorption of the
vitamin, the polyglutamates are broken down to their re-
spective monoglutamates by the enzyme pteroyl-y-glutamyl
carboxy peptidase (2, 110); also known as ‘conjugase’.
Evidence has been presented by Butterworth, Baugh and
Krumdieck (16) that synthetic poly-y-glutamates are con-
verted to the monoglutamate form in man shortly after oral
ingestion. Folates are circulated in the plasma after they are
bound to the folate binding proteins as suggested by Colman
and Herbert (23) and Waxman (141). These bound folates
are accessible to the active, carrier mediated cell transport
system. It has been shown by Huennekens and Henderson
(65) that transport of folate compounds into mammalian
cells is an active process, which requires energy, carrier
mediated and saturable. These cells possess two transport
systems, one specific for folic acid itself, and the other for
reduced natural folates. Neithammer and Jackson (105)
have shown that in human lymphocytes uptake of folic acid
and natural reduced folates occurred by separate pathways.
These two distinct transport systems are responsible for the
influx of folate derivatives to mammalian cell lines.

FOLATE BASED ENZYMES AS TARGETS FOR
CANCER CHEMOTHERAPY

The central role of tetrahydrofolate in DNA synthesis, and
its importance as a target of cancer chemotherapy has been
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Figure 2. Schematic representations of the theoretical structures of
the folates. Adapted from Baugh and Krumdieck: Annal NY Acad
Sei 186:7-28, 1971.

widely recognized. Any situation which interferes with the
formation of tetrahydrofolate will have an adverse effect on
the synthesis of purines and pyrimidines which are required
for the synthesis of DNA and hence cell division. The
enzyme which catalyzes the reduction of dihydrofolate to
tetrahydrofolate is dihydrofolate reductase. Therefore, it is
not surprising to note that the majority of attempts to block
cell division, were targeted primarily at the inhibition of this
enzyme.

Another important folate based enzyme, which has been
a target for cancer chemotherapy is thymidylate synthase.
The inhibition of this enzyme specifically blocks the biosyn-
thesis of a single nucleotide (dTMP) which is exclusively
required for DNA synthesis. Inhibitors of both dihy-
drofolate reductase and thymidylate synthase, are currently
used as well known anticancer drugs.

The third enzyme which is a potential target for cancer
chemotherapy is serine hydroxymethyl transferase. This
enzyme catalyzes the formation of the key intermediate

N° N'%-methylene tetrahydrofolate, which is a specific

«coenzyme for the reaction catalyzed by thymidylate syn-

thase. However, this coenzyme can also be formed by the
alternate pathways which are shown below.

(a) Tetrahydrofolate + formaldehyde "Mt NS N0
methylene tetrahydrofolate

(b) N°,N' methenyl tetrahydrofolate + NADPH + H*

dehydrogenase 5 10
—— N°,N"°-methylene tetrahydrofolate +

NADP*

It should be noted that N° N'°-methenyl tetrahydrofolate is
formed by the action of cyclohydrolase on N'°-formyl
tetrahydrofolate which, in turn, originates from tetrahy-
drofolate and formic acid or via N*-formyl tetrahydrofolate.

Because of the availability of these alternate pathways,
very selective inhibition of serine hydroxymethyl transferase
may not contribute to a dramatic reduction of dTMP syn-
thesis. Perhaps, this theoretical consideration might have
been the reason for the lack of enthusiasm which prevailed
regarding the development of specific inhibitors of this
enzyme. However, it should be recognized that a precise
understanding of the relative contribution of each of these
pathways to the overall production of N°®N™.methylene
tetrahydrofolate is required before any meaningful con-
clusions regarding this approach in blocking cell division
can be derived. At this writing a specific and powerful
inhibitor of serine hydroxymethyl transferase, which is use-
ful for the chemotherapy of cancer has not been developed.

Since a majority of folate coenzyme derivatives are inter-
convertible in vivo, at least from a theoretical standpoint,
most of the folate based enzymes are potential targets for
cancer chemotherapy. Therefore, in addition to the three
enzymes mentioned above, two additional enzymes which
are directly involved in the de novo synthesis of purine
nucleotides have to be pointed out. They are GAR-trans-
formylase and AICAR transformylase (Table 1). Specific
inhibition of any one of these enzymes, should effectively
block DNA and RNA biosynthesis.

Inhibitors of dihydrofolate reductase
Mechanism of action, toxicity and clinical use

The most widely used anticancer drug, which is an inhibitor
of DHFR is methotrexate. It is one of the most powerful
inhibitors of this enzyme; and this inhibition has been de-
scribed in the literature using various terms such as noncom-
petitive (8) pseudo irreversible, and stoichiometric. These
descriptions are used to convey the message that one mole-
cule of MTX binds tightly to one molecule of the enzyme,
and at pH 6 there is no dissociation of the enzyme inhibitor
complex. At the physiological pH and higher, reversible
competitive kinetics are observed.

There are only two known sources of dihydrofolic acid in
man. They are (1) the dietary source, and (2) the availability
of dihydrofolate as a coproduct of the reaction catalyzed by
thymidylate synthase. In growing tissues the demand for
DNA is high, and one molecule of dihydrofolate is formed
for every molecule of thymidylate synthesized. To keep the
folate pool functioning at normal levels, dihydrofolate must
be reduced to tetrahydrofolate by DHFR and NADPH



(Figure 1). During MTX treatment, DHFR is inhibited and
consequently a large fraction of the various folate coen-
zymes of one carbon metabolism is channeled to ‘inert’
dihydrofolate. The result is a complete blockade of one
carbon metabolism. These observations have been docu-
mented. The incorporation of 14-C formate in to the purines
is blocked up to 90% in animals receiving MTX (132, 133).
Methotrexate also inhibits de novo purine biosynthesis in
bone marrow cells in vitro (138) and Ehrlich ascites cells in
vivo (119). The incorporation of labeled amino acids into
protein in Escherichia coli extracts is drastically inhibited by
MTX, perhaps due to the scarcity of methionine or N-
formyl methionine (41). Williams and co-workers (145) re-
ported the inhibition of *C formate incorporation into pro-
tein of L1210 lymphoma in mice as well as the protein of
spleen and liver of these animals. The incorporation of “C
into DNA thymine is drastically reduced in ascites cells by
MTX (120). Methotrexate has also been shown to block the
degradation of histidine at the formiminotransferase level,
which results in increased excretion of formiminoglutamic
acid in the urine of patients receiving this drug (13). These
results clearly indicate that all major routes to one carbon
metabolism are effectively blocked by MTX. This remark-
able effect of MTX on one carbon metabolism has a pro-
found influence on rapidly proliferating cells. In most cells,
the leading cause of cell death is inhibition of thymidylate
synthesis (117) and consequently MTX Kkills cells in the S
phase. In addition, MTX also inhibits the syntheses of pu-
rines, RNA and proteins. Therefore, MTX also slows the
entry of cells into the S phase. Because of the broader and
more general inhibition of MTX on one carbon metabolism
it is unable to accomplish an ideal thymineless death.

Borsa and Whitmore (12) observed that the cytotoxicity
of MTX was enhanced in certain cultured cell lines when
they were exposed to purines in absence of thymine. In
certain other systems the cytotoxicity of MTX actually de-
creased when the cells were exposed to purines, indicating
the antipurine effect of the drug. A combination of thy-
midine and deoxy adenosine could completely reverse the
cytotoxicity of MTX in a variety of experimental systems.
From these results, it would appear that the cytotoxicity of
MTX is due to the depletion of both purine and pyrimidine
nucleotides.

Methotrexate is most effective against those tumors with
a high growth fraction where the demand for DNA is very
high. Therefore, it is not surprising that MTX is curative to
Burkitt’s lymphoma and choriocarcinoma, both of which
have doubling time of less than two days. On the contrary,
MTX is not as effective in the treatment of those tumors
such as lung and colon cancer which have a doubling time
of 3 months. Due to these reasons, MTX toxicity will be
more pronounced, and confined to those tissues which have
a relatively high growth fraction (135). These include gas-
trointestinal mucosa, bone marrow and hair follicles. Bone
marrow depression, gastrointestinal bleeding and hair loss
are very common toxic symptoms in patients receiving MTX
chemotherapy. A 72 hr plasma concentration of the drug at
10-"M or above has been associated with high toxicity.
Renal toxicity has been observed due to precipitation of the
drug in the kidney. The major component of the precipitated
material was shown to be 7-hydroxymethotrexate (69). The
renal status of the patients has to be carefully monitored,
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and proper hydration and alkalinization of the urine is
necessary to enhance drug clearance. The toxic effect of
MTX on bone marrow is manifested as leukopenia and
thrombocytopenia. It is absolutely necessary to monitor the
leukocyte and platelet counts periodically. Ulceration and
bleeding of the intestinal tract and damage to the buccal
mucosa are common consequences of methotrexate toxicity.
Methotrexate is known to produce hepatotoxicity, and fre-
quent measurements of hepatic enzymes are of clinical
value. Other toxic symptoms include alopecia, anorexia,
nausea, skin rashes and osteoporosis. Encephalopathy,
neurotoxicity, and meningeal irritation have been observed
as toxic side effects of intrathecal administration of MTX
(142).

Another closely related potent inhibitor of DHFR is ami-
nopterin (2). Both aminopterin and methotrexate (3) were
synthesized by Seeger e al., in 1947 and 1949, respectively
(123, 124). Methotrexate is widely used in the treatment of
many solid tumor and hematologic malignancies. Major
clinical uses of methotrexate are in the treatment of chorio-
carcinoma, carcinomas of the head and neck, acute lym-
phocytic leukemia, cancer of the cervix and breast cancer. In
the early 1960s, it was reported by Hertz et al. (60, 61), that
methotrexate was able to produce permanent remission of
choriocarcinoma in women. Burkitt ez al. (15) and Bertino
(6) reported the remarkable success of treating Burkitt’s
lymphoma with methotrexate and reported that 20% of the
survivors were free of the disease for up to six years in some
series.

In 1966, Burchenal (14a) reported that patients suffering
from acute leukemia can be treated with MTX, which
produced long-term remissions beyond five years in 65% of
132 cases. In the remission maintenance phase of anti-
leukemic therapy intrathecal methotrexate is frequently
used (when tumor cells infiltrate into the central nervous
system in leukemia patients). The first example of a cure of
cancer was achieved with the use of MTX in the treatment
of gestational choriocarcinoma of women (60). Metho-
trexate is also being used to achieve objective responses in
patients with epidermoid carcinoma of the cervix, lung can-
cer and other solid tumors (5). Bitran and co-workers (10)
reported a 50% response rate in the treatment of non-small
cell bronchogenic carcinoma with a combination of cyclo-
phosphamide, doxorubicin, methotrexate and procarbazine.
Methotrexate has also been used in the treatment of advan-
ced gastric cancer (14). A chemotherapy regimen consisting
of cisplatin, bleomycin and methotrexate was used for the
treatment of advanced squamous cell carcinoma of the head
and neck. In this regimen, all evaluable patients had signifi-
cant reduction (>50%) of measurable tumor. Complete
regression was noted in 27% of patients (43). Methotrexate
is still the single drug of choice for the treatment of menin-
geal leukemia. In spite of this documented success of MTX
as a widely used anticancer drug, the toxicity of the drug,
particularly to normal proliferating tissues, is a major pro-
blem associated with its clinical use.

In order to minimize the toxicity of methotrexate certain
rescue techniques have been developed and clinically used
with varying degrees of success. The use of high dose metho-
trexate followed by leucovorin is the most frequently used
method to improve the chemotherapeutic index of MTX.
Leucovorin is the trivial name for N*-formyl tetrahydrofolic
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acid. This compound is also known as citrovorum factor
(CF) or folinic acid. The rationale for the design of this
rescue technique was based on the assumption that ci-
trovorum factor (CF) does not compete with MTX, at the
sites of action of the latter. While MTX is a very powerful
inhibitor of DHFR, CF has practically no effect on this
enzyme at the levels used, but is a folate coenzyme inter-
mediate which can be interconverted to those coenzyme
derivatives, the formation of which are inhibited by MTX.
Other methods to alleviate the toxicity of MTX was exam-
ined by Kisliuk and co-workers (81) using animal models.
They showed that an ip injection of a L. casei dihydrofolate
reductase preparation into rats and mice given a single dose
of MTX caused a marked lowering of free MTX in the
blood. Alternatives to CF such as dl,L-5-methyl tetrahy-
drofolate, d,/-L-5-methylene tetrahydrofolate and /,L-5,10-
methylene tetrahydrofolate were effective MTX antagonists.
It was interesting to note that ¢,L-5,10-methylene tetrahy-
drofolate was completely inert.

The design of another rescue technique has the following
biochemical rationale. As discussed earlier CF can be met-
abolized to N°,N'"-methenyl tetrahydrofolate and N™-
formyl tetrahydrofolate. These two compounds are neces-
sary for the de novo synthesis of purines. It can also be
metabolized to N°,N'*-methylene tetrahydrofolate which is
the coenzyme needed for de novo thymidylate biosynthesis.
Since MTX blocks both purine and dTMP biosynthesis, it
was hypothesized that a more selective rescue can be accom-
plished by providing thymidine rather than CF. The end
result would be to preserve the antipurine effect of MTX and
to bypass the block of MTX on thymidylate synthesis. If, for
instance, some tumors are more sensitive to an antipurine
effect, a thymidine rescue will be more selective than a CF
rescue (64).

Sirotnak and co-workers (126) provided a pharmacologic
perspective of high dose MTX therapy with CF in murine
tumor models and showed that the uptake of MTX at these
levels (800 mg/kg) showed saturation kinetics and the drug
persisted much longer in the tumor cells than in the small
intestine. The effect of delayed CF on drug levels was the
same in tumor cells and small intestine, but much more CF

was required to initiate recovery of DNA synthesis in tumor
cells. A schedule employing 24 mg/kg of CF sc, 16 hr after
400 mg/kg MTX sc, gave a two-log tumor cell kill and
prevented lethal toxicity in most animals.

In the clinical treatment of certain neoplasms high dose
methotrexate therapy with CF rescue has been used to
improve the therapeutic index of MTX treatment (7, 52, 53).
Djerassi and co-workers, developed the use of high-dose
pulse methotrexate with citrovorum factor during the course
of their studies in childhood acute leukemia (36) lymphosar-
coma (37) and primary carcinoma of the lung (35). Al-
though there are conflicting reports about the efficacy of
such treatments (125), it has been shown by Djerassi et al.
(34) that administration in continuous infusion of massive
doses of CF reduced potentially lethal toxicity of MTX in
several patients with different carcinoma. These results are
summarized in Table 3.

Incidence of drug related deaths secondary to high dose
methotrexate and CF administration was reported in 498
treated patients. Wide variation in the percentage of fatal
toxicities from investigator to investigator was observed
with a range of 0-29% (139). As Djerassi notes, the main
difficulty with this method is unpredictable toxicity and even
in ‘good risk’ individuals with normal renal function cata-
strophic side effects may develop.

Results of a study at Memorial Sloan-Kettering Cancer
Center (115) has shown that the treatment of metastatic
osteogenic sarcoma with high dose methotrexate and leuco-
vorin rescue can be successful only if it is administered in
‘exactly the way that experience has dictated objective re-
sponses will occur’. A major breakthrough in the chemo
therapy of osteogenic sarcoma was reported in 1972 by Jaffe
and Paed (71). A threshold dose of 300 mg/kg was initially
suggested below which there was no response. Rosen and
Nirenberg (115) reported a 40% complete response rate of
osteogenic sarcoma to single-agent, high dose methotrexate
with leucovorin rescue. The overall partial and complete
response was 68%. With more than 5 years experience in
treating 200 patients with evaluable disease with approxim-
ately 5000 high dose methotrexate treatments, the effective
dose of MTX was found to be 8 g/m? in fully grown adoles-

Table 3. Massive CF for potentially lethal MTX-toxicity. Data from Djerassi e al.: Cancer Treat Rep 61: 749750, 1977.

MTX
Patient dose Day of MTX
No. Diagnosis (g) toxicity Toxic signs CF Status
1 Glioma 50 4 Throat and mouth ulcers, skin 3g/l day Improved in 24 hr; recovered
rash, and jaundice
2 Carcinoma, lung 30 4 Skin rash and throat and mouth 3 g/l day Improved in 36 hr; cleared in
ulcers 4 days
3 Carcinoma, lung 18 5 Skin rash, trachial irritation, 2g/1 day Improved in 48 hr; recovered
mucosal ulcers, and jaundice
5 Hepatoma 12 4 Skin rash and throat and mouth  1g/1 day Improved in 24 hr; recovered
ulcers
6 Carcinoma, lung 24 5 Mucosal ulcers 4g/2 days Improved in 48 hr; recovered
7 Carcinoma, 6 2 Skin rash and mouth ulcers 8g/2 days Improved in 48 hr; recovered
colon
8 Glioma 24 7 Skin rash and mucosal ulcer 4¢g/1 day Improved in 36 hr; recovered
9 Lymphosarcoma 3 4 Skin rash and mucosal ulcer 4g/2 days Improved in 48 hr; recovered
2 5
10 Lymphosarcoma 1.2 4 Skin rash 3 g/l day Improved in 24 hr; recovered




cents and 12 g/m? in younger children. The serum levels of
MTX should be monitored and leucovorin should be con-
tinued until serum MTX level falls below 10°"M. A 72-hr
serum MTX level of 1077 M can be potentially toxic. The
alkalinization of the urine for the first 24 hr is beneficial to
prevent renal toxicity. Under a carefully monitored treat-
ment schedule, these investigators found that high dose
MTX with CF rescue is extremely effective in the treatment
of osteogenic sarcoma. However, effective chemotherapy of
osteogenic sarcoma is difficult to perform, and should not be
attempted by those who are not well experienced in the use
of high dose MTX with CF rescue.

Several attempts to direct MTX more specifically to target
tumor cells have appeared recently. These include, conju-
gation of the drug with macromolecules of varying speci-
ficity such as tumor specific antigens, liposomes and poly-
amino acids (118). For example, MTX polylysine complex
readily penetrate the resistant tumor cells which are deficient
in the transport of the drug. It is hoped that the proper
selection and use of such conjugates will result in a more
favorable chemotherapeutic index of MTX in the treatment
of various forms of human cancers.

Metabolism of methotrexate

As a protective measure, mammals usually metabolize in-
gested foreign substances to compounds, with reduced bio-
logical activity, and to structures which permits their easy
excretion from the body. The potent folate antagonists
aminopterin (2), and MTX (3) were thought to be exceptions
to this general phenomenon, because virtually almost all
administered drug could be recovered unchanged from urine
and feces (45, 59). However, Oliverio and Loo (108) re-
ported that the 3’,5-dichloro analogue of MTX (DCM)
underwent metabolic alteration in vivo, and the metabolite
of this folate antagonists could be recovered from the urine.
In a subsequent paper (84), the structure of this metabolite
was disclosed to be 7-hydroxy-DCM. On close examination
(72), it was found that not only the dichloro analogue, but
also the parent drugs aminopterin and methotrexate, includ-
ing several other derivatives could be converted to their
respective 7-hydroxy derivative in several mammalian spe-
cies. In rabbit liver, the oxidizing activity was found to be
due to aldehyde oxidase. During high-dose MTX therapy,
significant amounts of 7-hydroxymethotrexate are elimi-
nated in the urine of humans (69). Conversion of metho-
trexate to 4-amino-4-deoxy-N'"-methyl pteroic acid by in-
testinal bacteria has been observed in mice. Similar meta-
bolic conversion of MTX in man has not yet been demon-
strated. It appears that the metabolism of methotrexate is
species specific, and dose dependent, and some of the meta-
bolic pathways of the drug has been overlooked by previous
workers due to these reasons.

Although studies in man and certain animals indicated
that MTX may, in large part, be recovered as unaltered drug
within 24 hr, a minor proportion of the drug was retained in
tissues for long periods. The major fraction of this material,
having half-life of about 3 months may be recovered from
the liver. Significant proportions of the long half-life MTX
may also be recovered from the intestine, stomach, and
kidneys (107). It was postulated that the long half-life MTX
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was actually the proportion of the drug which is bound to
dihydrofolate reductase in an irreversible manner, and the
drug persists in the cell during its entire lifetime.

The first report on the nature of the long half-life MTX in
mammalian tissues emerged from our laboratories (3). Pre-
liminary work tentatively identified two MTX conjugates in
red blood cells from a leukemic patient undergoing MTX
therapy as the poly-y-glutamates of MTX having two and
three glutamate residues respectively. Additional experi-
ments in rats using tritiated MTX, led to the isolation and
characterization of the di- and triglutamates of MTX
MTXG, and MTXG,) from the tissues of these animals.
The unequivocal structural characterization of these metab-
olites were subsequently accomplished by the unambiguous
chemical syntheses of all potential poly-y-glutamates of
MTX, and comparing these synthetic samples with the nat-
ural metabolites (95). Subsequent to our work, various in-
vestigators have confirmed the formation of the poly-y-
glutamyl metabolites of MTX in tissues of various mam-
malian species, including man. The structures (21) of these
metabolites are shown in Figure 7.

In order to assess the role of this newly discovered poly-
glutamates to the overall antitumor activity of MTX, evalu-
ation of the biological activity of the metabolites themselves
were undertaken. The relative potencies of these analogs in
inhibiting the growth of S. faecium decreased, as the chain
length of the glutamate residues increased (95). It was not
known at that time whether the decreased potency was due
to the inability of these compounds to penetrate the bac-
terial wall as efficiently as MTX or their decreased ability to
inhibit DHFR. Subsequently, other investigators (68, 70)
established that MTX conjugates with a chain length of up
to six glutamate moieties were equally powerful as the
parent drug in inhibiting DHFR from various sources in
vitro. The diglutamate showed activity equal to MTX in
increasing the survival time of mice bearing L1210 leukemia.

Kisliuk and co-workers (78) found that the polygluta-
mates of MTX are potent inhibitors of thymidylate synthase
derived from several different sources. The triglutamate
(MTX Gy) inhibited L. casei thymidylate synthase by 50%
at2 x 1077 M. This metabolite was 100 times more inhibi-
tory to the E. coli enzyme than MTX. Therefore, at least in
this instance, a definite additional role of these metabolites
to the overall chemotherapeutic effectiveness of MTX be-
came apparent. Cheng and co-workers (21) investigated the
effects of various folate and MTX analogues on human
thymidylate synthase activity and found that increasing the
number of gamma glutamyl residues increased their respec-
tive binding affinities towards the enzyme. The other two
widely speculated roles of these metabolites with regard to
their contribution to cytotoxicity are (1) the greater persis-
tence of these metabolites in the cells, and (2) differential
synthesis of the polyglutamates in tumor versus normal
proliferative tissues. The greater persistence of these metab-
olites in the cells may be due to their slower efflux rate,
especially with those having longer chain length compared
to the efflux rate of MTX. Differential synthesis may be
attributed to the enhanced synthesis of the metabolites in the
tumor and/or the synthesis of longer chain length metab-
olites in the tumor versus normal tissues. At any rate, there
is a growing consensus among investigators that poly-
glutamation of MTX has a significant role in the chemo-
therapeutic effectiveness of this drug.
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Figure 3. Radioactive elution profiles after DEAE-Sephadex chro-
matography of heat-treated cellular or supernatant extracts, with D.
pneumoniae dihydrofolate reductase added to the cell suspension.
The vertical axis is total drug, which was 2.872 ug/g wet weight for
T, cells, 1.018 g/g for T ,, cells, after 20 min at 37°; 0.049 ug/ml for
T, supernatant, 0.138 ug/g for T , ,, supernatant, after 20 min at 37°.
The net intracellular decrease shown equals the net extracellular
accumulation. (L1210 cells). Adapted from Poser, Sirotnak and
Chello: Biochem Pharmacol 29:2701-2704, 1980.

With regard to the synthesis of the polyglutamates it
appears that the same synthetase is involved in the polyg-
lutamation of both MTX and natural folates. Whitehead
and Rosenblat (144) using mutant Chinese hamster ovary
cells, which lack folypolyglutamate synthetase activity
showed that these cells are incapable of synthesizing MTX-
polyglutamates. While folate polyglutamates having up to
eight glutamate residues are readily formed, metabolites of
MTX having more than four glutamate residues are formed
only in small quantities at higher doses. Thus, the formation
of only MTX Gs has been recognized. One explanation for
this different pattern of metabolism by MTX, compared to
the natural folates, may be due to the fact that the DHFR
bound MTX and its glutamate conjugates are not substrates
for the synthetase. Some evidence to support this hypothesis
are at hand. MTX resistant baby hamster kidney cells
having high levels of DHFR were also shown to require
higher concentrations of MTX compared to the sensitive
cells for polyglutamate synthesis to occur, indicating that
DHFR bound MTX is a poor substrate for the synthetase.

The synthesis of MTX polyglutamates in L1210 murine
leukemia cells was reported by Whitehead (143). Jacobs and
co-workers (68) found that the diglutamate of methotrexate
was accumulated in human liver during MTX therapy. Like
the folate cofactors, MTX is metabolized in vitro to their
polygamma glutamates of varying chain length in murine
tissues and tumors (113, 114). Various investigators have
speculated that like folate, MTX polyglutamates are indeed
storage forms of the drug and they efflux from the cell at a
slower rate than free MTX (24, 31, 143). They rationalized
that those tissues which are capable of enhanced conversion
of MTX to polyglutamates will also have a higher persist-

ence of this drug. Poser, Sirotnak and Chello (113) in an
elegant study demonstrated that MTXG,, MTXG, and
MTXG; efflux from L1210 cells at the same rate as MTX
itself (Figure 3). Earlier workers, were unable to detect the
efflux of these compounds because the extracellular efflux
medium they used contained the enzyme conjugase, which
apparently hydrolysed the effluxed polyglutamates to MTX,
before they could be detected. To prevent the effluxed poly-
glutamates from being hydrolyzed by conjugate, Sirotnak
added hydrofolate reductase to the medium; thereby trap-
ping the effluxed compounds. Dihydrofolate reductase
bound MTX polyglutamates are very poor substrates of the
hydrolytic enzyme, conjugate. (Pteroylglutamyl-y-glutamyl
hydrolase). In a subsequent study Sirotnak also found that
polyglutamate synthesis in L1210 cells is dose and time
dependent, and he detected the formation of MTX poly-
glutamates of higher chain lengths of up to five glutamate
residues, when tumor-bearing mice were treated with
PHIMTX at doses ranging from 3 mg to 400 mg/kg. Under
these conditions, no detectable amounts of pentaglutamates
were found in the small intestine of the same animal. The
formation of a metabolite of still higher chain length with six
glutamate residues to an appreciable extent was observed in
these tumor-bearing animals at a dose of 12 mg/kg after 16
and 24 hrs. Again, no hexaglutamate was detected in the
drug limiting small intestine. These experiments indicated
for the first time that tumor specificity in the formation of
MTX polyglutamates exists, and it may contribute to the
overall therapeutic responsiveness and toxicity of MTX.

Investigations by Goldman (55) revealed that a portion of
intracellular MTX in excess to that bound to DHFR may
play a critical role in the chemotherapeutic activity of the
drug. Although the membrane transport parameters do not
appear to affect the rate of decline of intracellular MTX or
MTX polyglutamates in vivo, they do affect the intracellular
concentration of the drug achieved, and thereby influence
the synthesis of these metabolites (48). Therefore, it is con-
ceivable that other factors being the same, those tissues or
tumors which are able to transport MTX at a faster rate will
invariably contain a larger fraction of the drug in the poly-
glutamate form. As free MTX decline within the cell, the
polyglutamates replace the monoglutamate on DHFR and
from a relatively stable pool of antifolates above the enzyme
binding capacity (49, 116).

The greater persistence of MTX at pharmacologically
effective levels in tumor versus normal proliferative tissue
has indeed been associated with the selective action of this
drug (129). In order to determine the pharmacologic impor-
tance of MTX-polyglutamates, Jolivet and co-workers (74)
examined the formation, retention, and effect of these met-
abolites in cultured human breast cancer cells. The two cell
lines MCF-7 and ZR-75-B converted MTX to polygluta-
mates in a dose and time-dependent fashion (Figures 4A and
B). All of the MTX G, and 47 and 38% of MTX G; re-
mained in MCF-7 and ZR-75-B cells respectively and could
be identified in the cytosol after 24 hr in drug free medium.
These polyglutamates which were retained in the cell lines in
excess of DHFR binding capacity led to inhibition of thy-
midylate and loss of cell viability after removal of extra-
cellular MTX. Although MTX polyglutamates of shorter
chain lengths efflux from the cells at the same rate as MTX,
those with higher chain lengths are effluxed at a slower rate,
thereby partially contributing to the overall retention of the
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Figure 4A. Time course of MTXPG formation in MCF-7 cells. After 1-, 6-, 12-, and 24-hr incubations with 2M PHJMTX, cell extracts
were chromatogr'aphed by HPLC. Peaks A to E represent, respectively, 4-NH,-10-CH,-PteGlu, (MTX) to 4-NH,-10-CH-PteGlu,. The
total amount of intracellular drug in nanomoles per gram of cell protein is given at each time point (70). Data from Jolivet et al.: J Clin

Invest 70:351-360, 1982.

drug in certain tissues. Such prolonged retention of the drug
in a non-effluxable form, combined with the differential
synthesis of these metabolites is undoubtedly related to the
overall therapeutic index of methotrexate. The exact contri-
bution of MTX polyglutamates of varying chain length to
the cytotoxicity of MTX is not precisely known at this
writing. A great deal of research has to be done to unravel
the biological role of these metabolites, and to exploit such
results in a practical way to the development of more effec-
tive antifolates. One appealing area would be the develop-
ment of powerful inhibitors of DHFR, capable of enhanced
polyglutamation in the tumor, compared to MTX. If such
compounds have better chemotherapeutic indices than
MTX, further research along these lines might produce very
selective antifolates. It may be possible to predict (25) the
efficacy of MTX therapy by measuring the extent of MTX-
polyglutamate formation in the tumor versus normal tissues
of patients undergoing MTX therapy.

Transport and resistance

Transport of MTX to tumor cells plays a very important
role in the therapeutic effectiveness of this drug (129). The
transport parameters do govern the absolute levels of in-
tracellular MTX, which, in turn, influences the cytotoxicity

of the drug by various mechanisms (48). Defective transport
of MTX has been associated with MTX-resistance in certain
tumor cells (127). Due to these reasons, investigations re-
garding the transport of MTX to tumor cells continues to be
an active area of current research.

The uptake of natural folates and folate analogues to
mammalian cells has been studied by various investigators;
and these were reviewed by Goldman (54). Transport of
folate compounds in to cultured L1210 murine leukemia
cells is an active process requiring energy, is carried
mediated and saturable. Two separate transport systems are
known to mediate the transport process. One of these is
specific for folic acid, and the other one for reduced folates
such as 5-methyl tetrahydrofolate. These two systems are
readily distinguished. For example, the reduced folate path-
way is sensitive to sulfhydryl inhibitors. The uptake of
5-methyltetrahydrofolate is competitively inhibited by
MTX and vice versa; but neither compounds inhibit the
uptake of folate (65). Using newly synthesized folate
analogues, Hornbeak and Nair (63) confirmed the existence
of two transport systems in HeLa cells, one specific for folic
acid, and the other one for MTX. In human lymphocytes the
uptake of folic acid and natural reduced folates occurred by
separate pathways, and MTX shared the transport system of
the latter (27). Folate analogue transport by isolated murine
intestinal epithelial cells was examined by Chello and co-
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Figure 4B. Dose-response of MTXPG formation in human breast cancer cells. 24-hr incubations with either 0.2, 2, or 10 M [P HIMTX were
done in the MDA-231, MCF-7, and ZR-75-B cells, following which cell extracts were chromatographed by HPLC. Peaks A to E represent,
respectively, 4-NH,-10-CH;-PteGlu; (MTX) to 4-NH,-10-CH,-Pte-Glu;. The total amount of intracellular drug in nanomoles per gram
of cell protein is given at each time point (132). Data from Jolivet et al.: J Clin Invest 70:351-360, 1982.

workers (20). Suspensions of these cells transported MTX
and exhibited Michaelis-Menton saturation kinetics. The
influx of the drug was competitively inhibited by natural
folates. The transport system exhibited structural specificity
for substituents at the 10 position of the folate molecule. The
data supported the notion of carried-mediated transport of
MTX and other folate analogues.

Several MTX-resistant tumor cells have a defective trans-
port system for influx of the drug. Therefore, it is appealing
to consider the possibility of developing powerful antifolates
which are capable of being transported by the folic acid
transport system for the treatment of transport defective
MTX-resistant tumors. Correlations of structure activity
relationships with regard to the relative ability of various
folate analogues to be transported by each of these transport
systems will be very useful in the design of such compounds
in the future (62). One such analogue is 10-Oxa aminopterin
(99) which was shown to be able to compete with the trans-
port of folic acid in HeLa cells (63). Since MTX shares the
same transport system with CF (92), the clinical use of an

antifolate which can be transported through the folic acid
transport system in high doses in combination with citro-
vorum factor (CF) might permit a selective rescue of the
host cells, while preserving the antitumor activity of the drug
towards the resistant tumor cells.

In spite of the extremely potent anticancer activity of
MTX, the clinical usefulness of this drug is limited to a.
certain extent due to drug resistance. Tumors may acquire
resistance as treatment progresses; or some tumors may be
inherently resistant to MTX (58). There are several mecha-
nisms by which tumors may accrue resistance to metho-
trexate: (a) increased levels of dihydrofolate reductase, (b)
structural alterations of this target enzyme, (c) restricted
uptake of the drug and (d) inactivation of the drug by the
resistant cells (5, 17). Methotrexate resistance, which is as-
sociated with an elevation of the target enzyme, has been
shown to be due to amplification of the gene coding for
DHFR. This gene amplification may occur within a single
chromosome, producing an expanded homogeniously stain-
ing region containing multiple copies of the DHFR gene.



Resistance acquired through such a mechanism is stable and
can be passed to both daughter cells during mitosis How-
ever, gene amplification on the double minute chromosome
is unstable in the absence of the selecting agent (9, 40, 106,
122).

High elevation of the target enzyme DHFR is very com-
mon in resistant cells, and they always tend to maintain
zone-free enzyme in excess of the binding capacity of the
drug (57). In a methotrexate resistant strain of S180 cells
(AT/300) the synthesis of DHFR actually represents 6 to 7
percent of the soluble protein synthesis (1). In certain MTX
resistant cell lines the rate of DHFR synthesis may be 200—
250 fold greater than the sensitive parental line. Domin,
Cheng, and Hakala (40) isolated the DHFR from a metho-
trexate resistant subline of human KB cells, having high
levels of this enzyme. They demonstrated that the human
KB/MTX enzyme is different from the mouse S180 AT/300
DHFR in its isoelectric point, turnover number, and K; for
MTX. From these studies, they pointed out that extrapo-
lation of enzyme data from other mammalian sources to
human enzyme is not warranted. Although, acquired MTX
resistance has resulted in the marked elevation of both
DHFR and thymidylate synthase (EC 2.1.1.45) in certain
bacteria, concurrent elevation of folate dependent enzymes
other than DHFR has not been encountered in the mam-
malian system. Unstable MTX-resistance was observed by
Curt and co-workers (26) in human small cell carcinoma.
This cell line displayed amplification of the DHFR gene and
a large number of double minute chromosomes. Progressive
loss of drug resistance was observed when these cells under-
went serial passage in tissue culture. This loss of resistance
was in association with loss of double minute chromosomes
and a decline in dihydrofolate reductase levels.

In order to overcome MTX-resistance due to defective
transport of the drug Ryser and Shen (118) investigated the
use of a conjugate of MTX with poly(L-lysine). MTX and
PH] MTX were conjugated through a carbodiimide cata-
lyzed reaction to a 70 000 molecular weight poly(L-lysine) in
molar ratios of approximately 13 to 1. The MTX conjugate,
was transported at a much faster rate in both transport
proficient and deficient Chinese hamster ovary cells. The
100-fold difference in drug concentration needed to inhibit
the mutant cells and their corresponding wild type was
totally abolished by exposing the resistant cells to MTX-
Poly(Lys). Since the MTX conjugate did not inhibit DHFR,
these authors concluded that, after being transported to the
resistant cell lines, the conjugate is hydrolyzed to release the
free drug within the cell. The possible delivery of MTX to
resistant cells in the form of macromolecular complexes to
overcome resistance is an area of active investigation at the
present time.

Analogues of methotrexate

In spite of the fact that a large number of aminopterin
analogues were synthesized and evaluated, methotrexate
continues to enjoy the reputation as one of the very best
inhibitors of DHFR. At this writing, it can be stated with
some degree of confidence that no further improvement in
the inhibitory potency towards DHFR can be expected from
close analogues of MTX. Such improvements, if at all pos-
sible will in all likelihood result in more toxic compounds.
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However, in contrast to the inhibition of DHFR, there are
other biological and pharmacological parameters, which
might be exploited for the development of analogues with
better chemotherapeutic indices than MTX. Some of the
parameters include differences in the rate of influx and
efflux; polyglutamation, metabolic activation and deacti-
vation of these analogues in the tumor versus normal
proliferative tissues. For example, if an analogue which is
equally potent as MTX in inhibiting DHFR can be selective-
ly accumulated in the tumor compared to normal intestinal
epithelium or bone marrow either by enhanced transport or
polyglutamation; it might exhibit a definite therapeutic ad-
vantage over MTX.

The transport characteristics of MTX-analogues were
shown to be sensitive to structural changes at the C° N'-
bridge region (128). Several close analogues of aminopterin
with structural changes at the C°,N'%-region were syn-
thesized and evaluated using several biochemical and
pharmacological test systems (Figure 5). Some of these com-
pounds are N'"-propargyl aminopterin 4 (111) N'-
cyanomethylaminopterin 5 (94) 10-deaza aminopterin 6;
10-ethyl-10-deaza aminopterin 7 (32, 33) 10-thio aminop-
terin (100) 10-oxa aminopterin (91, 99) 11-thiohomoami-
nopterin (98) and 11-oxa homoaminopterin (97). One of
these analogues, 10-deaza aminopterin 6, exhibited very
interesting biological activity. With regard to its inhibition
of DHFR and inhibition of growth of Streptococcus faecium
and Lactobacillus casei 10-DA was classified as one of the
most potent antifolates (32). The in vivo antitumor activity
of 10-DA has been shown to be superior to MTX in mice
against three of five ascites tumors and two of three solid
tumors (130). When 10-DA was compared with MTX at the
optimum dose of 12mg/kg, the increase in the life span of
animals bearing a variety of murine ascites tumors was
significantly greater in all cases examined and were out-
standing in Ehrlich carcinoma, Taper liver tumor and sar-
coma 180 (Table 4). Sirotnak has also shown that when
given orally 10-DA was twice as potent as MTX against
L1210 leukemia at 6 mg/kg. 10-DA had a greater accumu-
lation in tumor, but the persistence was similar for both
drugs in drug limiting normal intestinal epithelium. The
influx of both MTX and 10-DA was mediated by the same
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Figure 5. Structures of promising analogues of methotrexate.
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Table 4. Relative efficacy of sc administered methotrexate and 10-deaza-aminopterin against a variety of murine ascites tumors. Data from

Sirotnak et al.: Cancer treat Rep 62: 1047-1051, 1977.

Doset Average
No. of (mg/ MST + SD LS weight}
Tumor Drug mice* kg) (days) (%) (g)
L1210 - 5% 4 - 6.7 + 0.8 - 23.1 £ 0.6
Methotrexate 5x 2 3 11.5 £ 1.1 71.8 228 + 0.9
5x2 6 144 + 0.8 114.9 226 £ 1.9
5% 3 9 158 £ 0.9 136.0 230 +£ 1.5
5x3 12 16.7 £ 1.1 149.8 222 + 1.8
5 x4 18 158 £ 1.9 136.0 183 + 24
10-Deaza-aminopterin 5 x 4 3 13.8 + 0.7 106.2 2254+ 1.7
5x 2 6 152 + 1.5 127.0 23.1 + 2.1
5x3 9 179 + 0.8 167.8 21.5 £ 2.3
5x3 12 182 + 1.3 171.6 203 + 23
5% 2 18 179 + 1.6 167.8 172 + 2.7
Sarcoma 180 - 5x3 - 121 + 1.1 - 284 + 2.7
Methotrexate 5x 2 3 11.7 + 1.7 0 26.2 + 2.0
5x3 6 152 + 09 24.9 29.0 + 3.1
5x3 9 18.3 + 2.0 51.3 294 + 2.8
5x3 12 19.8 + 1.8 64.0 272 £ 3.2
5x2 18 19.4 + 2.7 60.6 19.6 + 4.1
10-Deaza-aminopterin 5x 2 3 15.7 + 1.1 28.7 260 + 2.2
5x3 6 212 + 1.7 74.8 28.6 £ 1.9
5x 4 9 272 £ 0.9 124.3 272 + 2.6
5x3 12 >314 4+ 25 > 159.6§ 246 + 2.9
5x2 18 22.1 + 24 84.0 16.8 + 3.2
P815 plasmacytoma - S x 2 - 88 + 09 - 224 + 1.2
Methotrexate 5x%x2 6 154 1.1 75.0 234 + 0.6
5x2 9 176 + 1.6 100.3 227 + 1.7
5x2 12 184 + 1.3 109.1 222 + 0.9
10-Deaza-aminopterin 5x 2 6 182 + 1.3 107.5 23.1 + 0.8
5x2 9 19.0 + 0.9 116.3 224 + 1.3
5x 2 12 192 + 1.2 118.4 19.6 + 1.8
Ehrlich ascites - S x 2 - 17.2 + 2.1 - 312 £ 1.9
Methotrexate 5x 2 6 19.8 + 2.3 15.1 31.0 + 2.8
5x2 9 20.8 + 3.0 20.9 304 + 34
5% 2 12 202 +£ 1.9 17.0 29.6 + 3.2
10-Deaza-aminopterin 5x2 6 232 + 1.8 34.8 306 + 2.4
5x 2 9 272 4+ 22 58.1 320 + 4.1
5x2 12 282 + 29 64.0 26.6 + 3.1
Taper liver - 5x 2 - 142 + 2.2 - 324 + 1.8
Methotrexate 5x 2 6 19.7 + 2.3 39.0 293 + 2.7
5x 2 9 20.6 + 2.8 44.8 29.7 + 4.3
5x 3 12 20.2 + 3.1 41.6 304 + 3.8
10-Deaza-aminopterin 5x3 12 26.1 + 29 84.2 29.5 + 4.8

*No. of mice in each experiment x No. of experiments.
tGiven as a single sc injection.

1 Initial weight = 20 g.

§ Two 60-day survivors.

carrier mechanism and 10-DA showed a greater affinity for
the tumor carrier. The differences in the antitumor activities
of these drugs can be attributed in part to the differences in
their membrane transport to various tissues. The contri-
bution of polyglutamation to antitumor activity, if any,
should await further investigations.

Further structural modifications of 10-DA have led to the
development of a still better antitumor agent (33). This
antifolate, 10-deaza-10-ethyl aminopterin was much
superior to 10-DA and exhibited a wide spectrum of anti-

tumor activity in mice. The K for the inhibition of L1210
DHFR by compound 7 was 0.0028 nM compared to a K; of
0.0032nM for MTX. This ethyl derivative was transported
better to L1210 cells in culture than MTX. The Km for the
influx of these compounds in this system were 0.89 and
3.42 uM respectively. Finally, the antitumor effects of 10-
deaza-10-ethyl aminopterin (7), and MTX were determined
in mice bearing L1210 leukemia. At the LD, dosages, 7 was
considerably more potent than 10-DA, which is itself more
potent than MTX. These authors concluded that ‘significant



improvement in anticancer potential among antifolates can
be achieved via modification of their cellular transport and
in vivo distribution properties. The alterations in lipophilic
character about the C°N'-bridge region of the folate
skeleton were conductive to an improvement in rates of
influx into tumor cells versus drug-limiting intestinal epithe-
lium’. Both 10-Deaza aminopterin 6 and its ethyl analogue
7 are undergoing clinical trials at Memorial Sloan-Kettering
Cancer Center (131) and it is too early to evaluate their
clinical utility. It is hoped that these analogues will offer a
greater therapeutic advantage over MTX.

2- Amino-4-oxy antifolates which are not inhibitors of
DHFR

According to the definition, a folate antagonist is a com-
pound which is capable of interfering with tetrahydrofolate
utilization. Since a large number of folate based coenzymes
play a significant role in cellular metabolism, it is conceiv-
able that a powerful inhibitor of any one of these enzymes,
can be a potent antifolate. Our discussions on Folate An-
tagonists belonging to this category will be restricted to
those compounds, which are structural analogues of the
vitamin folic acid.

As discussed earlier, several MTX-resistant tumors have
high levels of dihydrofolate reductase. Rather than develop-
ing more powerful inhibitors of DHFR, Friedkin and co-
workers (46, 47) were intrigued with the possibility of ex-
ploiting high levels of dihydrofolate reductase in resistant
cells to convert dihydro analogues of folic acid to lethal
tetrahydro derivatives. If a synthetic substrate of DHFR can
be enzymatically reduced to its tetrahydro derivative in vivo,
and if the resulting product is capable of inhibiting a folate
dependent enzyme that is crucial to DNA biosynthesis such
as thymidylate synthase (EC 2.1.1.45); selective toxicity in
the chemotherapy of those cancers that are resistant to
MTX can be achieved with varying degrees of success (46,
93). This hypothesis was first subjected to experimental test
when DeGraw and co-workers synthesized homofolic acid
(8) (29). The 7,8-dihydro derivative of homofolic acid served
as an excellent substrate of dihydrofolate reductase. This
enzymatic reduction product, 1-L-tetrahydrohomofolic acid
was shown to be a potent inhibitor of E. coli thymidylate
synthase (56). However, it was a growth factor for S. fae-
cium and L. casei. When 7,8-dihydrohomofolate was re-
duced catalytically to the tetrahydro derivative; the resulting
mixture of diastereomers exhibited powerful antifolate ac-
tivity. This activity was later traced to be due to the “unna-
‘tural” diastereomer (80). Homofolic acid 8, its 7,8-dihydro
‘derivative, and the catalytic reduction product d,/-L-
tetrahydrohomofolic acid showed in vivo antitumor activity
in the L1210 murine tumor system (87, 90). These com-
pounds exhibited superior activity against the MTX-resis-
tant tumor line than the sensitive one. A derivative of homo-
folic acid, d,/-L-5-methyl-tetrahydrohomofolate (compound
20) showed activity against P288 leukemia, Lewis lung car-
cinoma and B16 melanocarcinoma (77). Because of the alkyl
substitution at N°, compound 20 is chemically more stable
than d,l-L-tetrahydrohomofolic acid. This compound is
presently undergoing Phase 1 clinical trial at the Sidney
Farber Cancer Institute in Boston.

The actual mechanism of the cytotoxic action of various
homofolate derivatives is not clear. None of the compounds
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showed potent inhibition of any one of the folate dependent
enzymes in vitro. There are evidences, however, that various
homofolate derivatives inhibit different systems at different
sites. The inhibitory effect of d,/-L-tetrahydrohomofolate on
L1210 serine hydroxymethyl transferase, as well as 5,10-
methenyl tetrahydrofolate cyclohydrolase has been docu-
mented (77). There is no question, however, that homofolate
derivatives interfere with folate metabolism. For example,
the toxicity to rhesus monkeys as a result of intravenous
administration of the sodium salt of this drug such as
anorexia, diarrhea, leukopenia, reticulocytopenia and im-
paired renal function can be completely reversed by concur-
rent administration of tetrahydrofolate. Livingston, Craw-
ford and Friedkin (83) have shown that tetrahydroho-
mofolate does not exert its cytotoxicity by inhibiting either
DHFR or thymidylate synthase in MTX-resistant mouse
leukemia cells. There is a distinct possibility that these com-
pounds may be metabolized in vivo to an antimetabolite
which is responsible for their cytotoxicity. Such a metabolite
may be a poly-y-glutamate with a specified chain length
(Structure 19). The 5-methyl derivative of d,/-L-
tetrahydrohomofolate (20) is considerably less toxic to mice
than the parent compound at 800-1600 mg/kg. This ob-
servation has been confirmed, also in dogs and monkeys.
5-methyl tetrahydrohomofolate is a substrate of cobalamin
methyl transferase from mammalian cells. However, this
enzyme in intact animals apparently does not metabolize
large amounts of this compound. Studies by El-Dareer and
co-workers (42) have shown that no appreciable metabolism
of this drug occurred in the bodies of mice, dogs or mon-
keys. Because of the great interest in homofolate derivatives,
three reviews have appeared on this subject, and the readers
are referred to these reviews for additional details (77, 78,
79). Subsequent to the synthesis and biological evaluation of
homofolate derivatives, several 2-amino-4-oxy antifolates
were reported from a few laboratories. These compounds
are (Figure 6):
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Figure 6. Several 2-amino-4-oxy-antifolates.
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(a) 11-Oxahomofolic acid (11) and its reduced deriva-
tives (98)

(b) 11-Thiohomofolic acid (12) and its reduced deriva-
tives (96)

(c) Isofolic acid (101)

(d) 10-Thiofolic acid (9) (100)

(e) 10-Oxafolic acid (10) (99)

(f) 8-Deazafolic acid (13) (31)

(g) 10-Deazafolic acid (136)

(h) 5,8-Dideaza-N'"-Propargyl folic acid (14) (75)

(i)  5,8-Dideaza-N'"-cyanomethyl folic acid (15) (94)

None of the antifolates mentioned above is a potent
inhibitor of DHFR in vitro. 11-Oxahomofolic acid (11) after
chemical reduction to its 7,8-dihydro derivative serves a
substrate for L. casei DHFR, exhibiting a rate of > 50% of
that of the natural substrate. The enzymatically reduced
I-L-tetrahydro-11-oxahomofolate showed antifolate activity
against both MTX sensitive and MTX resistant strains of L.
casei and S. faecium. The catalytically reduced d /-L-
tetrahydro-11-oxahomofolate was 5-10 times more inhibi-
tory than the enzymatic reduction product for both S. fae-
cium and L. casei. 7,8-dihydro-11-oxahomofolate also
served as a substrate for DHFR derived from human KB/6b
cell lines. This enzymatic reduction product, however,
showed only weak cytotoxicity against human KBP and
human KB/6b cell lines in culture (38). Similar investi-
gations were carried out with 11-thiohomofolate and its
reduced derivatives. Again, it was observed that the tetra-
hydro derivative possessing the ‘unnatural’ configuration at
C® was more active than the natural isomer.

Another example of a 4-oxy antifolate which showed
significant activity in the L1210 system is 8-deazafolic acid
(13). It is a poor inhibitor of L. casei DHFR or thymidylate
synthase; or L-1210 DHFR. Other folate analogues which
are not inhibitors of DHFR but exhibiting antifolate ac-
tivity in the microbial system include isofolic acid, (d/)-5,8-
dideaza-tetrahydrofolate (28); 10-deazafolic acid, 10-oxafol-
ic acid, and 10-thiofolic acid. Some of these analogs were not
tested in the mammalian system.

Antifolates which are inhibitors of thymidylate synthase and
GAR transformylase

As pointed out earlier, specific inhibitors of thymidylate
synthase which are generated in vivo by the bioreduction of
synthetic substrates of DHFR will have definite advantages
in the chemotherapy of those tumors which are over-
producers of DHFR. Although this approach is very ap-
pealing, the development of such analogues is dependent on

the activities of more than one enzyme. Another attractive -

approach is to develop very specific and potent inhibitors of
thymidylate synthase. Several powerful inhibitors of this
enzyme such as 5-fluorodeoxy uridine are already available,
and a few of them are in clinical use. These inhibitors are
analogues of the substrate, deoxy urilylate monophosphate,
and they need to be activated by enzymes which are not
involved in de novo thymidylate biosynthesis, such as thy-
midine kinase and they frequently get incorporated in bio-
logical macromolecules. Such factors seriously limit the
clinical usefulness of these compounds.

If, on the other hand, potent inhibitors of thymidylate
synthase which are analogues of the coenzyme can be de-

veloped, the problems of the need for activation as well as

the toxicities associated with the incorporation of the in-
hibitors to biological macromolecules such as RNA can be
eliminated. The reasons are: (a) the independence of
coenzyme analogues to metabolic activation; (b) the im-
probability of the coenzyme analogues becoming incor-
porated into RNA; (c) a coenzyme analogue which is a
specific inhibitor of thymidylate synthase, but not an in-
hibitor of DHFR will have practically no adverse effect on
purine metabolism or other one carbon metabolism path-
ways; and (d) the metabolic block is confined to the syn-
thesis of only dTMP, which is an obligatory intermediate in
de novo DNA biosynthesis. In addition to these advantages,
these compounds may be expected to have potential use in
the chemotherapy of MTX-resistant tumors. Based on these
arguments, there have been numerous attempts to develop
specific inhibitors of thymidylate synthase of the coenzyme
class. The synthesis and biological evaluation of a number of
folate and homofolate analogues were carried out during the
past two decades. However, with the exception of
tetrahydrohomofolate, no other analogue showed any
potent inhibition of thymidylate synthase. It was observed
by Scanlon ef al. (121) and McCuen and Sirotnak (85) that
certain 2,4-diamino quinazolines were reasonable inhibitors
of thymidylate synthase. In the 2-amino-4-hydroxy-5,8-
dideazafolates (4-oxy quinazoline series) it was demon-
strated (18) that a methyl group introduced in the 5-position
impairs the inhibition, but the same substituent at the tenth
position enhances it. As part of a systematic attempt in
modifying the structure of 5,8-dideazafolic acid to develop
more powerful inhibitors of thymidylate synthase, Jones
and co-workers (75) introduced a propargyl substituent at
the N'%-position of the parent compound. The resulting
N'"%-propargyl-5,8-dideazafolic acid (14) exhibited outstand-
ing inhibition of thymidylate synthase derived from L1210
cells with a K; of 1 nM. The actual mechanism by which 14

_inhibits the enzyme is not clear. Presumably, this inhibition

which is competitive with respect to N’ N'"-methylene
tetrahydrofolate is due to the fact that 14 is a transition state
analogue of the coenzyme and that the propargyl sub-
stitution at the N'%-position increases the affinity of this drug
towards the catalytic site of the enzyme. This quinazoline
analogue, which is also known as CB-3717 or PDDF
showed excellent activity in causing long-term survival of
mice inoculated with L1210 cells (Figure 8). It was also
active against MTX-resistant L-1210 leukemia (high reduc-
tase) in mice.

FURTHER RESEARCH

The key question - how and why a particular drug may kill
tumor cells more selectively than the normal cells — has to be
answered clearly and completely before a cure for cancer can
be found. It is known that certain antifolates show tumor
specificity because they are selectively retained in the tumor,
either by enhanced transport to or metabolism within these
cells. Differential metabolism of antifolates such as poly-
glutamate synthesis in the tumor versus normal proliferative
tissues is known to occur in a variety of tumors; and the
contribution of this differential metabolism to the overall
chemotherapeutic efficacy of the drug needs to be un-
ravelled. Analogues of MTX which are capable of enhanced
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Figure 7. The structures of various poly-y-glutamates of folic acid; homofoloic acid; methotrexate, 10-deaza aminopterin; 10-deaza-10-ethyl
aminopterin; the experimental drug N*-methyl-tetrahydrohomofolate (20) and 7-thydroxymethotrexate [(24); n = 0].

polyglutamation may have significant advantages over
methotrexate in the treatment of those tumors which are
overproducers of polyglutamates. In high dose methotrexate
therapy a significant amount of MTX is metabolized to its
7-hydroxy derivative and is often precipitated in the kidney
of patients. The biochemical details of the formation of this
metabolite as well as its metabolic fate including poly-
glutamation in vivo has to be studied in detail.

As noted previously, the chemotherapeutic index of an

antifolate can be significantly improved if the drug can be
selectively transported to, retained or activated in the tumor.
Many tumors have shown a specificity for the C°,N'%-bridge
region of various antifolates for transport influx. A detailed
understanding of the relationships among the structures of
the antifolates and their interaction with the tumor cell
transport receptors will lead to the design of better drugs
which are capable of enhanced transport to the tumor cells.
Structural modifications at the glutamate moiety of various

Figure 8. Survival of L1210-bearing mice injected with CB 3717. W, No treatment (10 animals)-MTX control; O, no treatment (20
an@mals)—CB 3717 control. (Animals were injected with 20mM NaHCO, buffer 0.4ml daily x 5 days); ®, MTX 3 mg/kg daily x 5 (10
amm;_ﬂs); A, CB 3717 125mg/kg daily x 5 (10 animals). Survivals from these treatments were identical, hence the data points are
superimposed. 4, CB 3717 200mg/kg daily x 5 (10 animals). The difference in the survival of quinazoline- and MTX-treated animals is
highly significant, P < 0.001 using the log rank test [45]. Adapted from Jones et al.: Eur J Cancer 17:11-19, 1981.
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2,4-diamino folate analogues with a view to enhance poly-
glutamation in the tumor, may be beneficial in the develop-
ment of more selective drugs. One might expect that such
compounds will be concentrated and retained more in the
tumor than the normal tissues. The biochemical reasons of
the ability of certain tumors to preferentially synthesize
polyglutamates of antifolates such as MTX and its close
analogues should be unravelled. Is it due to enhanced ac-
tivity of the polyglutamate synthetase or decreased activity
of ‘conjugase’ in the tumor compared to normal prolifer-
ative tissues? In this regard, design of antifolates which are
either better substrates of the polyglutamate synthetase or
inhibitors of conjugase may prove to be beneficial. In the
case of 10-deaza-10-ethyl aminopterin (7), which is a
superior antitumor agent compared to MTX or 10-DA,
future investigations such as its transport characteristics and
polyglutamation in vivo should be studied. Results from
such studies, can then be utilized for the design of better
antitumor agents. The biochemical and pharmacological
properties of 10-deazoaminopterin metabolites should be
studied in detail both in vivo and in vitro.

Investigations pertaining to the development of synthetic
substrates of dihydrofolate reductase should be continued
for the accessibility of 4-oxy antifolates which are capable of
exhibiting selective toxicity against MTX-resistant (high
reductase) tumors by virtue of the lethal synthesis mecha-
nism. Finally a second generation of N'-propargyl-5,8-
dideazafolic acid (14), (CB3717) and DDATHE having
more desirable biochemical and pharmacological dis-
position should be synthesized and evaluated. The exciting
new lead provided by 14 and DDATHE should be thor-
oughly exploited for the development of more successful
antifolates, which are inhibitors of thymidylate synthase and
GAR-transmylase.

ABBREVIATIONS USED

MTX, Methotrexate; MTXG,, methotrexate mono-
glutamate having two glutamate moieties; MTXG,, metho-
trexate diglutamate residues, . .., etc. CF, Citrovorum
factor, also known as leucovorin or folinic acid. DHFR,
dihydrofolate reductase; TS, thymidylate synthase. 10-
DA, 10-deazaaminopterin.
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PURINE ANTIMETABOLITES

WOLFGANG SADEE and BINH NGUYEN

The ever increasing number of purine analogs with potent
biological properties, either isolated from various microor-
ganisms or obtained by chemical synthesis, can elicit an
unusual fascination with this subject. What are the unique
features of purine metabolism in different species and cell
types that allow one organism to accumulate high con-
centrations of cytotoxic purines, presumably as a defense
mechanism without harm to itself? And more relevant to the
present review, can these natural antipurines or their syn-
thetic counterparts be utilized to preferentially kill cancer
cells without affecting normal tissues? The answer to the
latter question must be a qualified because with the excep-
tion of the 6-thiopurines there are no purine antimetabolites
in general clinical use in the treatment of neoplasms. How-
ever, among the new anticancer drugs undergoing clinical
evaluation, the purine antimetabolites indeed play a very
prominent role. Of 37 experimental anticancer drugs for
which INDA’s were filed by the NCI during the period
1977-1983, no less than seven are purine antimetabolites
(64). These experimental antipurines are:

L-alanosine (NSC 51143)

tiazofurin (NSC 286193)

fludarabine phosphate; 5-fluoro-ara-AMP (NSC 312887)
acivicin (NSC 163501)

DON; 6-diazo-5-oxo-L-norleucine (NSC 7365)
pentostatin; deoxycoformycin (NSC 218321) (poten-
tiates araA activity)

9-arabinosyl adenine; araA (NSC 404241) (in combina-
tion with pentoatatin).

In this review we will briefly describe the purine metabolic
network in order to provide a basic understanding of the
current rationale underlying the use of purine antimetab-
olites against neoplasms. Furthermore, we will provide a
summary of the currently available major antipurines and
their mechanisms of action. Detailed discussion will be lim-
ited to the 6-thiopurines, and tiazofurin as an example of
one of the experimental drugs.

Several antimetabolites are excluded since they do not act
specifically on purine metabolism alone, e.g., the antifols
and ribonucleotide reductase inhibitors. The listed gluta-
mine analog acivicin acts on pyrimidine metabolism (e.g.,
CTP synthetase), but it also blocks two purine pathways
(amidophosphoribosyl transferase and GMP synthetase)
and therefore represents to a substantial degree a purine
antimetabolite.

54

THE PURINE METABOLIC NETWORK

Cells can synthesize purine nucleotides either by the de novo
pathway or by the salvage pathways that utilize preformed
purine bases and nucleosides (Figure 1). (For review see: 20,
65-75). The first de novo enzyme committed to purine bio-
synthesis, amido phosphoribosyl transferase or PRPP am-
idotransferase, utilizes PRPP and glutamine to form phos-
phoribosylamine. It represents the rate limiting step for
overall de novo purine biosynthesis and is the target of
inhibition by purine nucleotide products. From phosphori-
bosylamine the purine ring system is constructed in a series
of metabolic steps (Figure 1) with IMP as the first complete
purine nucleotide, which represents the branching point for
the biosynthesis of adenine and guanine nucleotides. IMP-
Dehydrogenase is probably the enzyme of lowest capacity
among the enzymes catalyzing purine ribonucleotide metab-
olism. Control at the IMP branching point is provided by
both positive and negative feedback mechanisms: ATP is
required for GTP synthesis, and GTP for ATP synthesis,
while GMP and AMP inhibit their own production (20).

The rate limiting enzyme for the utilization of guanine
and adenine for DNA synthesis is thought to be the ribonu-
cleotide reductase which is capable of reducing all four (T,
C, G, A) ribonucleotide diphosphates to the corresponding
deoxyribonucleotides, which are subsequently phosphory-
lated to triphosphates and incorporated into DNA by DNA
polymerase. It is possible that this sequence of events is
mediated by a multienzyme complex, forming a metabolic
channel that guides distant DNA precursors (e.g., GDP or
ADP) directly into DNA without mixing with the general
cellular pools of the intermediate products (e.g., (59)). While
such channeling could be of biological importance in the
control of cell replication, it has predominantly been studied
for the pyrimidine nucleotides, while its significance remains
largely unknown for the purine nucleotides. The control of
ribonucleotide reductase is extremely complex, with ATP
serving as an allosteric effector of CDP and UDP reduction,
dGTP as an effector of ADP reduction and an inhibitor of
UDP and CDP reduction, and dATP as a general feedback
inhibitor (59, 62).

Because of the vital importance of purine nucleotides, it is
not surprising that the cells can rely on an alternative purine
supply system, namely the salvage pathways that largely
consist of two phosphoribosyl transferases (APRTase and
HGPRTase) and several nucleoside kinases. The salvage

P.V. Woolley (ed.), Cancer management in Man: Biological Response Modifiers, Chemotherapy, Antibiotics, Hyperthermia, Supporting Measures
© 1989. Kluwer Academic Publishers, Dordrecht. ISBN-13: 978-94-010-6983-0
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Figure 1. Purine metabolic network. Only major metabolic pathways are included; moreover, pathways leading to specialized products
(SAM, NAD, GDP-mannose, etc.) are also omitted. The following abbreviations are used: Purine and their metabolic precursors: IMP,
inosinate; XMP, xanthylate; SAMP, adenylosuccinate, FAICAR, formylaminoimidazolecarboximide ribonucleotide, AICRP aminoi-
midazole carboxamide ribosephosphate, AICAR, aminoimidazolecarboximide ribonucleotide, AIR, aminoimidazoleribonucleotide,
AIRP, aminoimidazoleribonucleotide phosphate, FGAM, formylglycinamidine ribonucleotide, FGAR, formylglycine, amidoribonucleo-
tide, GAR, glycine amidoribonucleotide, PRA, phosphoribosylamine; PRPP, phosphoribosylpyrophosphate. Selected enzymes: RR,
ribonucleotide diphosphate reductase; ASS, adenylosuccinate synthetase; ASL, adenylosuccinate lyase; AMPDA, AMP deaminase;
IMPDH, IMP dehydrogenase, GS, guanylate synthetase; FGAMS, FGAM synthetase; ATR, amidophosphoribosyl transferase; XO,
xanthine oxidase. Salvage enzymes: APRT, adenine phosphoribosyl transferase, ADA, adenosine deaminase; HGPRT, hypoxanthine-
guanine phosphoribosyltransferase; PNP, purine nucleotide phosphorylase. Purine anti metabolites: 6-MP; 6-mercaptopurine; 6-TG,
6-thioguanine; 6-MMPR, 6-methylmercaptopurine ribonucleoside; MA, mycophenolic acid, MTX, methotrexate; DON, 6-diazo-5-oxo-L-
norleucine, DTIC, dimethyltriazenoimidazole carboxamide; EHNA, erythro-9-(2-hydroxynon-3-yl)-adenine.
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enzymes in most tissues possess a greater biosynthetic capac-
ity than the de novo enzymes (66, 67) and allow the cells to
reuse circulating purine bases and nucleosides. Their biolog-
ical importance is illustrated by the severe or lethal conse-
quences of inborn deficiencies of HGPRTase (Lesh-Nyhan
syndrome) and of PNPase and ADAase (immuno deficien-
cies). Moreover, most purine antimetabolites require activa-
tion by salvage enzymes to cytotoxic nucleotide analogs.
This places added significance on the salvage pathways in
the clinical use of antipurines against cancer. While adenine
and guanine nucleotides serve many cellular functions, a
generalization as to their predominant roles can be made
(59, 62). The adenylates carry the major burden as energy
donors and thus play an important role in metabolic
processes, while the guanylates are more prominent as reg-
ulators of enzymatic processes than as energy donors and
appear to exert a critical control over cell replication. Much
more adenylates are required than guanylates which is re-
flected in the relative abundance of both (ATP 2-3mM,
GTP ~ 0.3mM in mammalian liver). Moreover, inhibition
of guanylate synthesis results in an immediate cessation of
DNA synthesis, while inhibition of adenylate synthesis re-
sults in cell toxicity before any reduction in DNA synthesis
is apparent (9). Other functions of GTP include: substrate
for RNA, 5'-‘cap’ formation in messenger RNA, production
of small nRNA species, polymerization of microtubules,
lipid biosynthesis (GDP-mannose), cyclic GMP formation,
protein synthesis, activator of CTP synthetase and adeny-
losuccinate synthetase, inhibitor of AMP deaminase.
Therefore, depletion of guanine or the formation of toxic
guanine nucleotide analogs may interfere with any of these
diverse functions to a varying extent.

Finally, it should be noted that the pyrimidine nucleotide
metabolism cannot be viewed independent of purine metab-
olism, since both networks may compete for the same sub-
strate (PRPP, glutamine) or serve as mutual regulators.
Examples of purines as regulators of the pyrimidine network
are already mentioned above (GTP function for CTP syn-
thetase (26) and the ribonucleotide reductase regulation)
and further include GMP as an inhibitor of dCMP deami-
nase (36) and ATP as a primary donor in phosphorylation
reactions.

CORRELATION BETWEEN CELLULAR
TRANSFORMATION AND TUMOR PROGRESSION
AND THE CONCURRENT CHANGE IN PURINE
METABOLISM

Let us now consider the question how purine antimetab-
olites can selectively interfere with the metabolism of trans-
formed cells. Weber (66, 67) has proposed the ‘molecular
correlation concept’ as a biochemical strategy to develop
anticancer drugs. This concept is based on key enzymes and
metabolic pathways that are stringently linked with neoplas-
tic transformation. Apparently, a reprogramming of gene
expression occurs that is rather specific to the process of
transformation, with quantitative and qualitative (isozyme
shift) metabolic imbalance that is consistently found within
several metabolic networks, e.g., the purine and pyrimidine
pathways. Further changes during the progression stage of
neoplasm may lead to additional progression-linked enzyme
changes.

Weber and colleagues (66, 67) have identified a series of
key enzymes among the purine pathways that lead to an
enhanced synthesis and utilization of purines in neoplastic
over that in normal cells. These studies were primarily con-
ducted in hepatoma cell lines, but the same changes were
found to occur in other cells as well. The following key
enzymes of the synthetic pathways were elevated and can
serve as enzyme markers of transformation: (see Figure 1)

amido-phosphoribosyl transferase
formylglycineamidine ribonucleotide synthetase
adenylosuccinate synthetase

adenylosuccinate lyase

AMP deaminase

IMP dehydrogenase

GMP synthetase

Among the degradative enzymes, the following were de-
creased, thereby providing a greater purine salvage supply:

S’-nucleotidases
inosine phosphorylase
xanthine oxidase

The synthetic enzymes are elevated 2-10-fold in tumor tis-
sues, while the catabolic enzymes are drastically reduced.
Because of their rate limiting capacity, their key location in
the metabolic pathways, their sensitivity to feedback inhibi-
tion, and their stringent linking to transformation and pro-
gression, amidophosphoribosyl transferase, adenylosuc-
cinate synthetase and IMP dehydrogenase have emerged as
the primary targets of purine antimetabolites of potential
promise as anticancer drugs.

A BRIEF SURVEY OF THE MAJOR PURINE
ANTIMETABOLITES

Because of the varied functions of the purine nucleotides, it
is not surprising that most antimetabolites display more
than one type of cellular toxicity. The major challenge then
is to elucidate the mechanism or mechanisms that are re-
sponsible for the antitumor effects, a question that remains
elusive to a large extent. In principle, the purine metabolites
can block certain enzymatic pathways or they can mimick
the reactivity of the natural purines as substrates to be
metabolized to their corresponding ribonucleotide and de-
oxyribonucleotide triphosphates and subsequently incor-
porated into DNA and RNA. Interference with nucleic acid
synthesis and function causes multiple types of toxicities and
will be discussed separately. Frequently, both inhibition of
mononucleotide metabolism and nucleic acid incorporation
occur (example: 6-thiopurines). The effects of purine
analogs are either cytotoxic, a characteristic apparently in-
herent with any antitumor efficacy, or regulatory in par-
ticular with respect to external message/signal transduction
through the cell membrane and intracellular processing of
the message. These events involve GTP regulated mem-
braneous coupling proteins, cyclic AMP and cyclic GMP,
and protein kinases that are largely dependent on ATP.
Purine analogs that interfere with these regulatory functions
can produce muscle relaxation, hypothermia, antiallergic
activity, inotropic effects on the heart, etc. (e.g., (2)). It is



unknown whether such effects play any role in the antitumor
effects of purine antimetabolites.

Most of the purine antimetabolites are applied in the form
of bases or nucleosides which must rely on activation by the
purine salvage enzymes for activation. Alterations or de-
letions of nonessential tumor salvage enzymes therefore
represent a major mechanism of drug resistance (vide infra,
6-thiopurines). Robins (44) recently pointed out the advan-
tages that could arise from the use of nucleotide analogs that
do not need to be further activated and that do not enter
RNA or DNA. He also reviewed the mechanisms by which
the polar nucleotide analogs can enter the cells (44).

Antimetabolites that interfere with adenine metabolism. Ad-
enine analogs of potential clinical utility include L-
alanosine, fludarabine phosphate, pentostatin and 9-arabi-
nosyl adenine (64). Further, adenine antimetabolites include
tubercidine  (7-deazaadenosine), 2-fluoroadenine, 8-
azaadenine, formycin, toyocamycin, sangivamycin, cordy-
cepin (3’-deoxyadenosine), psicofuranine, hadacidin, 2-
chloro- and 2-bromo-2’-deoxyadenosine (19, 40, 41, 52, 69).

Of considerable interest are deoxyadenosine analogs or
compounds that interfere with (deoxy)adenosine deaminase,
(e.g., (19, 24)). The latter compounds include formycin,
pentostatin (deoxycoformycin), EHNA. Deoxyadenosine is

NH,
v

>

HOCH, ¢

HO HO

formycin

highly toxic to the cells because of its potent feedback inhibi-
tion of ribonucleotide reductase after phosphorylation to
dATP (e.g. (62)), although other mechanisms of cellular
toxicity have also been proposed, e.g., deoxyadenosine in-
corporation into polyadenylated RNA and the accumula-
tion of S-adenosylhomocysteine (e.g., (24)). The observation
that an inborn deficiency of adenosine deaminase (ADA)
leads to immunodeficiency because of T and B cell toxicity
prompted the use of 2’-deoxyadenosine in combination with
2’-deoxycoformycin (to prevent dAdo deamination) in T
lymphoblastic leukemia (12, 24). Another use of the ADA
inhibitors is to block the deactivation of adenosine analogs,
such as 9-arabinosyl adenine (64).

The inhibition of de novo adenylate formation represents
another important target with two key enzymes, adeny-
losuccinate synthetase and adenylosuccinate lyase (Fig. 1).
The amino acid analogs L-alanosine and hadacidin are
either competitive with or replace aspartate in the formation
of adenylosuccinate (21, 52). In particular, L-alanosine
isolated from a Streptomyces (41), was found to be effective
against certain viruses and transplanted fibrosarcoma in-
duced by SV-40 virus in newborn hamsters. It undergoes
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condensation with inosinate (IMP) (21) and also forms the
alanosine analog of N-succinyl-carboxamide—amino imi-
dazole riboside (28) which may represent the active con-
jugate that inhibits adenylsuccinate synthetase. Although
the biological consequences of adenine nucleotide depletion
remain unknown, cell toxicity by adenine starvation is ap-
parently unrelated to RNA and DNA synthesis which con-
tinues at a normal rate at moderately toxic concentrations of
L-alanosine (9). L-Alanosine is currently undergoing clinical
testing (14).

Antimetabolites that interfere with guanine metabolism. In
contrast to adenine starvation, guanine nucleotide starva-
tion leads to a drastic reduction in DNA synthesis and to a
lesser extent RNA synthesis, which occurs before the cel-
lular pools of GTP and dGTP are fully exhausted (9). More
recent studies with partially synchronized cell populations
argue against the existence of separate cellular compart-
ments of guanine nucleotides for nucleic acid synthesis.
Again, our understanding of the biological consequences of
guanine starvation is limited; nevertheless, with the rate
limiting IMP dehydrogenase stringently linked to trans-
formation and progression, inhibitors of this enzyme are
potent antiviral drugs or antitumor agents in rodent tumor
models: the 6-thiopurines, 3-deazaguanine, tiazofurin (see
below), mycophenolic acid (see below), 6-chloropurine, vir-
azol (1, 25, 43, 49, 50, 53, 56, 57). Mycophenolic acid is
thought to represent a rather selective IMP dehydrogenase
inhibitor with antiviral and antitumor activity, and limited
antibacterial and antifungal activity. It was apparently iso-
lated in 1896 by Gozio from the broth of penicillin glaucum
and only much later proposed as a new lead compound in

CH,
CH,0
COOH

CH, OH

mycophenolic acid

anticancer chemotherapy (57). Its major limitation for clini-
cal use was thought to be its rapid in vivo inactivation by
glucuronidation at the carboxyl function (56). Other IMP
dehydrogenase inhibitors followed with tiazofurin rep-
resenting one of the promising drugs. It will therefore be
discussed separately.

Although guanylate synthetase usually displays a greater
capacity than IMP dehydrogenase, there are several interest-
ing antimetabolites that interfere at that point of guanylate
formation de novo: acivicine, oxanosine, decoyinine, psi-
cofuranine (66, 67, 72). In oxanosine, the N-1 is replaced by
an oxygen which conveys its inhibitory properties against
GMP synthetase (72).

Cadeguomycin represent just one more example of a
guanosine analog isolated from microorganisms (58, 71).
One can thus expect more guanine analogs of potential value
in chemotherapy in the near future.
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ANTIMETABOLITES THAT INTERFERE WITH
EARLY DE NOVO PURINE BIOSYNTHESIS

The very first committed and rate limiting step of de novo
purine biosynthesis is the target of several important
antimetabolites that either afford allosteric inhibition of
amidophosphoribosyl transferase (6-thiopurines, formycin)
or compete with or mimick glutamine as the source of the
amino group (azaserine, acivicin, DON). The glutamine
antimetabolite acivicin interferes with several glutamine re-
quiring reactions that appear to be transformation linked:
amidophosphoribosyl transferase, GMP synthetase, car-
bamylphosphate synthetase and CTP synthetase, and it is
therefore of considerable theoretical and possibly clinical
interest (66). Azaserine also interferes with FGAM forma-
tion (Figure 1); however, it additionally acts as a potent
mutagen-carcinogen by causing extensive DNA damage
(34). The reaction thought to be responsible for the DNA
toxicity is the &, f-elimination of diazoacetic acid which gives
rise to carboxymethylated bases in DNA (75).

Antimetabolites that interfere with nucleic acids. The first
example to be discovered of purine antimetabolite incor-
poration into nucleic acids was 8-azaguanine (40). Its toxic-
ity is primarily a result of incorporation into RNA, which
inhibits maturation of rRNA and thus protein synthesis (43,
69). Puromycin also inhibits protein synthesis at the riboso-
mal level. In contrast, 3-deazaguanine’s toxicity is primarily
directed against DNA after incorporation, although RNA
related effects cannot be ruled out (43). A similar case can be
made for 6-thioguanine. Other antimetabolites that are in-
corporated into nucleic acids or inhibit their functions or
formation include tubercidine (7-deazaadenosine) and 2-
fluoroadenosine (40). The mode of action of these agents is
extremely diverse and often largely unaccounted for.

6-THIOPURINES

The thiopurines, 6-mercaptopurine and 6-thioguanine, rep-
resent the only purine antimetabolites that are currently in
general clinical use as anticancer drugs. The 6-thiopurine
derivative azathioprine is primarily used as an im-
munosuppressive agent and will not be discussed here. 6-
Methylmercaptopurine ribonucleoside (6-MMPR), a met-
abolite of 6-mercaptopurine, is of interest since its toxicity is
rather selectively a result of feedback inhibition of ami-
dophosphoribosyl transferase by the nucleotide monophos-
phate of 6-MMPR (18). The 6-thiopurines are clinically used
primarily in combination chemotherapy against various

leukemias (8); dose limiting toxicities of thioguanine include
nausea and vomiting and myelosuppression (6, 8, 27). 6-
Mercaptopurine is extensively metabolized along a number
of pathways that include its conversion to 6-thioguanine
5’-monophosphate. The metabolism of both 6-mercap-
topurine and 6-thioguanine is given in Figure 2. Degradative
pathways primarily include liver microsomal cytochrome
P450 enzymes and xanthine oxidase. Inhibition of the latter
by concomitant administration of allopurinol can lead to a
significant decrease of thiopurine catabolism following oral
doses (73) during the first-pass metabolism in the liver.
Salvage enzymes (HGPRTase) activate 6-mercaptopurine
and 6-thioguanine to their corresponding nucleotides. 6-
Mercaptopurine ribosyl 5’-phosphate (6-MPRP) is then
either methylated to the active 6-MMPRP nucleotide or to
6-TGRP (Figure 2), which is subsequently elevated to the
ribo- and deoxyribonucleotide triphosphates and incor-
porated into DNA and RNA (4, 15, 42, 60, 61, 68).

The mechanisms of action of the 6-thiopurines include the
following (15, 42):

1. Inhibition of de novo purine biosynthesis by feedback
inhibition of amidophosphoribosyltransferase by 6-
MMPRP, 6-MPRP and 6-TGRP.

2. Sequential blockade of guanine nucleotide biosyn-
thesis mostly by 6-TGMP.

3. Incorporation of 6-thioguanine into DNA.

4. Incorporation of 6-thioguanine into RNA with subse-
quent effects on rRNA maturation or translation.

5. 6-MPRP inhibits 3’ to 5" exonuclease activity of DNA
polymerase, thereby mimicking IMP effects (30).

Both purine biosynthesis inhibition and incorporation into
nucleic acids were discovered rather early (4, 32, 33). How-
ever, the question as to which mechanism is the more impor-
tant with regard to cytotoxicity (in particular of 6-mercap-
topurine) remained controversial. An early study had re-
vealed a greater degree of 6-thioguanine incorporation into
DNA of 6-mercaptopurine resistant mouse tumor cells (4).
However, Tidd and Paterson (60) showed that exposures of
cells to equitoxic doses of 6-mercaptopurine and 6-thio-
guanine led to equal extents of 6-thioguanine incorporation
into DNA at the time when toxicity became apparent. The
same authors subsequently distinguished between the inhibi-
tion of purine nucleotide biosynthesis with immediate onset
of cellular toxicity and the delayed toxicity associated with
DNA incorporation (61).

The delayed DNA related toxicity of 6-thioguanine be-
came the subject of intensive investigations. Weigent and
Nelson (68) showed that one 6-thioguanine per 100 000 base
units disrupts the transforming ability of B. subtilis DNA,
and they concluded that 6-TG-DNA cannot serve as a
template in vitro for transformation. With the use of a
technique called premature chromatin condensation, May-
baum and Mandel (38, 39) were able to demonstrate severely
disrupted chromatin in G2 cells that apparently occurred in
only one of the sister chromatids with the delay of one cell
cycle. They argued that 6-thioguanine readily incorporates
into DNA, but that 6-TG-DNA fails to serve as an adequate
template for DNA replication, which explains the delayed
cytotoxicity.

The complexity of the mechanism of the thiopurine cy-
totoxicity is further demonstrated by the paradoxical behav-
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ior of 6-mercaptopurine. With increasing doses, cytotoxicity
reaches a plateau and subsequently decreases. Matsumura et
al. (37) have attributed this behavior to a drug induced block
of cell progression in G1, which prevents the cells from
suffering lethal damage in G2.

Acquired resistance to the thiopurines presents a major
problem with their clinical use (as well as that of other
purine antimetabolites) and has, therefore, been extensively
studied (3, 7, 18, 31, 47, 48, 63, 70). Alterations or deficien-
cies of HGPRTase were expected since this enzyme is re-
quired for thiopurine activation (e.g. (M). Indeed, van Dig-
gelen et al. (63) found 6-thioguanine resistance in cell cul-
tures in vitro to be almost exclusively associated with
HGPRTase deficiency, and Bennett et al. (3) suggested the
ribonucleotide 6-MMPR as an alternative agent. Other
mechanisms of resistance were also observed, including al-
tered feedback inhibition of amidophosphoribosyl trans-
ferase (18) and increased nucleotide phosphohydrolyse ac-
tivity to deactivate the thiopurine nucleotides (70). Further-
more, the frequency of the various biochemical modes of
thiopurine resistance in cancer patients did not reveal a
prevalence of HGPRTase deficiency (47, 48). Severe to
moderate HGPRTase deficiency (determined by the
APRTase/HGPRTase ratio) was only observed in 12% and
23%, respectively, of resistant tumors with acute nonlym-
phocytic leukemia. Altered HGPRTase (determined by the
6-MP/hypoxanthine specific activity ratio) was detected in 6
out of 18 resistant patients with acute leukemia. Finally,
increased phosphohydrolase activity was present in 6 out of
7 resistant tumors with acute lymphatic leukemia (48) and in
5 out of 11 patients with lymphocytic leukemia (70). It may
be of interest to search for drugs that show collateral sen-
sitivity subsequent to these genetic enzyme changes.

TIAZOFURIN

The triazole derivative virazol (ribavirin) ranks among the
first broad spectrum antiviral agents (53). It is promoted by
adenosine kinase to the monophosphate and subsequently
the triphosphate which interferes with nucleic acid func-
tions. However, ribavirin also functions as a potent IMP
dehydrogenase inhibitors, although its antitumor effects are
rather limited (54). A systematic search for analogs with
altered ring structure led to the thiazol derivative, tiazofurin
(54). This agent was found to be among the most potent
drugs against the Lewis lung tumor, which is used by the
NCI screening program to identify compound of promise in

i 0
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HOCHZO HOCHZQ
HO HO HO HO
tiazofurin ribavirin

the treatment of lung tumors. With certain dosages, tiazo-
furin afforded complete protection and 10/10 long-term
survivors in this model (45). It was subsequently found that
tiazofurin is activated to its monophosphate by an as yet
unidentified phosphotransferase activity (51) and that it
inhibits GMP de novo biosynthesis (23). Further work re-
vealed the formation of thiazol-4-carboxamide adenine
dinucleotide (TAD), which functions as an NAD" analog
and blocks IMP dehydrogenase in a highly selective fashion
(10, 29). The molecular basis of the selective blockade of
only IMP dehydrogenase, and no other NAD" utilizing
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enzyme tested, remains unknown, but it is thought that
guanine starvation is to a large part responsible for the
antitumor effect of tiazofurin (16). Thus, polyADP ribosyla-
tion was also unaffected by TAD in vitro (11). Jayaram et al.
(22) observed that cellular resistance to tiazofurin is asso-
ciated with a lack of its anabolism to TAD while the mon-
ophosphate is formed in normal amounts.

It is currently unknown whether tiazofurin exhibits me-
chanisms of cellular toxicity other than IMP dehydrogenase
inhibition. With the use of an in vivo labeling technique,
Streeter and Miller (55) suggested the possibility that tiazo-
furin is also a potent inhibitor of GDP kinase, a finding that
may be of importance in vivo, since such a block would not
be bypassed by the guanine salvage pathways.

Current clinical testing will reveal the value of tiazofurin
and other purine antimetabolites as anticancer agents.
Whatever the clinical results, however, it is already clear that
we have learned a great deal from these drugs about bio-
chemical changes related to transformation and tumor pro-
gression.
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ALKYLATING AGENTS

D.E.V. WILMAN and P.B. FARMER

INTRODUCTION

Alkylating agents hold an important place in the array of
drugs available for clinical cancer chemotherapy. Chemi-
cally alkylating agents are compounds (RX) which react
with nucleophilic (electron-donating) centres (Y) to form
covalently bound products (RY) containing the alkyl group
(R). The binding of alkylating agents to cellular macromole-
cules is thought to be largely responsible for the in vivo
cytotoxic action of these compounds. Unfortunately the
chemical processes are not tumour-selective and the in vivo
effects of alkylating agents are seen in all dividing cells to
which these drugs have access. Frequently the side effects
that occur with alkylating agent treatment limit the dose of
the compound that can be used for tumour control. There
has consequently been a great deal of interest in the develop-
ment of alkylating agents which contain a structural molec-
ular feature which might guide it more selectively towards a
tumour cell rather than towards a normal cell. Selectivity of
alkylating agent attack towards tumour cells may also be
increased by clinical protection measures on normal tissues
(e.g., by autologous bone marrow transplantation). The
development of alkylating agent use has thus been an equal
challenge to the drug-designers and to the clinical chemo-
therapists.

The clinically used alkylating agents described in this
chapter, with the exception of the triazenes, all possess the
chemical property of bifunctionality, i.e., they contain two
centres capable of alkylating nucleophiles, and are thus able
to cross-link two of these nucleophiles. DNA cross-linking
has been demonstrated to be a general phenomenon for
bifunctional alkylating agents in vitro, and there is a sub-
stantial amount of evidence now (e.g., (183)) to support the
hypothesis of Brookes and Lawley in 1961 (32) that the
formation of DNA strand cross-links is a major factor
governing the cytotoxicity of bifunctional alkylating agents.
Thus for example the in vitro cytotoxicity of several chloro-
ethylnitrosoureas to human embryo cells appears to be re-
lated (though not quantitatively) to the extent of DNA
cross-linking; the more resistant cells showed little or no
DNA interstrand cross-linking, implying either the failure to
form these linkages or their rapid repair (83). Similarly in
three Burkitt’s lymphoma cell lines the cytotoxicity of mel-
phalan was correlated with interstrand cross-linking of
DNA (76).

Although DNA cross-linking could satisfactorily explain
the observed inhibition of the DNA template caused by
alkylating agents, it is not an all-inclusive mechanism of
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alkylating action. Monofunctional agents such as DTIC
(5-(3,3-dimethyl-1-triazeno)imidazole-4-carboxamide) and
procarbazine do not appear to be chemically capable of
producing cross-links, but show antitumour properties. Bi-
functional alkylating agents also give rise to monofunctional
DNA alkylations, and DNA-protein cross-links although
the relevance of these to their antitumour effects is not yet
understood.

Although alkylating agents have been studied as anti-
cancer agents for about 40 years, and several thousand of
these compounds have been synthesised and tested in that
time, the number of alkylating agents in clinical practice is
surprisingly small. For the reasons described above bi- or
poly-functional compounds have been the most popular to
investigate. Initially the pioneering work was carried out by
Ross (200) who synthesised a variety of nitrogen mustards,
including chlorambucil, which is still clinically used. Varia-
tions in the nature of the leaving group (X) in the alkylating
agent could be used to increase or decrease the reactivity of
the molecule, and other pharmacological and physicochemi-
cal parameters (e.g. lipid solubility, pK) could be altered by
making modifications to the alkyl group (R) (Table 1).
Melphalan for example contains an amino acid as the alkyl
group, and was synthesised by Bergel and Stock (21) in the
hope of interfering with malignant cell protein or DNA
metabolism.

The concept of using prodrugs has also been attempted
with nitrogen mustards. A prodrug is an agent whose activ-
ity is increased following some enzymic or chemical action
that is specific to the target site for the drug’s action. One of
the earlier examples in the alkylating agent field was the
azo-mustard CB1414 (4-[di-(2-chloroethyl)amino]-2-me-
thylazobenzene-2’-carboxylic acid), which was designed by
Ross and Warwick (204) for use against tumours which are
high in levels of the enzyme azoreductase. The action of this
enzyme on the azomustard is to release a p-phenylenedia-
mine mustard which is of very much greater alkylating
activity than the initial drug, and which will therefore cause
toxicity specifically in the areas where the azoreductase
enzyme is present. This concept has subsequently been ap-
plied with the compound CB10-252 (see below) which is
currently undergoing development. The very widely used
alkylating agent cyclophosphamide was also designed as a
prodrug of a more active agent, although in this case the
rationale was later shown to be unsatisfactory.

In parallel with the development of nitrogen mustards as
anticancer agents came that of the other major classes of
alkylating agents, methane sulphonates, aziridines, epoxides
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Table 1. Nitrogen mustards R-N(CH, CH, Cl),.

Hypothesis for original

Name R group synthesis
Melphalan NH itati

p HOOC-CH -CH. _@_ Imitation of endogenous

: compound
Chlorambucil HOOC CH,CH, CH, @_ Al.terejd lipophilicity and
ionic charge
uro-g-En{ )~
c=o ©

Prednimustine OH Transport to areas high in

HO. L
glucocorticoid receptors

Su!phadiazene @-NHSO.—@-— Concentration in tumours
mustard because of pH differences
p-Hydroxyaniline GOOH C Activated in areas containing

mustard B-glucuronidase
i OH
glucuronide HO
OH
Cyclophosphamide H Activated by enzymatic
A hydrolysis®*
o0

Azo-mustard Activated in areas containing

CB 10-252 azoreductase®

COOH CH,

o
CH,—
N
5 High lipid solubility

Spiromustine
o for concentration in CNS

2 This hypotheses was later shown to be invalid. See text.
®The alkylating group in the azo-mustard CB 10-252 is N-(CH,CH(CH,)Br),.

and more recently triazenes and nitrosoureas (Table 2). alkylating agents to tumour cells have concentrated on ways
Examples of drugs from each of these sections which have of delivering the agent more specifically to these cells. For
been in, or are approaching, clinical use, will be covered in example the linkage of the alkylating function to an anti-
some detail in subsequent sections of this chapter. body or to a hormone for which the tumour cell has recep-

The most recent attempts to improve the selectivity of tors may result in a useful localisation of the alkylating
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Class Example Structure
Alkanesulphonate  Busulphan CH,S0,0CH,CH,CH,CH,0S0,CH,
. . _~CH,
Aziridine Thio-TEPA S=p
“\CH,
3
. . . 4 0\ /0\
Epoxide Dianhydrogalactitol CH,-CH .CH (‘:H CH-CH,
HO OH
H
Tri DTIC CONH,
riazene
L en
< N=N-N_
CH,
e
Nitrosourea BCNU CICH,CH, NH—C—h’l—CH,CH,Cl
NO

agent’s attack. Although these possibilities have been under-
stood and exploited for many years there is as yet no dra-
matic improvement in the clinic of the new drugs’ activity
over that of the best established drugs such as cyclophospha-
mide.

Cancer chemotherapy does, however, continue to im-
prove its effectiveness, both through the use of alkylating
agents and the other drugs described elsewhere in this vol-
ume.

One of the drawbacks associated with the resulting in-
creasing life span of cancer sufferers that is now being
achieved is the development of long-term side effects follow-
ing successful anticancer therapy. In particular many clinic-
ally used alkylating agents are carcinogenic (213) and
mutagenic, and it is important that ways of minimising these
genotoxic risks should be studied in parallel with the de-
velopment of more powerful drugs. Protection against this
carcinogenicity may in some cases be possible, a recent
example being the use of mercaptoethanesulphonic acid
(Mesna (29)) which decreases the incidence of bladder tu-
‘mours in rats caused by cyclophosphamide therapy, in addi-
tion to its immediate protective effect against haemorrhagic
cystitis. Attention should also be paid to the health of the
nurses administering alkylating agents to patients. There
have been recent reports of the increased mutagenicity of

such nurses’ urine (89), of increased sister chromatid ex-

change frequencies in nurses’ lymphocytes (191), and even of
the urinary excretion of cyclophosphamide by nurses hand-
ling this drug (128). At this stage, however, the number of
cases studied has been extremely small and the results have
been strongly criticised (77, 78). Furthermore rigorous
studies of this problem are clearly necessary.

ANILINE MUSTARD

Aniline mustard (bis-(2-chloroethyl)aniline, I) was the first
aromatic nitrogen mustard to be synthesised (197), although
it was not until later (199) that it was prepared as an antican-
cer agent. To date the clinical potential of this drug has not
been fully exploited. The particular interest in aniline mus-
tard stems from the observation by Connors and Whisson
(60) of its ability to eradicate the ADJ/PCS5 mouse plasma
cell tumour, it being the only compound capable of doing
this. 4-Hydroxyaniline mustard is twelve times more toxic
than aniline mustard in this system but both toxicity and
antitumour activity of other parasubstituted derivatives are
greatly reduced. These same authors later demonstrated a
correlation between inhibitory action and f-glucuronidase
activity in a variety of tumours (253). The sarcoma 180 and
NK lymphoma with S-glucuronidase levels similar to liver
were unaffected by aniline mustard whereas the ADJ/PCS
and ADJ/PC6A plasmacytomas, which have elevated levels
of the enzyme, underwent total regression. Other tumours
which are extremely sensitive to aniline mustard have also
been shown to have high levels of f-glucuronidase (19, 73).

The hypothesis put forward for this activity by Connors
and Whisson (60) was that aniline mustard is metabolised in
the liver to 4-hydroxyaniline mustard (IT), which although
extremely reactive due to the electron donating character of
the hydroxyl group, is rapidly conjugated to form the O-
glucuronide (III). Subsequently, in tissue of high p-glu-
curonidase activity, the conjugate is cleaved back to the
cytotoxic 4-hydroxyaniline mustard. Synthesis of various
glucuronic acid derivatives and testing in the ADJ/PC6A
tumour system gave added support to this theory (38).
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Figure 1. Aniline mustard metabolism.

Microsomal metabolism of aniline mustard in vitro yields
the glucuronide which can also be identified in the serum
and bile of treated rats (45, 56).

The most significant clinical report relating to aniline
mustard was that of Young and his colleagues (261). The
importance of this trial was that the tumour $-glucuronidase
was measured in biopsy specimens from a number of pa-
tients. Although the number of significant responses was
poor, 6 of 78 patients with advanced cancer treated, 5 of
which were cancer of the prostate and one a renal tumour,
some correlation was observed between f-glucuronidase
level and tumour regression. Of particular interest was the
observation that two of the tumours with a high f-glu-
curonidase level were sensitive to aniline mustard therapy
initially, but upon relapse were both insensitive to the drug
and lacking in the enzyme. To date no trial solely limited to
f-glucuronidase positive tumours has been undertaken and
until such happens the usefulness of this drug will remain
unknown.

CHLORAMBUCIL

Chlorambucil  (4-(bis-(2-chloroethyl)amino)phenylbutyric
acid, Table 1) was the product of an investigation by Ross
into the effect of changes in charge and lipophilicity on the
activity of aniline mustard (86). It is water soluble as a salt,
but has surface active properties due to the high lipophilicity
of the remainder of the molecule. The drug was soon in-
troduced into the clinic (98) and has since become estab-
lished as of major importance in the treatment of malignant
disease. It i1s routinely used in the treatment of chronic
lymphoid leukaemia (209) and carcinoma of the ovary (172).
Other clinical situations in which chlorambucil is of value
are Hodgkin’s disease and other lymphomas (87, 148) and a
number of solid tumours (180). Chlorambucil has also been
used in numerous combination regimes. Of particular note
has been its incorporation into the MVPP (mustine, vinblas-
tine, procarbazine and prednisone) combination for the
treatment of advanced Hodgkin’s disease (146, 175).
Replacement of mustine by chlorambucil (ChIVPP) results
in a combination which produces a similar remission rate to
MVPP without the associated toxicity. It is only more re-

H,CI
JCH.CH,
—_— - HO-@N

=/ \¢H,cHCI

e
OH \CHchzc; B-glucuronidase
HO

OH

Liver

UDPglucuronyi
transferase
it

Tumor

/CH,CHCI

\cH,cH,C!

cently that details of the metabolism and mechanism of
action of the drug have been elucidated.

Interest in this aspect was aroused by the suggestion that
chlorambucil is metabolised into a more effective derivative.
This metabolic activation is enhanced by phenobarbitone
pretreatment (15, 124). Although chlorambucil is an active
alkylating agent in its own right, and therefore unlike cy-
clophosphamide does not require metabolic activation, this
does not prectude the possibility of metabolism resuiting in
a more active species. Subsequently Mitoma et al. (178)
identified 10 urinary metabolites from rats treated with
“C-labelled chlorambucil. The majority of these involved
oxidative degradation of the butyric acid side chain to give
phenylacetic and benzoic acid derivatives. Godeneche and
co-workers (107) had also shown that -oxidation of the side
chain occurred.

An elegant chemical synthesis of 3,4-dehydro-
chlorambucil, a postulated intermediate in the metabolism
of chlorambucil, to phenylacetic acid mustard (2-(4-N,N-
bis(2-chloroethyl)aminophenyl)acetic acid) enabled this
pathway to be confirmed (176). Phenylacetic acid mustard
was detected in the blood of rats injected with 3,4-dehy-
drochlorambucil, from which it would be formed by g-oxi-
dation. These same workers showed that the major urinary
metabolite was 2-(4-N-(2-chloroethyl)aminopheny!)acetic
acid formed by dechloroethylation. As phenylacetic acid
mustard has similar antitumor activity to chlorambucil but
is more than twice as toxic (176) the metabolism of the
parent drug must be regarded as disadvantageous from a
therapeutic point of view. Attempts to improve the thera-
peutic efficiency of chlorambucil by inhibiting this metabol-
ism have been investigated.

Farmer and co-workers (90) synthesised dideuterated
analogues of chlorambucil with both deuterium atoms
either o or f§ to the carboxylic acid group. In either case the
first steps of metabolism, dehydrogenation to 3,4-dehydro-
chlorambucil followed by rehydration to the f-hydroxy
derivative further dehydrogenation of which liberates the
f-keto analogue, could be expected to show a deuterium
isotope effect. Such an effect would be expected to reduce the
rate at which chlorambucil is metabolised to phenylacetic
acid mustard. The results obtained with these compounds,
however, demonstrated a deuterium isotope effect only in



the B-position but this was insufficient to alter the thera-
peutic response. Deuterium was lost rapidly from the a-posi-
tion by an uncertain mechanism. The study of chlorambucil
analogues in which the p-oxidation step is completely
blocked by substitution at the S-position is in progress.
Difluorination at this position removed the CNS toxicity
observed with chlorambucil but caused severe haemorrhage
in rats. Monomethylation or trifluoromethylation caused
extreme toxicity (40). To date pharmacokinetic investiga-
tions have not been undertaken on these new analogues.

Chlorambucil has recently been reported as a radiosen-
sitiser in experimental systems (122).

In experimental tumour systems the activity of
chlorambucil is enhanced by prednisolone. Prednimustine,
the prednisolone ester of chlorambucil (Table 1) is equally
active as the combination (119). Prednimustine was origi-
nally synthesised to use the steroid as a carrier through the
cell membrane for the cytotoxic drug (158). There is current-
ly some discussion as to the utility of prednimustine in
relation to a mixture of its components (185).

Pharmacokinetic studies have shown that prednimustine
is not detectable in the plasma of patients whilst chlorambu-
cil is (80). In fact the bioavailability of chlorambucil is some
five times lower in prednimustine treated patients than in
those receiving the parent alkylating drug. This confirma-
tion in man of earlier studies in rodents (187) has led to the
conclusion that the use of prednimustine in routine com-
bination therapy cannot be recommended (186).

One of the ways under development of attacking tumour
cells selectively is by attaching the cytotoxic entity to a tissue
specific protein or more particularly a tumour specific anti-
body. Initially chlorambucil was used in this fashion either
physically bound (102) or chemically bound (201, 202).

However, the number of cytotoxic molecules which can be
attached to an antibody without denaturation is often insuf-
ficient for cell death. Despite this such chlorambucil-anti-
body complexes have shown activity in murine systems (70).
Interest has therefore been focused on toxins such as ricin,
abrin and diphtheria toxin, where a single A-chain is suf-
ficient to kill the cell. Interest in chlorambucil has been
maintained, however, as it is now used to provide selective
attachment of the toxin to the antibody (234).

Chlorambucil has also recently been linked to an anti-
CEA antibody (22), and the conjugate will be investigated
for anticolon cancer properties.

MELPHALAN

L-Phenylalanine mustard (Table 2) variously known as
melphalan and L-PAM is one of the optical isomers of the
alanine derivatives of aniline mustard, and was first syn-
thesised by Bergel and Stock (20, 21). The D-isomer (med-
phalan) was also synthesised at this time by Bergel and
Stock, whilst the racemate (sarcolysin) was prepared by
Larionov et al. (165) and shown to be half as potent as
melphalan.

Despite the principle of its design melphalan has not
shown clinical utility against melanoma, however, it has
enjoyed widespread clinical use in the treatment of other
tumours. Initially this was in the treatment of myeloma (26)
and its effectiveness has been increased by combination with
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prednisone (99). Other successfully treated malignancies
include carcinoma of the ovary (193), testicular cancer (246),
advanced breast cancer (133) and other solid tumours and
leukaemias (102). It has also been suggested that it may have
activity against disseminated carcinoma of the prostate (96).
The response rate to melphalan as a single agent in breast
cancer therapy varies between 16 and 30% (168), and it has
shown some promise as an adjuvant to surgery in the treat-
ment of this disease. However, whilst early results, par-
ticularly in menopausal women, were remarkably good (94),
these have not always been born out in later trials. For
instance, Glucksberg and co-workers (106) have shown that
the CMFVP combination (cyclophosphamide, metho-
trexate, S5-fluorouracil, vincristine and prednisone) is
superior to melphalan in terms of survival and recurrence in
both pre- and post-menopausal women with breast cancer.
However, Carpenter and Maddox (42) have recently pointed
out that because of the variable absorption of oral mel-
phalan (4) detailed patient comparisons are required before
a definitive assessment of the benefit or otherwise of this
drug in the adjuvant therapy of breast cancer can be made.

In normal clinical use the dosage of melphalan is limited
to 20-25mg/m’ to avoid severe myelosuppression. A num-
ber of methods have been established over the past few years
to enable larger doses to be given without causing unduly
severe side effects.

The first of theseé, marrow rescue, was introduced by
McElwain and his colleagues (173) as a treatment for malig-
nant melanoma. Investigation of the in vivo plasma and
urinary half-lives of melphalan by mass spectrometry
showed that after six hours plasma levels of the drug follow-
ing a 140 mg/m’? dose would be insufficient to have a signifi-
cantly toxic effect on bone marrow cells. In a Phase I study
of 8 patients, marrow was removed, the drug administered
and the marrow reinfused eight hours later after storage at
4°C. The tumours of 7 patients showed a response and there
was 1 remission. The granulocyte count of these patients
recovered more quickly than that of 4 patients receiving
60-125mg/m?* of melphalan without the marrow graft.

The other site of melphalan toxicity is gut epithelium.
This can be ameliorated by administration of a ‘priming’
dose of cyclophosphamide a week prior to melphalan (63).
The use of a priming dose of cyclophosphamide had
previously been shown to be of value in overcoming the
marrow toxicity of melphalan (120).

Such high dose therapy has also been used in the treat-
ment of plasma cell leukemia and myeloma (174).

Prednisolone has been shown to enhance the antitumor
activity of melphalan in mice but at the expense of some
increase in toxicity (216). The nitroimidazole radiosen-
sitisers are also capable of enhancing the toxicity of alkylat-
ing agents to hypoxic cells (49, 198). In the case of the
sensitiser misonidazole the activity is observed when it is
given shortly before or together with the alkylating agent. A
recently reported Phase I trial of melphalan infusion 2 hours
after oral misonidazole produced response or disease sta-
bilisation in 50% of the patients (52) without apparent effect
on the plasma pharmacokinetics of melphalan. Phase II
trials in non-oat cell lung cancer and malignant melanoma
are planned.

Pharmacokinetic and metabolism studies with melphalan
have shown that it has a rapid terminal phase plasma half-
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life (3) and in vitro undergoes hydrolysis which is similar
quantitively and qualitatively to degradation seen in vivo,
there being no detectable metabolism (85). The hydrolysis is
related to the intracellular concentration of glutathione
(232).

Interestingly the entrapment of melphalan in liposomes
reduces the drug’s rate of clearance in mice and gives rise to
higher activity against the PC6 plasma cell tumour (164).

A peptide analogue of phenylalanine mustard, pep-
tichemio, has recently been developed. It has activity in
breast cancer which is refractory to cyclophosphamide (112,
133). In vitro peptichemio is active against cyclophospha-
mide resistant L1210 cells but no better than L-PAM or
medphalan (214), and it is cross resistant with these latter
two drugs (215).

The clinical activity of peptichemio has led to further
synthetic interest in peptide analogues of aniline mustard
and melphalan. One of these, a tripeptide (PTT.119), has
activity against a number of in vitro cell lines including
human AML and ALL (260). Furthermore leukaemia cell
lines resistant to melphalan were susceptible to PTT.119
(259).

AZOMUSTARDS

Another group of nitrogen mustards requiring bioactivation
is the azomustards. First investigated by Ross and Warwick
(203, 204) this class of nitrogen mustards is relatively un-
reactive chemically, due to the powerful electron withdraw-
ing nature of the azo linkage. However, reduction of the azo
group leads to an extremely reactive phenylenediamine mus-
tard. The necessary enzyme azoreductase is present at high
levels in normal liver (57) and is well retained in hepatoma
(12). CB 10-252 (4-(N,N-bis(2-bromo-n-propyl)-amino-2'-
carboxy-2-methylazobenzene, 1V) was therefore designed to
exploit these facts (37). In addition the cytotoxic metabolite
(V) has a short half-life of 41 seconds so that little of it is
likely to reach sensitive tissues such as bone marrow or gut
epithelium. That the design of the prodrug works in princi-
ple was confirmed by Connors et al. (58). The Walker 256
tumour when implanted into the flank is sensitive to cy-
clophosphamide but not to CB 10-252. However, when
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Figure 2. Azomustard metabolism.

implanted in the liver the tumour is unaffected by cyclophos-
phamide and cured by azomustard.

Although a trial in London (184) showed no clinical
activity for this drug, the tumours used were not the rapidly
proliferating primary hepatocellular carcinoma seen in
Africa, for which CB 10-252 was designed. Attempts to
undertake trials in Africa have proved inconclusive due to
the problems associated with the lack of continued clinical
observation of the patients. A recent study (152) has shown
that the azo group can also be reduced by aldehyde oxidase.
This means there is another enzyme for which elevated
tumour levels could be exploited for the activation of CB
10-252. Also it may help to explain the myelosuppression
observed in the European trial (184).

CYCLOPHOSPHAMIDE

Cyclophosphamide, VI (7) is one of most valuable alkylat-
ing agents in clinical practice, and is used alone or in com-
bination against a wide range of tumours (e.g., acute and
chronic lymphoblastic leukemia, Burkitt’s lymphoma,
Hodgkin’s disease, lymphosarcoma and solid tumours of
the breast, cervix, lung and ovary). The discovery of its
anticancer activity was somewhat serendipidous, as the
hypothesis for which it was originally designed was subse-
quently found to be invalid. The intention was that it would
act as a prodrug being activated by, for example, a phospha-
midase, to liberate an active alkylating agent (e.g., nor-
nitrogen mustard) at the sites where this enzyme was abun-
dant (believed then to include tumour cells). In fact cy-
clophosphamide is not a substrate for the enzyme, but it
does become activated in a different way. The current under-
standing of the metabolism of cyclophosphamide is illu-
strated in Fig. 3. The initial site of metabolic attack is the
4-position of the oxazaphosphorine ring (adjacent to the
nitrogen), which is hydroxylated to yield 4-hydroxycy-
clophosphamide, VII. This metabolism is carried out by the
hepatic mixed function oxidase system; only a minor
proportion of this metabolite is thought to be formed ex-
trahepatically. 4-Hydroxycyclophosphamide is in equili-
brium with its open-ring tautomer aldophosphamide, VIII,
which is an unstable species and breaks down at pH 7 to give
acrolein, IX and phosphoramide mustard, X. (This equili-
brium and decomposition have been observed by proton
magnetic resonance (242). The half-life for this non-enzy-
matic decomposition of 4-hydroxycyclophosphamide has
been reported to be 100min at pH 7 in 0.07 M phosphate
buffer (30). However, Low, Borch and Sladek (170) have
shown that the reaction is catalysed by the phosphate and
thus the rate of generation of phosphoramide mustard from
4-hydroxycyclophosphamide in vivo will depend on the local
concentration of phosphate and other bifunctional cat-
alysts. The breakdown occurs via a chemical fS-elimination
process, which requires the existence of a hydrogen atom at
the C-5 position. Cyclophosphamide analogues disub-
stituted at C-5 (e.g. 5,5-dimethylcyclophosphamide) are
inactive as antitumour agents (8), which indicates that the
breakdown to aldophosphamide and phosphoramide mus-
tard is of importance for anti-cancer activity. (Although on
the basis of this metabolic pathway it would be expected that
analogues disubstituted at C-4 would also be inactive as
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Figure 3. Metabolism of cyclophosphamide. (a) Pathways mediated by enzymes; (b) Pathways which proceed spontaneously.

anti-tumour agents, Sosnovksy and Paul (227) have re-
ported on the activity of 4,4-dimethylcyclophosphamide
against the P388 lymphocytic leukaemia in mice. Metab-
olism studies of this compound are clearly warranted.

In addition to the breakdown pathway for 4-hydroxycy-
clophosphamide and aldophosphamide, these compounds
are oxidized by soluble enzymes to yield 4-ketocyclophos-
phamide, XI, and carboxyphosphamide, XII, respectively
(231). 4-Hydroxycyclophosphamide may also form con-
Jjugates with, for example, glucuronic acid (16). Other minor
metabolites include alcophosphamide, formed from the re-
duction of aldophosphamide (72), and the monochloroethyl
analogue of cyclophosphamide, XIII, (55) which is
produced following a hydroxylation at the carbon atom
adjacent to the mustard nitrogen. The side product in this
dechloroethylation is chloroacetaldehyde, XIV, which has
also recently been detected as a urinary metabolite in animal
experiments (219).

In vitro toxicity tests for cyclophosphamide and its metab-
olites have indicated that the parent drug is itself not very
active, but that both phosphoramide mustard and acrolein
are highly toxic. For example, the concentrations required
to kill 50% of Walker tumour cells in culture are 23 mM,
1.9uM, and 17.9 uM for cyclophosphamide, phosphora-
mide mustard and acrolein, respectively (68). Phosphora-
mide mustard is capable of cross-linking DNA (84) and is
believed to be the ultimate alkylating agent responsible for
the anti-tumour activity of cyclophosphamide. Acrolein, on
the other hand is believed to be responsible for one of the
major side-effects associated with cyclophosphamide
therapy, haemorrhagic cystitis (31). This was elegantly de-
monstrated by Cox (63) who showed that bladder toxicity in
rats was caused by the analogue of cyclophosphamide, in
which the chloroethyl groups were replaced by ethyl groups,

in the same way as by cyclophosphamide. (This analogue
was shown to be metabolised similarly to cyclophosphamide
in that it produced acrolein, but it cannot give any other
alkylating metabolites.) Much attention has recently been
paid to ways of minimising the bladder toxicity caused by
acrolein without affecting the anti-tumour activity. It ap-
pears that acrolein may be removed from the bladder by the
use of N-acetylcysteine (25, 28, 63) or of sodium mercap-
toethanesulphonic acid (mesna) (147, 210) and the use of the
latter compound as a uroprotectant has now become well
established.

Mesna administration prevents the induction of bladder
cancer in rats treated with cyclophosphamide (212) and it is
to be hoped that a similar reduction in the incidence of
human cyclophosphamide-related bladder cancer (88) will
also result from the use of mesna. No reduction of anti-
tumour activity of cyclophosphamide in animal test systems
is seen when mesna is concomitantly administered (114).

Various proposals have been made, based on a knowledge
of the metabolic scheme for cyclophosphamide, to explain
why the drug shows some oncostatic selectivity. It seems
likely that 4-hydroxycyclophosphamide may be responsible
for this selectivity, which is lost on liberation of the active
agent phosphoramide mustard, i.e., that 4-hydroxycy-
clophosphamide is a carrier for the active metabolite. The
possibility that normal and tumour tissues differ in their
ability to carry out the detoxification pathways to 4-ketocy-
clophosphamide and to carboxyphosphamide received some
support from the work of Cox, Phillips and Thomas (67),
which showed that in rats the liver was 16 times more
efficient at deactivating the primary cyclophosphamide
metabolites than the Walker tumour. This hypothesis has
not been supported by more studies in mice (127). 4-Hydro-
xycyclophosphamide also may be deactivated by the reac-
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tion of its 4-position with thiol compounds, and Brock and
Hohorst (30) believe that this is of greater importance in
governing the specificity of this metabolite. Thus for exam-
ple 4-hydroxycyclophosphamide could be transported as a
bound complex with a thiol-containing enzyme or with
glutathione. Deconjugation could reliberate the active
agent, although the reasons for any site specificity for this
are as yet not understood.

Although 4-hydroxycyclophosphamide could not readily
be used for human cancer treatment in view of its high
chemical instability, 4-hydroperoxycyclophosphamide is a
more stable analogue which decomposes in vivo to 4-hy-
droxycyclophosphamide. Against xenografted human
breast tumours in mice (160), 4-hydroperoxycyclophospha-
mide shows activity greater than cyclophosphamide.

Compounds containing thioethers at the 4-position of
cyclophosphamide have been synthesised and some show
promising anticancer activity. Compounds of this type
could have the clinical advantage over cyclophosphamide in
that no metabolism is required to produce the active metab-
olite, and thus the pharmacokinetics could be better predict-
ed. An interesting example of one of these compounds is
ASTA Z7557 [4-(2-sulphonatoethylthio)-cyclophospha-
mide, i.e., a mesna complex with cyclophosphamide], which
is stable at pH 4 but hydrolyses to an active alkylating agent
at pH 7. Consequently good anti-tumour activity results and
the compound does not give rise to significant bladder toxic-
ity. Clinical trials are currently in progress on this com-
pound, whose properties have recently been reviewed (Inves-
tigational New Drugs, 1984, Volume 2).

Studies of the clinical pharmacokinetics of cyclophospha-
mide are complicated because of the number and, in some
cases, instability of the metabolites. Gas chromatography
(GC) (143) or gas chromatography-mass spectrometry (GC-
MS) (135) has been used for quantification of cyclophospha-
mide, phosphoramide mustard and nornitrogen mustard.
4-Hydroxycyclophosphamide is too unstable for GC or
GC-MS but has been measured in the plasma of patients by
converting it to a thioether derivative with benzyl mercaptan
(244). Similarly aldophosphamide has been identified in vivo
as a stable cyanohydrin derivative (92). A more recently
developed method for detecting 4-hydroxycyclophospha-
mide and aldophosphamide, based on measurements of
fluorescence of acrolein released from these compounds, has
been used to study the pharmacokinetics of these metab-
olites in treated patients (243). 4-Ketocyclophosphamide
and carboxyphosphamide have been measured using stable
isotope labelled internal standards and direct insertion mass
spectrometry (64, 111).

Cyclophosphamide may be administered orally or in-
travenously, although there is some divergence of opinion
on the bioavailability of the drug (97%, (71); 34-90%,
(142)). Intravenous administration shows dose-dependence
of plasma levels of cyclophosphamide (see review by Colvin
(53)), and maximum alkylating ability (which indicates the
extent to which the active metabolite has been produced) is
found after 2-3 hours (13). However, the plasma levels of
phosphoramide mustard and of nornitrogen mustard have
been shown to peak at a shorter time (< 1 hour) after iv
injections of cyclophosphamide (143). Following single iv
doses of cyclophosphamide the terminal phase plasma half-
life (t,, 8) of unchanged drug has been reported to be in the

range 3-11 hours (e.g., 51, 135, 136, 137). That of phos-
phoramide mustard is 8.7 hours and nornitrogen mustard
3.3 hours (14).

The main urinary metabolites in animals and in man are
carboxyphosphamide, nornitrogen mustard (which may be
a breakdown product of carboxyphosphamide (135)) and
4-ketocyclophosphamide, although phosphoramide mus-
tard and 4-hydroxycyclophosphamide have both also been
reported to be in human urine (135, 244).

The use of high dose cyclophosphamide has been shown
in animal experiments to cause damage to the hepatic
cytochrome P450 mixed function oxidase system (24, 113).
Thus repeated use of cyclophosphamide may partially de-
stroy some of the enzymes responsible for the activation of
the drug. Evidence exists (25) to suggest that this toxicity is
caused by acrolein and thus the concurrent use of a protec-
tor such as mesna may enhance the activity of cyclophos-
phamide on subsequent use. Another parameter of impor-
tance with regard to the repeated uses of cyclophosphamide
is the ‘priming effect’; the use of a small priming dose of the
drug allows the subsequent successful administration, 4 days
later, of a dose which could normally be in the toxic range
(177). Although the mechanism for this phenomenon is as
yet unknown it has been shown in experiments with mice (1)
that the priming dose causes an increase after 5 days in the
levels of glutathione and glutathione S-transferase in the
bone marrow, which would thus be protected against the
toxic effects of the second dose of the drug. Studies of this
effect in treated patients would be of value in the assessment
of the value of the priming technique in clinical practice.

The chemical structure of cyclophosphamide contains an
asymmetric centre (phosphorus) and thus optical isomers
exist. In 1975 the optical isomers were synthesised (151) and
evaluated separately in comparison with the racemate in
both animals and humans. Antitumour tests in mice (PC6
plasma cell tumour) indicated that one of the enantiomers
(S-) was more active than the clinically used racemate (65)
and metabolism studies in three animal species showed that
there was stereoselective metabolism of the enantiomers
(66). However, in patients treated with each of the enan-
tiomers there was no consistent stereoselectivity in plasma
half-life of cyclophosphamide or in carboxyphosphamide
excretion (136). Although small differences in 4-ketocy-
clophosphamide excretion were seen there is currently no
further interest in clinical studies of these isomers.

Of more relevance, however, is the report that samples of
cyclophosphamide from different suppliers differ in their
biological properties, e.g., toxic effects on the bladder (217).
Structural differences between the two forms of the drug
have been detected spectroscopically. Although one report
suggests that the forms differ in their enantiomeric com-
position (218) this seems unlikely on the basis of their chemi-
cal preparation. A stereochemical variation in the confirma-
tion of the six-membered ring in the structure seems a more
likely possibility, and warrants further study.

ISOPHOSPHAMIDE

Isophosphamide, XV, is a structural isomer of cyclophos-
phamide and undergoes a similar metabolic transformation
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Figure 4. The metabolism of isophosphamide to the dechloroethylated derivatives and to isophosphoramide mustard.

to it (Fig. 4). The presumed active metabolite is isophos-
phoramide mustard, XVI, which has been determined in the
plasma of patients receiving the drug by the use of a gas
liquid chromatographic method (34). Peak plasma levels
were seen 2-4 hours after /v administration of the parent
drug. It is interesting to note that the cross-linking effects in
macromolecules caused by isophosphoramide mustard may
be different from those of the cyclophosphamide metabolite,
phosphoramide mustard, X, as the two active centres of the
former bifunctional molecule are separated by a greater
chain length, and thus will give rise to longer DNA cross-
links. Concurrent with the production of the active alkylat-
ing agent is that of acrolein, IX, which again has irritant
properties against the bladder epithelium (31). Mesna has
been successfully used to diminish this toxicity without af-
fecting the metabolism of isophosphamide or the produc-
tion of isophosphoramide mustard (35).

The N-dechloroethylation pathways, shown in Figure 4,
which involve the loss of chloroacetaldehyde from the
parent drug, appear to be more prevalent with isophospha-
mide than with cyclophosphamide (190), and the products
from these pathways are abundant urinary metabolites.

Plasma pharmacokinetics of isophosphamide have been
studied in detail by Allen, Creaven and Nelson (5), who
administered the ['“C]-labelled drug to patients. The termi-
nal plasma half-life is 15.2 hours following high single doses
(3.8-5g/m?), which is around twice that reported for cy-
clophosphamide. The difference was reduced at lower doses.
Less of the administered drug (49%) was metabolised com-
pared with cyclophosphamide and thus, in view of the meta-
bolic pattern (see above), it seems that less of the biologically
active metabolite is produced in vivo.

Although isophosphamide has a wide range of anti-
tumour activities and has been claimed to show lower toxic-
ity to bone marrow than cyclophosphamide its use so far has
been on a minor scale in comparison with that of cyclophos-
phamide.

ALKANESULPHONATES

The mode of alkylation by alkanesulphonates follows Sy2

kinetics, which means that the rate-determining step in-
volves both the alkylating agent and the nucleophile being
attacked. Consequently the rate of reaction will depend to
an extent on the nature of the nucleophile being alkylated.
Sulphur nucleophiles (e.g., cysteine, glutathione) are most
reactive towards Sy 2 alkylating agents, followed by nitrogen
and oxygen nucleophiles.

Busulphan (myleran, 1,4-dimethylsulphonyloxybutane)
(Table 2) is the only alkanesulphonate in widespread clinical
use. Its preference for sulphur nucleophiles is illustrated by
the fact that more than half of the urinary excreted metab-
olites in rat, rabbit and mouse derived from [**C]-labelled
busulphan is accounted for by 3-hydroxytetrahydrothio-
phene-1,1-dioxide (196), formed following the reaction of
busulphan with a thiol group. Cross-linking of DNA does
however occur, as illustrated by the work of Tong and
Ludlum (237) who showed, in an in vitro experiment, the
production of 1,4-di(7-guanyl)butane following incubation
with busulphan.

DNA-DNA interstrand cross-linking has also been ob-
served by Bedford and Fox (18) in Yoshida lymphosarcoma
cells treated with busulphan. Also tested in this work were
the analogs of busulphan with more (5-9) or less (1-3)
methylene units in the chain linking the methanesulphonate
residues. In most cases, interstrand cross-linking was cor-
related with in vitro cytotoxicity, six CH, groups showing
the greatest effects. However, with this tumour in vivo the
activity of the compounds was not closely correlated to
interstrand cross-linking. The length of the cross-link
produced by a bifunctional compound may be of particular
importance in determining the therapeutic ratio of the com-
pound.

Pharmacologically busulphan differs from the nitrogen
mustards in that it has a more selective effect on myeloid
cells (see review by Fox (95)). It is consequently used most
extensively in the treatment of chronic myelogenous leukae-
mia. The reason for the drug’s effectiveness against these
cells is unknown. Busulphan was introduced to the clinic in
the late 1950s, and as is often the case with the earlier
alkylating agents, little satisfactory pharmacokinétic data is
available for the compound. However, Ehrsson ef al. (81)
have recently quoted elimination half-lives of about 24 hours
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for patients with chronic myelocytic leukaemia receiving
oral busulphan (2-6 mg). The drug was determined by gas
chromatography-mass spectrometry after its conversion to
1,4-diiodobutane (79).

Treosulphan is a novel analogue of busulphan whose
structure (L-threitol 1,4-bis-methanesulphonate) differs
from busulphan only by the addition of two hydroxy
groups. These groups are believed to play a part in the drug’s
metabolism which is thought to involve the intramolecular
displacement of the methyl sulphonate groups by the hy-
droxylic groups, to yield the active metabolite L-diepoxy-
butane (see Epoxides). Unlike busulphan the pharmacoki-
netics of treosulphan have been well studied, using a GC
quantitative method (250). The clinical application of treo-
sulphan has been mainly in the treatment of ovarian cancer.

EPOXIDES

Epoxides are directly acting alkylating agents which react by
a bimolecular process (see Alkanesulphonates). The leading
epoxide in clinical practice is dianhydrogalactitol (Table 2)
(82), but it should also be pointed out that dibromomannitol
and dibromodulcitol, which are also under clinical evalua-
tion, are believed to be active because of the conversion in
vivo to mono- or diepoxides (131). The clinical trials that
have been carried out on these three compounds have been
surveyed by Chiuten et al. (46). Both dibromodulcitol and
dianhydrogalactitol have the property of crossing the blood-
brain barrier and much attention has been paid to the study
of patients with intracranial tumours. Dibromomannitol
has been used in the treatment of chronic myelogenous
leukaemia but did not show any dramatic therapeutic ad-
vantages over the use of busulphan.

The human pharmacokinetics of dianhydrogalactitol
have been studied in detail by Eagan et al. (76), using a high
pressure liquid chromatographic method for quantitating
the drug, following its conversion to a bis(dithiocarba-
moylester. The drug is rapidly removed from the plasma
(initial half-life t;, 3.9 min, terminal half-life t;, § 31.3 min)
following 1-hour infusions, and further studies on methods
of administration that would result in maintained plasma
concentration were recommended by these authors. Al-
though there was only a low rate of tumour response in this
Phase II/III study the observed regression of three tumours
(large cell lung carcinoma, carcinoid of the thymus and a
mixed adenocarcinoma/squamous cell carcinoma of the
lung) suggests that further studies of the drug are necessary.

Further epoxides which are in an earlier stage of clinical
development are di-acetyldianhydrogalactitol, di-succinyl
dianhydrogalactitol and the triepoxide 1,3,4-trigly-
cidylurazole.

AZIRIDINES

The mechanism of action of some nitrogen mustards is
regarded as involving a cyclic aziridinium ion intermediate
(200). This led to an interest in compounds containing the
three-membered aziridine ring. Indeed it has subsequently
been shown that 2-bromoethylaminonaphthoquinone is
metabolised by rat hepatocytes to 2-aziridinylnaphthoqui-

none (247). They also found that the 4-chlorobutyl analogue
cyclised under similar conditions to form a 5-membered
pyrrolidine ring; which is similar to the intermediate pos-
tulated by Tisdale, Elson and Ross (235) to account for the
activity of a series of halogenobutylethers.

The aziridine ring is chemically reactive, due to the strain
imposed by its configuration. Ring opening which is pro-
moted by acid results in the formation of an alkylating
carbonium ion.

A number of aziridine derivatives have found clinical use,
the two of most significance being thio-TEPA (Table 2) in
the treatment of ovarian carcinoma, disseminated car-
cinoma of the breast and Hodgkin’s disease, and in com-
bination with an androgen for breast carcinoma (117, 241)
and triethylenemelamine (TEM). Investigation of the
mechanism of action of TEM and an attempt to prepare an
inactive analogue led to the synthesis of hexamethyl-
melamine (36, 121) and its subsequent introduction into
clinical use (166).

In addition to these multifunctional alkylating agents
based on the active aziridine group a number of apparently
monofunctional agents have been of interest, however, they
all have the potential for metabolism of another part of the
molecule to a reactive species. Tetramin (4-aziridinyl-3-
hydroxybut-1-ene), which has shown activity against a num-
ber of tumours (254), has the possibility for in vivo epoxida-
tion of its double bond to form a reactive difunctional
derivative.

Of more general interest, though clinical application has
yet to be achieved, are the dinitrophenylaziridines. 1-Az-
iridinyl-2,4-dinitrobenzene (XVII, R = H) was discovered
over 30 years ago (6) and, with a therapeutic index of 10
against the Walker 256 carcinosarcoma, it is comparable
with clinically useful alkylating agents. A subsequent de-
tailed structure-activity study (149, 150) established the
structural requirements of this class of compounds and,
more particularly, 5-(1-aziridinyl)-2,4-dinitrobenzamide
(CB 1954, XVII, R = CONH,) as the most active of the
series. It has proved to be extremely selective for the Walker
256 carcinosarcoma with a therapeutic index of 70, the
highest recorded in this system, and little or no activity
against other tumours. Small variations in structure were
sufficient to destroy the activity. This unusual selectivity has
been the subject of considerable investigation but to date has
failed to identify the mechanism of action. Metabolic studies
have shown that, although CB 1954 is superficially a mono-
functional alkylating agent, other reactive groups are in-
troduced into the molecule by reduction in vivo (138). It has
also been suggested that CB 1954 may be an inhibitor of
ribonucleotide reductase (236).

CB 1954 has been shown to have other properties. It is a
potent radiosensitiser and chemosensitiser. As a radiosen-
sitiser it gives an enhancement ratio (the ratio of cell kill by
a standard dose of X-rays with and without the drug) of 2.2
compared with 1.5 for misonidazole at the same molar
concentration, in hypoxic Chinese hamster cells in vitro.
This activity is reduced by 2-phenyl-5-aminoimidazo-4-
carboxamide (2-phenylAIC) to the same level as mis-
onidazole (230). As 2-phenylAIC inhibits the cytotoxicity of
CB 1954 to the Walker tumour in vitro and in vivo the
increase in the radiosensitising effect over the nitro-
imidazoles may result from the inherent cytotoxicity of the



compound. In a similar fashion CB 1954 has been found to
be a promoter of alkylating agent activity. It is as effective
an enhancer of the antitumor activity of cyclophosphamide
as misonidazole but less good in conjunction with mel-
phalan (50). It is to be hoped that this reviewed interest in
CB 1954 with provide a useful contribution for this drug in
cancer treatment.
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Another series of aziridine derivatives has been developed
over the past ten years. These are the aziridinylbenzoqui-
nones. Based on the known ability of compounds of this
type to inhibit intracerebrally implanted tumours in rodent
test systems (74) molecules were designed which would re-
tain the ability to penetrate the central nervous system and
yet have sufficient aqueous solubility to facilitate adminis-
tration and equal or improve antitumour activity (47, 144).
This work has resulted in two compounds going forward for
clinical evaluation.

The first of these AZQ (3,6-diaziridinyl-2,5-bis(car-
boethoxyamino)-1,4-benzoquinone, XVIII, R = NHCOO
C,H;) has been under investigation in the clinic for some
years. In its Phase I trial the major toxicity was myelo-
suppression at doses in excess of 10 mg/m’. Nausea, alopecia
and anaemia were also observed. Although no significant
responses were observed in 40 previously treated patients
with advanced disease, minor objective responses were ob-
served in three patients. AZQ was found in the CSF of the
three patients investigated, in one case with a CSF to plasma
ratio of 1:1 (211). A number of other Phase I trials have
suggested that AZQ may be useful against CNS tumours
(110, 171) and responses have been seen in grade IIT and IV
astrocytomas (9, 69). Paediatric patients with CNS involve-
ment in refractory acute leukaemia have shown response to
AZQ (14). Most Phase 1II trials not involving CNS tumours
have so far reported little or no response to this drug.

Although the aziridinyl groups of AZQ are chemically
reactive, alone they are insufficient for antitumour activity
(144). The reasons for this are still not clear nor is the
importance or otherwise of metabolism. However, AZQ has
been shown to form a semiquinone free radical on biochemi-
cal reduction (115), and to cause selective destruction to
mitochondria in human glioma cell lines (192).

The poor aqueous solubility of AZQ (200 ug/ml) means
that mixed solvent systems are necessary for clinical ad-
ministration (194). A second generation analogue is
therefore currently being developed with 10-fold greater
aqueous solubility and similar antitumour activity. This is
BZQ (3,6-diaziridinyl-2,5-bis(hydroxyethylamino)-1,4-ben-
zoquinone, XVIII, R = NHCH,CH,OH) (47). In addition
to being more soluble it is also active at considerably lower
doses such that the aqueous solubility will be sufficient for
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clinical administration although its partition coefficient is
lower (118) and therefore its penetration of the blood brain
barrier may be less efficient (167).

Two antitumour antibiotics contain an aziridine group
which is responsible at least in part for their activity. These
are mitomycin C and carzinophilin A. Reductive metabo-
lism of the quinone portion of mitomycin C allows release
of the indole nitrogen lone pair followed by loss of methanol
resulting in activation of the aziridine and carbamate groups
as potential alkylating functions (134). Mitomycin C is used
clinically for the treatment of malignanices of the breast,
lung, colon and stomach (43). Carzinophilin A, which has
been used clinically to treat cancer of the skin and jejunum,
reticulosarcoma and chronic leukaemia (161), requires no
metabolic activation.

Other more recently developed antitumour agents con-
taining the aziridine group include selenothiotepa (156) and
nitroxyl spin-labelled thiotepa (157). For the latter com-
pound electron spin resonance (esr) may be used to follow
the intracellular fate of the drug.

NITROSOUREAS

The nitrosourea antitumor agents have been extensively
studied since the early 1960’s. In vivo these compounds
decompose and liberate transiently an active alkylating
agent, together with an isocyanate. The mechanism of this
process is shown in Fig. 5. Many variants of the nitrosourea
structure, containing different R and R’ groups have been
synthesised (see, e.g., (140, 141)) and tested for antitumour
activity. The screening data indicated that the most active
compounds were those with R = 2-chloroethyl, 2-fluoro-
ethyl or a cycloalipathic group and R’ = 2-chloroethyl or
2-fluoroethyl. Thus the first nitrosourea to be used exten-
sively in the clinic was carmustine (BCNU, XIX, 1,3-bis(2-
chloroethyl)-1-nitrosourea) where R and R’ are 2-chlo-
roethyl groups. There was also enthusiasm about the pos-
sible clinical use of lomustine (CCNU, 1-(2-chlorethyl)-3-
cyclohexyl-1-nitrosourea), XX, and semustine (MeCCNU,
1-(2-chloroethyl)-3-(4-methylcyclohexyl)-1-nitrosourea),
XXI, which like BCNU had high activity in the animal
tumour screen and were lipid soluble, allowing their use for
the treatment of brain tumours. The chloroethylnitro-
soureas have been reviewed by Weiss and Issell (249) and by
Weinkam and Lin (248).

BCNU, CCNU and MeCCNU are all believed to alkylate
intracellular nucleophiles following the formation of a
CICH,CHjJ ion. Cross-linking between DNA chains in vivo
(153, 238) and cross-linking between two nucleophilic sites
within the same DNA base molecule (108) have both been
observed.

Indeed cross-linking of DNA by MeCCNU in sensitive
and resistant murine colon tumours was correlated with the
sensitivity to the drug (251), even though total DNA binding
was the same in both tumours.

The fate and biological function of the isocyanate that is
concomitantly produced (2-chloroethyl, cyclohexyl and 4-
methylcyclohexyl isocyanates from BCNU, CCNU and
MeCCNU respectively) is less certain. Nitrosourea-derived
isocyanates react readily with amine groups, such as those in
lysine residues in proteins (252) and this may be of impor-
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Figure 5. The decomposition of nitrosoureas.

tance with regard to the observed inhibition of DNA strand-
break repair, DNA replication and RNA strand scission (see
review by Kohn (154)) that is seen after nitrosourea treat-
ment. Although the isocyanate has generally been thought
to be more associated with unfavourable side effects than
antitumour effects, Gibson and Hickman (103) have chal-
lenged this hypothesis with their studies on nitrosourea
sensitive and resistant TLX5 lymphoma cell lines. The resis-
tant line was cross-resistant to isocyanates, but not to alky-
lating agents, suggesting that the isocyanates were of con-
siderable importance with regard to the cytotoxicity of
nitrosoureas in this particular system. In general, however,
nitrosoureas with low carbamoylating activity retain their
antitumour properties. For example chlorozotocin, XXII,
produces the alkylating species and the isocyanate in the
normal way, but the latter compound inactivates itself by
intramolecular cyclisation (carbamoylation of the sugar re-
sidue (116)). Chlorozotocin is an analog of the naturally
occurring methyl nitrosourea streptozotocin, XXIII, and
both of these compounds, which are currently undergoing
clinical trial, cause lower myelosuppression than BCNU or
CCNU.

Tsujihara et al. (239, 240) and Morikawa et al. (181) have
synthesised a series of nitrosoureas disubstituted on the
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nitrogen bearing the R group, and with a -hydroxy group
on one of these substituents. Some of these compounds
cannot form isocyanates but can form alkylating inter-
mediates, and these were more active in animal tests than
CCNU. Further work by this research group led to the
synthesis of wide series of sugar containing nitrosoureas
(e.g., (182)), some of which (e.g., 1-(2-chloroethyl)-3-
isobutyl-3-(f-maltosyl)-1-nitrosourea) have promising anti-
tumour activity (2).

Other nitrosoureas whose animal antitumour activity
warrants their further investigation include the fluoroethyl
nitrosoureas (139) and steroid linked nitrosoureas (212,
262).

Although the breakdown pathway illustrated in Fig. 5 is
a major metabolic route other forms of metabolism have
been identified, such as denitrosation (BCNU, (125)) and
R-group hydroxylation (CCNU cyclohexyl ring, (126, 195)).
In the latter case metabolism is extremely rapid and carba-
moylation in vivo is likely to be by hydroxycyclohexyl iso-
cyanates in addition to cyclohexyl isocyanate.

Despite the intense study of structure-activity relation-
ships, metabolism and mechanism of action of the nitro-
soureas over the past 20 years, the impact of these com-
pounds on cancer chemotherapy has been greatly limited by
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the severe and cumulative myelosuppression that they
produce. The future of BCNU and CCNU is therefore
uncertain, and attention is currently being focused on the
more recently developed analogs such as chlorozotocin and
streptozotocin. Another agent where clinical evaluation has
started is PCNU  (1-(2-chloroethyl)-3-(2,6-dioxo-3-
piperidyl)-1-nitrosourea (258)). This has a higher alkylating
activity than CCNU and is also lipid soluble making it
suitable for brain penetration (97). Again, however, the
dose-limiting toxicity was myelosuppression.

Regardless of the future of nitrosoureas in cancer chemo-
therapy they are extremely useful experimental tools for
laboratory mechanistic studies. One of the major intracel-
lular targets for nitrosoureas is transcriptionally active chro-
matin. An understanding of the molecular nature of these
interactions (see review by Tew et al. (233)) may allow the
development of nitrosoureas of greater selectivity against
tumour cells, in addition to leading to a greater understand-
ing of chromatin structure and function.

TRIAZENES

The rationale for including triazenes in a chapter on alkylat-
ing agents is perhaps questionable, however, their major
route of metabolism results in the formation of an alkylating
carbonium ion. Whether or not this carbonium ion or some
other established metabolite is responsible for the anti-
tumour activity observed with these compounds is still un-
certain. Albeit the mechanism of action of the triazenes
remains to be established, DTIC (5-(3,3-dimethyl-1-
triazene-4-carboxamide, DIC, dacarbazine, XXIVa, R’ =
H) has found some clinical utility and second-generation
agents are currently being investigated clinically.

XXVl

The first synthesis of a triazene or diazoamino compound
was by Wallach (245). Biological interest in such compounds
did not occur until 70 years later, when it was shown that
aryldialkyltriazenes had activity against the sarcoma 180
and leukaemia 82 (39, 48). However, these findings were
largely ignored until well after the discovery of DTIC.

Shealy and his colleagues (222, 223, 224) designed DTIC
to be a prodrug form of 5-diazoimidazo-4-carboxamide, a
chemically unstable inhibitor of the Walker 256 carcinosar-
coma. DTIC has since proved to have a different mechanism
of action to that predicted and its photochemical decom-
position to the diazo compound has been suggested as a
contributory factor in its toxicity. The photodecomposition
products of the clinically formulated material are different
from those of pure DTIC (129, 130). However, means of
administration which exclude light are now available such
that this should no longer be such a critical problem (14,
159). Phototoxic effects have been reported (17) in patients
exposed to sunlight within 24 hours of DTIC therapy, which
might be attributable to photodecomposition of the drug.

DTIC has been studied clinically in a variety of tumour
types (44). Its most significant activity as a single agent is to
produce an overall 25% response rate in the treatment of
metatastic malignant melanoma (54). This is the highest
response rate of any single agent and a substantial improve-
ment on other alkylating agents. Similar response rates are
observed with high dose DTIC in combination with either
actinomycin D or BCNU and hydroxyurea (61). Although
it does not have the single agent activity of doxorubicin in
the therapy of adult soft tissue sarcomas, DTIC in combina-
tion with doxorubicin shows a cumulative response which is
further improved by the addition of cyclophosphamide and
vincristine to the combination (CYVADIC) (109). These
results are, however, not necessarily reproducible (105).
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There are two combination chemotherapy regimes for the
treatment of Hodgkin’s disease, of which MOPP (mechlor-
ethamine, vincristine, prednisone and procarbazine) is re-
garded as the standard therapy. However ABVD (doxorubi-
cin, bleomycin, vinblastine and DTIC) has been shown not
to be cross-resistant with MOPP (207, 208) and capable of
producing 100% response and 100% 2-year survival if the
two combinations are alternated (27).

DTIC also exhibits single agent activity in neuroblastoma
and rhabdomyosarcoma (93) which although not as good in
itself as established combinations warrants investigation of
its possible inclusion.

Like all alkylating agents DTIC causes immune suppres-
sion clinically (33). However, in experimental systems a
BCNU resistant EL4 leukaemia line showed altered im-
munogenicity and was curable by BCNU following DTIC
treatment (189).

The metabolism and mechanism of action of DTIC has
been studied in some detail although as yet its precise me-
chanism of action has not been determined. The work in this
area related to DTIC must be considered in conjunction
with that derived from the dialkylaryltriazenes. Originally
DTIC was regarded as an antimetabolite of S5-amino-
imidazole-4-carboxamide (AIC, XXVIIa) (223). The present
evidence, although originating preponderantly from the aryl
series, is that dialkyltriazenes require metabolic activation
by the host in order to produce an antitumour effect (11, 59,
101).

The major urinary metabolite of DTIC in man is AIC
(132, 225, 226) and it is also formed by mouse liver mi-
crosomes and human and animal tumour tissue (100, 179).
Such evidence indicates a metabolic route via the mono-
methyl derivative, MIC (5-(3-methyl-1-triazeno)-imidazole-
4-carboxamide, XXVIa, following oxidative metabolism
and loss of formaldehyde. The detection of HMIC (5-(3-
hydroxymethyl-3-methyl-1-triazeno)imidazole-4-
carboxamide, XXVa, R’ = H) and MIC in the plasma of
DTIC treated patients (207) and of the primary oxidative
metabolite HMIC as a urinary metabolite in rats (155)
would seem to be final metabolic proof of this metabolic
pathway. The surprisingly high stability of HMIC in polar
solvents as compared with MIC led these authors to suggest
that it may be the transport form of the activated drug.

Although the metabolites, HMIC and MIC, are observ-
able in the plasma of DTIC treated patients there is a
considerable species difference in metabolism between
mouse, rat and man. Plasma clearance of DTIC is some 9
times more rapid in mice than man and is reflected in the
higher levels of the metabolite seen in the mouse. Com-
parison of these data with in vitro cytotoxicity testing leads
to the conclusion that in mice cytotoxic levels of HMIC and
MIC may result from DTIC metabolism, a situation which
is not achieved in rats and most patients even after high
doses, suggesting that the relatively low clinical activity of
DTIC, in relation to its effect in murine tumour systems is
due to man’s poor ability to metabolise the drug (206).

The toxicity observed with DTIC, in particular the severe
nausea and vomiting, has led to interest in analogues in
which this problem may be overcome. A number of studies
have shown that the imidazole group may be replaced by
various other ring systems without any major change in
activity. Ring types investigated have included phenyl, pyra-
zole and y-triazole (169). A detailed structure activity study

of dialkylaryltriazenes (59) demonstrated the structural re-
quirements for activity against a murine plasmacytoma.
These are an aryl or heteroaryl carrying group at N', a
methyl group at N° and a readily metabolised group also at
N? (XXIV).

The metabolism of the dialkylaryltriazenes is similar to
that of the imidazotriazenes (59, 257) hence similar prob-
lems in relation to metabolic activation in man might be
predicted. This is indeed the case, but in the rat levels of
metabolites of 1-(4-carbamoylphenyl)-3,3-dimethyltriazene
(XXIVb, R’ = H) following phenobarbitone pretreatment
are almost identical to those seen in the mouse, giving the
hope that clinically this problem may be overcome (205).

The original intention behind the development of a
second-generation triazene was to overcome the clinical side
effects of DTIC and to produce a far more effective anti-
melanoma drug. Other properties of these compounds and
the dialkylaryltriazenes in particular have evoked interest in
the treatment of other tumour types. Farquhar (91) demon-
strated the difference in CSF to plasma ratio of an aryl-
triazene (1-(4-carbamoylphenyl)-3,3-dimethyltriazene) and
DTIC, in dogs. He found that this ratio was 1:1 for the
aryltriazene but 1:10 for DTIC. The life span of mice carry-
ing the intraperitoneally implanted L1210 was increased
40-50% by both drugs following i.p. administration but
only the aryltriazene produced a similar response when the
tumour was implanted intracerebrally. The most likely ex-
planation of this difference in ability of the metabolites of
these drugs to cross the blood-brain barrier (BBB) is the
greater lipid solubility of the aryltriazene which meets
Levin’s criteria for drugs to cross the BBB (167). The find-
ings are also in agreement with the differences in optimal
partition coefficient of active drugs being dependent on the
site of implant of the L1210 tumour (41).

More recent work in this direction has involved the use of
human grade IIT and IV astrocytoma xenografts growing in
immune deprived mice. When implanted subcutancously in
the flank these tumours are sensitive to drugs such as
BCNU, procarbazine, DTIC and CB 10-350 (1-(4-carba-
moylphenyl)-3-methyl-3-pentyltriazene, XXIV, R’ =
CH,CH,CH,CH,;). Cyclophosphamide, vincristine, 5-FU
and hexamethylmelamine have little or no activity. A some-
what different pattern emerges when the tumour is im-
planted intracerebrally, in this case only BCNU and CB
10-350 inhibit tumour growth (256). This data allows certain
conclusions to be drawn, firstly because DTIC is not active
on the intracerebral implant whereas CB 10-350 is, the BBB
has remained intact and the tumour is located in this
privileged site. Secondly, that CB 10-350 has the predicted
criteria, high lipophilicity and molecular weight below 400
(167), for penetration of the BBB. Thirdly, a more
generalised investigation of the aryltriazenes in this tumour
system is warranted to establish a drug of choice for clinical
study.

Although DTIC became the initial triazene of choice for
clinical use BTIC (5-(3,3-bis(2-chloroethyl)-1-triazeno)im-
idazole-4-carboxamide, XXVIII) has better activity in mu-
rine tumours (221). The metabolism of BTIC parallels that
of DTIC in leading to a monoalkyl, in this case a 2-chloro-
ethyltriazene (MCTIC, (220)). A second series of com-
pounds designed as chemically activated prodrug forms of
these two cytotoxic imidazole derivatives has been pursued
by Stevens and his colleagues (229) at the University of



Figure 7. Structural requirements of imidazotetrazinones.

Aston. The first of these compounds 8-carbamoyl-3-(2-chlo-
roethyl)imidazo[5,1-d]-1,2,3,5-tetrazin-4(3H )-one  (mito-
zolamide, XXIX, R = CH,CH,CIl) cures many experi-
mental tumours (123). It has been shown to decompose
chemically, under mildly alkaline conditions, by opening of
the tetrazine ring, to yield MCTIC (229). Biological evalua-
tion of mitozolamide also points to the drug acting as a
prodrug form of MCTIC (228).
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The Phase I clinical study of mitozolamide (188) covered
doses from 8 to 153 mg/m* and demonstrated dose-related
but not severe vomiting, with thrombocytopenia as the
dose-limiting toxic effect at doses greater than 115 mg/m?
The plasma half-life of the drug was 1 to 1.3 hours and
independent of the route of administration (i.v. or oral).
Partial responses were seen in two patients with adenocar-
cinoma of the ovary who had received previous cisplatin
therapy. Phase II studies with this drug are planned against
melanoma and lung and ovarian tumours.

A detailed structure activity study (163, 228) has indicated
the structural requirements for antitumour activity in this
class of compounds (Fig. 7). The substituent at R may be
an amide, sulphonamide, sulphone or sulphoxide, that at R>
a hydrogen or small alkyl group and R*® must be either a
methyl or 2-chloroethyl group. Antitumour evaluation of
these compounds have indicated the most active to be
CCRG 81045 (8-carbamoyl-3-methylimidazo[3,1-d]-1,2,3,
S-tetrazin-4(3H )-one, XXIX, R = CH,). This compound
decomposes chemically in a similar fashion to mitozol-
amide, in this case producing MTIC as the active metab-
olite, the presumed active metabolite of DTIC, without the
need for biological activation. Extensive testing of CCRG
81045 in experimental tumour systems has shown it to be
superior to DTIC and to have a different spectrum of ac-
tivity to mitozolamide (162). Consequently it has been selec-
ted for toxicological evaluation prior to Phase 1 clinical trial
(228).

CONCLUSION

New alkylating agents are constantly being synthesised and
tested for anticancer activity. They are selected for toxico-
logical and ultimately clinical trial on the basis of animal
screening tests. Many of these novel compounds that have
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‘passed’ these tests (e.g., PCNU, spiromustine, aziridinyl-
benzoquinone (AZQ), etc.) have promising activity, which
clearly warrants their further clinical testing. It should be
pointed out, however that there is a danger that the animal
test systems may not be the best predictor for human drug
activity. Most of the compounds going successfully through
the preclinical development fall into the same general chemi-
cal classes as the earliest alkylating agents developed twenty
or more years ago. Maybe our initial test systems are par-
ticularly sensitive to these classes of compounds and maybe
our perspective should be extended towards broader based
test systems, which might show up novel classes of com-
pounds. The current use of human tumour xenografts in the
drug development programmes of the NCI and other groups
may well prove to give rise to the selection of drugs having
more diverse structural properties and activity against the
currently refractory types of human tumour.

REFERENCES

1. Adams DJ, Carmichael J, Smyth JF, Wolf CR: Relationship
between bone marrow glutathione and glutathione S-trans-
ferase levels and drug priming. Brit J Cancer 50:268, 1984

2. Akaike Y, Arai Y, Taguchi H, Satoh H: Effect of 1-(2-chlo-
roethyl)-3-isobutyl-3-(f-maltosyl)- 1-nitrosourea on experi-
mental tumours. Gann 73:480, 1982

3. Alberts D, Chang S, Melnick L, Himmelstein K, Walson P,
Gross J, Salmon S: Melphalan (M) disposition in man. Proc
Am Assoc Cancer Res 18:128, 1977

4. Alberts DS, Chang SY, Chen GH-S, Evans TL, Moon TE:
Oral melphalan pharmacokinetics. Clin Pharmacol Ther
26:737, 1979

5. Allen CM, Creaven PJ, Nelson RL: Studies on the human
pharmacokinetics of isophosphamide (NSC-109724). Cancer
Treat Rep 60:451, 1976

6. Anonymous: Nucleotoxic and mutagenic nitrogen mustards,
epoxides, ethyleneimines and related substances. Ann Rept
Brit Empire Cancer Campgn 28:56, 1950

7. Arnold H, Bourseaux F: Synthese und Abbau cytostatisch
wirksamer zyklischer N-Phosphamidester des Bis(f-chlo-
roathyl)amins. 4dngew Chem 70:539, 1958

8. Arnold H, Bourseaux F, Brock N: Uber Beziehung zwischen
chemischer Konstitution und cancerotoxischer Wirkung in
der Reihe der Phosphamidester des Bis(8-chloroathyl)amins.
Arzneimittelforschung 11:143, 1961

9. Aroney RS, Kaplan RS, Saleman M, Montgomery E, Wier-
nik PH: A Phase II trial of AZQ (NSC-182986) in patients
with recurrent primary or metastatic brain tumours. Proc Am
Soc Clin Oncol 1:24, 1982

10. Astaldi G: Peptichemio: A multifaceted antiblastic drug.
Wadley Medical Bull 5:303, 1975

11. Audette RCS, Connors TA, Mandel HG, Merai K, Ross
WCJ: Studies on the mechanism of action of the tumour
inhibitory triazenes. Biochem Pharmac 22:1855, 1973

12.  Autrup H, Thurlow BJ, Warwick GP: Activation by reduc-
tive cleavage of potentially cytotoxic azo compounds by
human hepatocellular carcinoma. Biochem Pharmac 23:2341,
1974

13. Bagley CM, Bostick FW, DeVita VT: Clinical pharmacology
of cyclophosphamide. Cancer Res 33:226, 1973

14. Baird GM, Willoughby ML: Photodegradation of dacar-
bazine. Lancet ii:681, 1978

15. Basu TK, Bishun NP, Williams DC: Accentuation of the
cell-killing effects of chlorambucil by phenobarbital, caffeine
and vitamin A in culture. Cytobios 9:115, 1974

16. Bates DJ, Foster AB, Jarman M: The metabolism of cy-



78

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

DEV Wilman and PB Farmer

clophosphamide by isolated rat hepatocytes. Biochem Phar-
mac 30:3055, 1981

Beck TH, Hart NE, Smith CE: Photosensitivity reaction
following DTIC administration: Report of two cases. Cancer
Treat Rep 64:725, 1980

Bedford P, Fox BW: DNA-DNA interstrand crosslinking by
dimethanesulphonic acid esters. Biochem Pharmac 32:2297,
1983

Benckhuysen C, Ter Hart HGJ, Van Dijk PJ: Enhanced
cytostatic effectiveness of aniline mustard against 7,12-di-
methylbenz[ajanthracene induced rat mammary tumours
during regression in response to ovariectomy. Cancer Treat
Rep 65:567, 1981

Bergel F, Stock JA: Cytotoxic alpha amino acids and pep-
tides. Ann Rep Brit Empire Cancer Campgn 31:6, 1953
Bergel F, Stock JA: Cytoactive amino acid and peptide de-
rivatives. Part 1. Substituted phenylalanines. J Chem Soc
2409, 1954

Berger MR, Floride J, Schreiber J, Schmahl D, Eisenbrand
G: Evaluation of new estrogen-linked 2-chloroethylnitro-
soureas. 1. Short term anticancer efficacy in methylnitro-
sourea-induced rat mammary carcinoma and hormonal ac-
tivity in mice. J Cancer Res Clin Oncol 108:148, 1984
Bernier LG, Page M, Gaudreault RC, Joly LP: A chlorambu-
cil-anti-CEA conjugate cytotoxic for human colon adenocar-
cinoma cells in vitro. Br J Cancer 49:245, 1984

Berrigan MJ, Gurtoo HL, Sharma SD, Struck RF, Marinello
AJ: Protection by N-acetylcysteine of cyclophosphamide
metabolism-related in vivo depression of mixed function oxy-
genase activity and in vitro denaturation of cytochrome P-
450. Biochem Biophys Res Commun 93:797, 1980

Berrigan MJ, Marinello AJ, Pavelic Z, Williams CJ, Struck
RF, Gurtoo HL: Protective role of thiols in cyclophospha-
mide-induced urotoxicity and depression of hepatic drug
metabolism. Cancer Res 42:3688, 1982

Blokhin N, Larionov L, Perevodchikova N, Chebotareva L,
Merkulova N: Clinical experiences with sarcolysin in neo-
plastic diseases. Ann NY Acad Sci 68:1128, 1958
Bonadonna G, Fossati V, De Lena M: MOPP vs MOPP plus
ABVD in stage IV Hodgkin’s disease. Proc Am Soc Clin
Oncol 19:363, 1977

Botta JA, Nelson CW, Weikel JH: Acetylcysteine in the
prevention of cyclophosphamide-induced cystitis in rats. J
Natl Cancer Inst 51:1051, 1973

Brock N, Habs M, Pohl J, Schmahl D, Steckar J: Mesna
(natrium-2-mercaptoethansulfonat). Therapiewoche 32:4977,
1982

Brock N, Hohorst H-J: The problem of specificity and selec-
tivity of alkylating cytostatics: studies on N-2-chloroethyla-
mido-oxazaphosphorines. Z Krebsforsch 88:185, 1977
Brock N, Steckar J, Pohl J, Niemeyer U, Scheffler G: Acro-
lein, the causative factor of urotoxic side-effects of cyclophos-
phamide, iphosphamide, trophosphamide and suphospha-
mide. Arzneimittelforschung 29:659, 1979

Brookes P, Lawley PD: The reaction of mono- and di-
functional alkylating agents with nucleic acids. Biochem J
80:496, 1961

Bruckner HW, Mokyr MB, Mitchell MS: Effect of im-
idazole-4-carboxamide,5-(3,3-dimethyl-1-triazeno) on im-
munity in patients with malignant melanoma. Cancer Res
34:181, 1974

Bryant BM, Jarman M, Baker MH, Smith IE, Smyth JF:
Quantification by gas chromatography of N,N-di-(2-
chloroethyl)-phosphorodiamidic acid in the plasma of pa-
tients receiving isophosphamide. Cancer Res 40:4734, 1980
Bryant BM, Jarman M, Ford HT, Smith IE: Prevention of
isophosphamide-induced urothelial toxicity with 2-mercap-
toethanesulphonate sodium (mesnum) in patients with ad-
vanced carcinoma. Lancet ii:657, 1980

36.

37.

38.

39.

40.

4]1.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

Buckley SM, Stock CC, Crossley ML, Rhoads CP: Inhibition
of the Crocker mouse sarcoma 180 by certain ethyleneimine
derivatives and related compounds. Cancer Res 10:207, 1950
Bukhari A, Connors TA, Gilsenan AM, Ross WCJ, Tisdale
MJ, Warwick GP, Wilman DEV: Cytotoxic agents designed
to be selective for liver tumours. J Natl Cancer Inst 50:243,
1973

Bukhari MA, Everett JL, Ross WCJ: Aryl-2-halogenoalkyla-
mines. XXVI. Glucuronic, sulphuric and phosphoric esters
of p-Di-2-chloroethylaminophenol.  Biochem Pharmac
21:963, 1972

Burchenal JH, Dagg MK, Beger M, Stock CC: Chemo-
therapy of Leukaemia VII. Effect of substituted triazenes on
transplanted mouse leukaemia. Proc Soc Expt Biol Med
91:398, 1956

Buss CW, Coe PL, Markou M, Foster AB: Unpublished
data, 1984

Cain BF: The role of structure-activity studies in the design
of antitumour agents. Cancer Chemother Rep 59:679, 1975
Carpenter JT, Maddox WA: Melphalan adjuvant therapy in
breast cancer. Lancet ii:450, 1983

Carter SK, Crook ST: Mitomycin C - Current Status and
New Developments. Academic Press, New York, 1979
Carter SK, Friedman MA: 5-(3,3-Dimethyl-1-triazeno)i-
midazole-4-carboxamide (DTIC, DIC, NSC-45388) — A new
antitumour agent with activity against malignant melanoma.
Eur J Cancer 8:85, 1972

Chipman JK, Hirom PC, Millburn P: Biliary excretion and
enterohepatic circulation of aniline mustard metabolites in
the rat and rabbit. Biochem Pharmac 29:1299, 1980
Chiuten DF, Rozencweig M, Von Hoff DD, Muggia FM:
Clinical trials with the hexitol derivatives in the U.S. Cancer
47:442, 1981

Chou F, Khan AH, Driscoll JS: Potential central nervous
system antitumour agents. Aziridinylbenzoquinones 2. J
Med Chem 19:1302, 1976

Clarke DA, Barclay RK, Stock CC, Rondestvedt CS:
Triazenes as inhibitors of mouse sarcoma 180. Proc Soc Expt!
Biol Med 90:484, 1955

Clement JJ, Gorman MS, Wodinsky I, Catane R, Johnson
RK: Enhancement of antitumour activity of alkylating
agents by the radiation sensitiser misonidazole. Cancer Res
40:4165, 1980

Clement JJ, Johnson RK: Evaluation of radiosensitisers in
combination with chemotherapeutic agents in solid tumours.
Int J Radiat Oncol Biol Phys 8:631, 1982

Cohen JL, Jao JY, Jusko WJ: Pharmacokinetics of cyclo-
phosphamide in man. Brit J Pharmac 43:677, 1971
Coleman CN, Friedman MK, Jacobs C, Halsey J, Ignoffo R,
Leibel S, Hirst VK, Gribble M, Carter SK, Phillips TL: Phase
I trial of intravenous 1-phenylalanine mustard plus the sen-
sitiser misonidazole. Cancer Res 43:5022, 1983

Colvin M: In: Pharmacological Principles of Cancer Treat-
ment, Chapter 13, pp. 276-308. Edited by B Chabner. W.B.
Saunders Company, Philadelphia, 1982

Comis RL, Carter SK: Integration of chemotherapy into
combined modality therapy of solid tumours. IV. Malignant
melanoma. Cancer Treat Rev 1:285, 1974

Connors TA, Cox PJ, Farmer PB, Foster AB, Jarman M:
Some studies of the active intermediates formed in the mi-
crosomal metabolism of cyclophosphamide and isophospha-
mide. Biochem Pharmac 23:115, 1974

Connors TA, Farmer PB, Foster AB, Gilsenan AM, Jarman
M, Tisdale MJ: Metabolism of aniline mustard (N,N-di-(2-
chloroethyl)-aniline. Biochem Pharmac 22:1971, 1973
Connors TA, Foster AB, Gilsenan AM, Jarman M, Tisdale
MJ: Chemical trapping of a reactive metabolite. The metab-
olism of the azomustard 2’-carboxy-4-di-(2-chloroethyl)ami-
no-2-methylazobenzene. Biochem Pharmac 21:1309, 1972



58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Connors TA, Gilsenan AM, Ross WCJ, Bukhari A, Tisdale
MJ, Warwick GP: Agents designed specifically for the treat-
ment of liver cancer. In: Chemotherapy of Cancer Dissemina-
tion and Metastasis, pp. 367-376. Edited by S Garattini, G
Franchi. Raven Press, New York, 1973

Connors TA, Goddard PM, Merai K, Ross WCJ, Wilman
DEV: Tumour inhibiting triazenes: structural requirements
for an active metabolite. Biochem Pharmac 25:241, 1976
Connors TA, Whisson ME: Cure of mice bearing advanced
plasma cell tumours with aniline mustard. Nature, Lond
206:689, 1965

Constanzi JJ, Fletcher WS, Balcerzak SP, Taylor S, Eyre HJ,
O’Bryan RM, Al-Sarraf M, Frank J: Combination chemo-
therapy plus levamisole in the treatment of disseminated
malignant melanoma. Cancer 53:833, 1984

Cornbleet MA, McElwain TJ, Kumar PJ, Filshie J, Selby P,
Carter RL, Hedley DW, Clark ML, Millar JL: Treatment of
advanced malignant melanoma with high-dose melphalan
and autologous bone marrow transplantation. Br J Cancer
48:319, 1983

Cox PJ: Cyclophosphamide cystitis-identification of acrolein
as causative agent. Biochem Pharmac 28:2045, 1979

Cox PJ, Farmer PB, Foster AB, Gilby ED, Jarman M: The
use of deuterated analogues in qualitative and quantitative
investigations of the metabolism of cyclophosphamide.
(NSC-26271). Cancer Treat Rep 60:483, 1976

Cox PJ, Farmer PB, Jarman M, Jones M, Kinas R, Stec WJ:
Observation on the differential metabolism and biological
activity of the optical isomers of cyclophosphamide. Biochem
Pharmac 25:993, 1976

Cox PJ, Farmer PB, Jarman M, Kinas RW, Stec WJ: Stereo-
selectivity in the metabolism of the enantiomers of cyclo-
phosphamide in mice, rats and rabbits. Drug Metab Dispos
6:617, 1978

Cox PJ, Phillips BJ, Thomas P: The enzymatic basis of the
selective action of cyclophosphamide. Cancer Res 35:3755,
1975

Cox PJ, Phillips BJ, Thomas P: Studies on the selective action
of cyclophosphamide (NSC-26271) inactivation of the hy-
droxylated metabolite by tissue-soluble enzymes. Cancer
Treat Rep 60:321, 1976

Curt GA, Schilsky R, Kelly J, Kufta C, Smith B, Thomas C,
Young RC: Phase I study of aziridinylbenzoquinone (AZQ)
in high grade gliomas. Proc Am Soc Clin Oncol 1:13, 1982
De Weger RA, Dullens HFJ, Den Otter W: Eradication of
murine lymphoma and melanoma cells by chlorambucil-anti-
body complexes. Immunological Rev 62:29, 1982

D’Incalci M, Bolis G, Facchinetti T, Mangioni C, Morasca
L, Morazzoni P, Salmona M: Decreased half-life of cy-
clophosphamide in patients under continual treatment. Eur J
Cancer 157, 1979

Domeyer BE, Sladek NE: Metabolism of 4-hydroxycy-
clophosphamide/aldophosphamide in vitro. Biochem Phar-
mac 29:2903, 1980

Double JA, Workman P: A new high-glucuronidase mouse
tumour curable by aniline mustard therapy. Cancer Treat
Rep 61:909, 1977

Driscoll JS, Hazard GF, Wood HB, Goldin A: Structure —
antitumour activity relationships among quinone derivatives.
Cancer Chemother Rep Part 2, 4(2):1, 1974

Ducore JM, Erickson LC, Zwelling LA, Laurent G, Kohn
KW: Comparative studies of cross-linking and cytotoxicity
in Burkitt’s lymphoma cell lines treated with cis-diam-
minedichloroplatinum (II) and L-phenylalanine mustard.
Cancer Res 42:897, 1982

Eagan RT, Ames MM, Powis G, Kovach JS: Clinical and
pharmacological evaluation of split-dose intermittent
therapy with dianhydrogalactitol. Cancer Treat Rep 66:283,
1982

71.

78.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

6: Alkylating agents 79

Editorial: Hazards of cancer chemotherapy. Lancet ii:1317,
1982

Editorial: How real is the hazard? Lancet 1:203, 1984
Ehrsson H, Hassan M: Determination of busulfan in plasma
by GC-MS with selected-ion monitoring. J Pharm Sci
72:1203, 1983

Ehrsson H, Hassan M, Ehrnebo M, Beran M: Busulfan
kinetics. Clin Pharmacol Ther 34:86, 1983

Ehrsson H, Wallin I, Nilsson S-O, Johansson B: Pharma-
cokinetics of chlorambucil in man after administration of the
free drug and its prednisolone ester (prednimustine, Leo
1031). Eur J Clin Pharmac 24:251, 1983

Elson LA, Jarman M, Ross WCIJ: Toxicity, haematological
effects and anti-tumour activity of epoxides derived from
disubstituted hexitols. Mode of action of mannitol myleran
and dibromomannitol. Eur J Cancer 4:617, 1968

Erickson LC, Bradley MO, Ducore JM, Ewig RAG, Kohn
KW: DNA crosslinking and cytotoxicity in normal and
transformed human cells treated with antitumour nitro-
soureas. Proc Natl Acad Sci US4 77:467, 1980

Erickson LC, Ramonas LM, Zaharko MD, Kohn KW: Cy-
totoxicity and DNA cross-linking activity of 4-sul-
fidocyclophosphamides in mouse leukaemia cells in vitro.
Cancer Res 40:4216, 1980

Evans TL, Chang SY, Alberts DS, Sipes IG, Brendil K: In
vitro degradation of L-phenylalanine mustard (L-PAM).
Cancer Chemother Pharmac 8:175, 1982

Everett JL, Roberts JJ, Ross WCJ: Aryl-2-halogenoalkyla-
mines. XII. Some carboxylic derivatives of N,N-di-2-
chloroethylaniline. J Chem Soc 2386, 1953

Ezdinli EZ, Stutzman L: Chlorambucil therapy for lym-
phomas and chronic lymphocytic leukaemia. J Am Med Ass
191:444, 1965

Fairchild WV, Spence R, Solomon HD, Gangai MP: The
incidence of bladder cancer after cyclophosphamide therapy.
J Urol 122:163, 1979

Falck K, Grohn P, Sorsa M, Vainio H, Heinonen E, Holsti
LR: Mutagenicity in urine of nurses handling cytostatic
drugs. Lancet i:1250, 1979

Farmer PB, Foster AB, Jarman M, Newell DR, Oddy MR,
Kiburis JH: The metabolism of deuterated analogues of
chlorambucil by the rat. Chem-Biol Interactions 28:211, 1979
Farquhar D: p-(3,3-Dimethyl-1-triazeno)benzamide (DTB):
a potential central nervous system (CNS)-active analogue of
dacarbazine (DTIC). Proc Am Ass Cancer Res 17:176, 1976
Fenselau C, Kan M-NN, Rao SS, Myles A, Friedman OM,
Colvin M: Identification of aldophosphamide as a metabolite
of cyclophosphamide in vitro and in vivo in humans. Cancer
Res 37:2538, 1977

Finklestein JZ, Albo V, Ertel I, Hammond D: 5-(3,3-Di-
methyl-1-triazeno)imidazole-4-carboxamide (NSC-45388) in
the treatment of solid tumours in children. Cancer Chemother
Rep 59:351, 1975

Fisher B, Carbone PP, Economow SG, Frelick R, Glass A,
Lerner H, Redmond C, Zelen M, Katrych DL, Wolmark N,
Band P, Fisher ER: 1-Phenylalanine mustard (L-PAM) in the
management of primary breast cancer. New England J Med
292:117, 1975

Fox BW: Mechanism of action of methanesulphonates. In:
Handbook of Experimental Pharmacology, Vol. 38, Part 11,
Antineoplastic and Immunosuppressive Agents, pp. 35-46. Ed-
ited by AC Sartorelli, DG Johns. Springer-Verlag, Berlin,
1975

Franks CR: Melphalan in metastatic cancer of the prostate.
Cancer Treat Rev 6(Suppl):121, 1979

Friedman MA: PCNU Phase I study in the Northern Califor-
nia Oncology. Group Rec Res Cancer Res 76:125, 1981
Galton DAG, Israels LG, Nabarro JDN, Till M: Clinical
trials of p-(di-2-chloroethylamino)phenylbutyric acid (CB



80

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

DEV Wilman and PB Farmer

1348) in malignant lymphoma. Brit Med J ii:1172, 1955
George RP, Poth JL, Gordon D, Schrier SL: Multiple myelo-
ma - intermittent combination chemotherapy compared to
continuous therapy. Cancer 29:1665, 1972

Gerulath AH, Loo TL: Mechanism of action of 5-(3,3-di-
methyl-1-triazeno)imidazole-4-carboxamide in mammalian
cells in culture. Biochem Pharmac 21:2335, 1972

Gescher A, Hickman JA, Simmonds RJ, Stevens MFG,
Vaughan K: Studies of the mode of action of antitumour
triazenes and triazines — II. Investigation of the selective
toxicity of 1-aryl-3,3-dimethyltriazenes. Biochem Pharmac
30:89, 1981

Ghose T, Norvell ST, Guclu A, Cameron D, Bodurka A,
McDonald AS: Immunochemotherapy of cancer with
chlorambucil-carrying antibody. Br Med J 3:495, 1972
Gibson NW, Hickman JA: The role of isocyanates in the
toxicity of antitumour haloalkylnitrosoureas. Biochem Phar-
mac 31:2795, 1982

Gingold N, Pitterman E, Stacker A: Peptichemio in the
therapy of malignancies (Phase I study). Int J Clin Pharmac
Biopharm 10:190, 1974

Giuliano AE, Larkin KL, Eilber FR, Morton DL: Failure of
combination chemotherapy (CYVADIC) in metastatic soft
tissue sarcomas: implications for adjuvant studies. Proc Am
Soc Clin Oncol 19:359, 1977

Glucksberg H, Rivkin SE, Rasmussen S, Tranum B, Gad-el-
Mawla N, Constanzi J, Hoogstraten B, Athens J, Maloney T,
McCracken J, Vaughn C: Combination chemotherapy
(CMFVP) versus L-phenylalanine mustard (L-PAM) for
operable breast cancer with positive axillary nodes. Cancer
50:423, 1982

Godeneche D, Madelmont JC, Sauvezie B, Billaud A: Etude
de la cinétique d’absorption de distribution et d’élimination
de I'acide N,N-dichloro-2,ethyl, p-aminophenyl-4,butyrique
(chloraminophéne) marqué au '*C chez le rat. Biochem Phar-
mac 24:1303, 1975

Gombar CT, Tong WP, Ludlum DB: Mechanisms of actions
of the nitrosoureas — IV. Reactions of bis-chloroethyl nitro-
sourea and chloroethyl cyclohexyl nitrosourea with deoxyri-
bonucleic acid. Biochem Pharmac 29:2639, 1981

Gottlieb JA, Baker LH, O’Bryan RM, Sinkovics JG, Hoog-
straten B, Quagliana JM, Rivkin SE, Bodey GP, Rodriguez
VT, Blumenschein GR, Saiki JH, Coltman C, Burgess MA,
Sullivan P, Thigpen P, Bottomley R, Balcerzak S, Moon TE:
Adriamycin (NSC-123127) used alone and in combination
for soft tissue and bony sarcomas. Cancer Chemoiherap Rep
Part 3, 6:271, 1975

Griffin JP, Newman RA, McCormack JJ, Krakoff IH: Clini-
cal and clinical pharmacological studies of aziridinyl-
benzoquinone. Cancer Treat Rep 66:1321, 1982

Griggs LJ, Jarman M: Synthesis of deuterium-labeled
analogs of cyclophosphamide and its metabolites. J Med
Chem 18:1102, 1975

Grose WE, Burgess MD, Bodey GP: Clinical evaluation of
peptichemio. Cancer Treat Rep 63:385, 1979

Gurtoo HL, Gessner T, Culliton P: Studies of the effects of
cyclophosphamide, vincristine and prednisone on some
hepatic oxidations and conjugations. Cancer Treat Rep
60:1285, 1976

Gurtoo HL, Marinello AJ, Berrigan MJ, Bansal SK, Paul B,
Pavelic ZP, Struck RF: Effect of thiols on toxicity and car-
cinostatic activity of cyclophosphamide. Sem Oncol 10 Suppl
1:35, 1983

Gutierrez PL, Friedman RD, Bachur NR: Biochemical ac-
tivation of AZQ (3,6-diaziridinyl-2,5-bis(carboethoxyami-
no)-4-benzoquinone) to its free radical species. Cancer Treat
Rep 66:339, 1982

Hammer CF, Loranger RA, Schein PS: Structures of the
decomposition products of chlorozotocin: new intramolec-

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

ular carbamates of 2-amino-2-deoxyhexoses. J Org Chem
46:1521, 1981

Hancock K, Peet BG, Price JJ, Watson GW, Stone J, Turner
RL: Ten-year survival rates in breast cancer using combina-
tion chemotherapy. Br J Surg 64:134, 1977

Hansch C, Leo AJ: Substituent Constants for Correlation
Analysis in Chemistry and Biology. John Wiley & Sons Inc,
New York, 1979

Harrap KR, Riches PG, Gilby ED, Smallwood SM, Wilkin-
son R, Konyres I: Studies on the toxicity and antitumour
activity of prednimustine, a prednisolone ester of chlorambu-
cil. Europ J Cancer 13:873, 1977

Hedley DW, Millar JL, McElwain TJ, Gordon MY: Ac-
celeration of bone-marrow recovery by pretreatment with
cyclophosphamide in patients receiving high-dose mel-
phalan. Lancet ii:966, 1978

Hendry JA, Homer RF, Rose FL, Walpole AL: Cytotoxic
agents: III, derivatives of ethyleneimine. Br J Pharmac 6:357,
1951

Hetzel FW, Kaufman N: Chemotherapeutic drugs as indirect
oxygen radiosensitisers. Int J Radi Oncol Biol Phys 9:751,
1983

Hickman JA, Stevens MFG, Gibson NW, Langdon SP,
Fizames C, Lavelle F, Atassi G, Lunt E, Tilson RM: Experi-
mental antitumor activity against murine tumor model sys-
tems of  8-carbamoyl-3-(2-chloroethyl)imidazo(5,1-d)-
1,2,3,5-tetrazin-4(3H)-one (Mitozolomide), a novel broad-
spectrum agent. Cancer Res 45:3008, 1985

Hill BT, Douglas DC, Grover PL: Increased antitumour
activity of chlorambucil following pretreatment with in-
ducers of drug-metabolising enzymes. Biochem Pharmac
22:1083, 1973

Hill DL, Kirk MC, Struck RF: Microsomal metabolism of
nitrosouoreas. Cancer Res 35:296, 1975

Hilton J, Walker MD: Enzymic hydroxylation of CCNU.
Proc Amer Assoc Cancer Res 16:103, 1975

Hipkins JH, Struck RF, Gurtoo HL: Role of aldehyde de-
hydrogenase in the metabolism-dependent biological activity
of cyclophosphamide. Cancer Res 41:3571, 1981

Hirst M, Tse S, Mills DG, Levin L, White DF: Occupational
exposure to cyclophosphamide. Lancer 1:186, 1984

Horton JK, Stevens MFG: Triazines and related products,
Part 23. New photoproducts from 5-diazoimidazole-4-
carboxamide (Diazo-IC). JCS Perkin Trans 1:1433, 1981a
Horton JK, Stevens MFG: A new light on the photodecom-
position of the antitumour drug DTIC. J Pharm Pharmac
33:808, 1981

Horvath IP, Csetenyi J, Kerpel-Fronius S, Hindy I, Eckhardt
S: Metabolism and pharmacokinetics of dibromodulcitol
(DBD, NSC-104800) in man. I. Metabolites of DBD. Eur J
Cancer 15:337, 1979

Householder GE, Loo TL: Elevated urinary excretion of
4-aminoimidazole-5-carboxamide in patients after intrave-
nous injection of 4-(3,3-dimethyl-1-triazeno)imidazole-5-
carboxamide. Life Sciences 8:533, 1969

Hug V, Hortobaghi GN, Buzdar AU, Blumenschein GR,
Grose W, Burgess MA, Bodey GP: A Phase II study of
peptichemio in advanced breast cancer. Cancer 45:2524, 1980
Iyer VM, Szybalski W: A molecular mechanism of mitomy-
cin action: linking of complementary DNA strands. Proc
Natl Ac Sci 50:355, 1963

Jardine 1, Fenselau C, Appler M, Kan M-N, Brundreth RB,
Colvin M: Quantitation by gas chromatography-chemical
ionisation mass spectrometry of cyclophosphamide, phos-
phoramide mustard and nornitrogen mustard, in the plasma
and urine of patients receiving cyclophosphamide therapy.
Cancer Res 38:408, 1978

Jarman M, Cox PJ, Farmer PB, Foster AB, Milsted RAV,
Kinas RW, Stec WJ: The use of deuterium-labelled analogs



137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

in a study of the metabolism of the enantiomers of cyclophos-
phamide. In: Stable Isotopes, Proceedings of the Third In-
ternational Conference, pp. 363-370. Edited by ER Klein, PD
Klein, Academic Press, New York, 1979

Jarman M, Gilby ED, Foster AB, Bondy PK: The quantita-
tion of cyclophosphamide in human blood and urine by mass
spectrometry-stable isotope dilution. Clin Chim Acta 58:61,
1975

Jarman M, Melzack DH, Ross WCJ: The metabolism of the
antitumour agent 5-(1-aziridinyl)-2,4-dinitrobenzamide (CB
1954). Biochem Pharmac 25:2475, 1976

Johnson TP, Kussner CL, Carter RL, Frye JL, Lomax NR,
Plowman J, Narayanan VL: Studies on synthesis and anti-
cancer activity of selected N-(2-fluoroethyl)-N-nitrosoureas.
J Med Chem 27:1422, 1984

Johnston TP, McCaleb GS, Montgomery JA: The synthesis
of antineoplastic agents. XXXII. N-Nitrosoureas. I. J Med
Chem 6:669, 1963

Johnston TP, McCaleb GS, Opliger PS, Montgomery JA:
The synthesis of potential anti-cancer agents. XXXVI. N-
Nitrosoureas. II. Haloalkylderivatives. J Med Chem 9:892,
1966

Juma FD, Rogers HJ, Trounce JR: Pharmacokinetics of
cyclophosphamide and alkylating activity in man after in-
travenous and oral administration. Br J Clin Pharmac 8:209,
1979

Juma FD, Rogers HJ Trounce JR: The pharmacokinetics of
cyclophosphamide, phosphoramide mustard and nor-
nitrogen mustard studied by gas chromatography in patients
receiving cyclophosphamide therapy. Br J Clin Pharmac
10:327, 1980

Kamen BA, Holcenberg JS, Siegel SE: Aziridinylbenzoqui-
none (AZQ) treatment of central nervous system leukemia.
Cancer Treat Rep 66:2105, 1982

Kaung DT, Wittington RM, Spencer H, Patno ME: Com-
parison of chlorambucil and streptonigrin (NSC-45383) in
the treatment of malignant lymphomas. Cancer 23:1280,
1969

Kaye SB, Juttner CA, Smith IE, Barrett A, Austin DE,
Peckham MJ, McElwain TJ: Three years’ experience with
ChIVPP (a combination of drugs with low toxicity) for the
treatment of Hodgkin’s disease. Brit J Cancer 39:168, 1979
Kedar A, Simpson CL, Williams P, Moore R, Tritsch G,
Murphy GP: The prevention of cyclophosphamide-induced
bladder swelling in the rat by i.v. administration of sodium-2-
mercaptethane sulfonate. Res Commun Chem Pathol Phar-
mac 29:339, 1980 N

Khan AH, Driscoll JS: Potential central nervous system
antitumour agents. Aziridinylbenzoquinones. 1. J Med Chem
19:313, 1976

Khan AH, Ross WCJ: Tumour-growth inhibitory nitro-
phenylaziridines and related compounds: structure-activity
relationships. II. Chem-Biol Interact 4:11, 1971/72

Khan AH, Ross WCJ: Tumour-growth inhibitory nitro-
phenylaziridines and related compounds: structure-activity
relationships. II. Chem-Biol Interact 4:11, 1971/72

Kinas R, Pankiewicz K, Stec WJ: The synthesis of enan-
tiomeric cyclophosphamides. Bull Acad Pol Sci Ser Chim
23:981, 1975

Kitamura S, Tatsumi K: Azoreductase activity of liver alde-
hyde oxidase. Chem Pharm Bull 31:3334, 1983

Kohn KW: Interstrand cross-linking of DNA by 1,3-bis(2-
chloroethyl)-1-nitrosourea and other 1-(2-haloethyl)-1-nitro-
soureas. Cancer Res 37:1450, 1977

Kohn KW: Mechanistic approaches to new nitrosourea de-
velopment. Rec Res Cancer Res 76:141: 1981

Kolar GF, Maurer M, Wildsrhutte M: 5-(3-Hydroxymethyl-
3-methyl-1-triazeno)imidazole-4-carboxamide is a metab-
olite of 5-(3,3-dimethyl-1-triazeno)imidazole-4-carboxamide
(DIC, DTIC, NSC-45388). Cancer Lett 10:235, 1980

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

6. Alkylating agents 81

Konieczny M, Guiterrez PL, Sosnovsky G: In the search for
new anticancer drugs. IV: Antitumor activity of seleno-
TEPA. Z Naturforsch, Teil B 38:1138, 1983

Konieczny M. Gutierrez PL, Sosnovsky G: In the search for
new anticancer drugs. V: Study of the binding of spin-label-
led thio-TEPA to cells. Z Naturforsch, Teil B 38:1142, 1983
Konyves I, Fex H, Hogberg B: Novel corticosteroid esters
with alkylating properties. In: Antineoplastic Chemotherapy,
pp. 791-795. Edited by GK Daikon. Proc 8th Int Congress
of Chemoterapy, 1973

Koriech OM, Shitkla VS: Dacarbazine (DTIC) in malignant
melanoma: Reduced toxicity with protection from light. Clin
Radiol 32:53, 1981

Kubota T, Hanatani Y, Tsuyuki K, Nakada M, Ishibiki K,
Abe O, Kamabaki T, Kato R: Antitumor effect and metabol-
ic activation of cyclophosphamide and 4-hydroperoxycy-
clophosphamide in the human breast carcinoma (MX-1)
nude mouse system. Gann 74:437, 1983

Kuroyanagi S, Miyajima S, Hirota M, Yamana T: Effect of
carzinophilin on malignant tumours. Gann 47:359, 1965
Langdon SP, Stevens MFG, Stone R, Gibson NW, Baig GU,
Hickman JA, Newton CG, Lunt E: Brit J Cancer 52:439,
1985

Langdon SP, Chubb D, Vickers L, Stone R, Stevens MFG,
Baig GU, Gibson NW, Hickman JA, Lunt E, Newton CG,
Warren PJ, Smith CJ: Brit J Cancer 52:437, 1985

Large P, Gregoriadis G: Phospholipid composition of small
unilamellar liposomes containing melphalan influences drug
action in mice bearing PC6 tumours. Biochem Pharmac
32:1315, 1983

Larionov LF, Shkodinskaja EN, Troosheikina VI, Kholzh-
lov AS, Vasina OS, Novikova MA: Studies on antitumour
activity of p-di(2-chloroethyl)aminophenylalanine (Sar-
colysin). Lancet 1i:169, 1955

Legha SS, Slavik M, Carter SK: Hexamethylmelamine. An
evaluation of its role in the therapy of cancer. Cancer 38:27,
1976

Levin VA: Relationship of octanol/water partition coefficient
and molecular weight to rat brain capillary permeability. J
Med Chem 23:682, 1980

Livingstone RB, Carter SK: Single Agents in Cancer Che-
motherapy, pp. 99-111. Plenum, New York, 1970

Loo TL: Triazenoimidazole Derivatives in ‘Antineoplastic and
Immunosuppressive Agents II', pp. 544-553. Edited by AC
Sartorelli, DG Johns. Springer-Verlag, Berlin, 1975

Low JE, Borch RF, Sladek NE: Conversion of 4-hydro-
peroxycyclophosphamide and 4-hydroxycyclophosphamide
to phosphoramide mustard and acrolein mediated by bifunc-
tional catalysts. Cancer Res 42:830, 1982

Lu K, Savaraj N, Yap BS, Bedikian AY, Feun L, Benjamin
RS, Loo TL: Clinical pharmacology of 2,5-diaziridinyl-3,6-
biscarboethoxyamino-1,4-benzoquinone (AZQ). Eur J Can-
cer Clin Oncol 19:603, 1983

Masterson JG, Calame RJ, Nelson J: A clinical study on the
use of chlorambucil in the treatment of cancer of the ovary.
Am J Obstet Gynecol 79:1002, 1960

McElwain TJ, Hedley DW, Burton G, Clink HM, Gordon
MY, Jarman M, Juttner CA, Millar JL, Milsted RAV, Pren-
tice G, Smith IE, Spence D, Woods M: Marrow autotrans-
plantation accelerates haematological recovery in patients
with malignant melanoma treated with high-dose melphalan.
Brit J Cancer 40:72, 1979

McElwain TJ, Powles RL: High-dose intravenous melphalan
for plasma-cell leukaemia and myeloma. Lancet ii:822, 1983
McElwain TJ, Toy J, Smith E, Peckham MJ, Austin DE: A
combination of chlorambucil, vinblastine, procarbazine and
prednisolone for treatment of Hodgkin’s disease. Brit J Can-
cer 36:276, 1977

McLean A, Newell D, Baker G, Connors T: The metabolism
of chlorambucil. Biochem Pharmac 29:2039, 1980



82

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

DEV Wilman and PB Farmer

Millar JL, McElwain TJ: Combinations of cytotoxic agents
that have less than expected toxicity on normal tissues in
mice. Antibiot Chemother 23:271, 1978

Mitoma C, Onodera T, Takegoshi T, Thomas DW: Metabol-
ic disposition of chlorambucil in rats. Xenobiotica 7:205, 1977
Mizuno NS, Humphrey EW: Metabolism of 5-(3,3-dimethyl-
1-triazeno)imidazole-4-carboxamide (NSC-45388) in human
and animal tumour tissue. Cancer Chemother Rep 56:465,
1972

Moore GE, Bross IDJ, Auman R, Nadler S, Jones R, Slack
N, Rimm AA: Effects of chlorambucil (NSC-3088) in 374
patients with advanced cancer. Cancer Chemother Rep
52:661, 1968

Morikawa T, Ozeki M, Umino N, Karamori M, Arai Y,
Tsujihara K: A new class of nitrosoureas. III. Synthesis and
antitumour activity of 3,3-disubstituted-1-(2-chloroethyl)-1-
nitrosoureas having an arabinopyranosyl, xylopyranosyl or
ribopyranosyl moeity. Chem Pharm Bull 30:534, 1982
Morikawa T, Tsujihara K, Takeda M, Arai Y: A new class
of nitrosoureas. VII: Synthesis and antitumor activity of
3-substituted 1-(2-chloroethyl)-3-(methyl-D-glucopyranosid-
3-yD)-1-nitrosoureas. Chem Pharm Bull 30:4365, 1982
Murnane JP, Byfield JE: Irrepairable DNA cross-links and
mammalian cell lethality with bifunctional alkylating agents.
Chem-Biol Interact 38:75, 1981

Murray-Lyon IM, Tattersall MHB, Thomas H, Sherlock S,
Cockrane M, Williams R, Read AE: CB 10-252 in the treat-
ment of primary hepatocellular carcinoma. Med Chir Dig
7:425, 1978

Newell DR, Calvert AH, Harrap KR, McElwain TJ: Studies
on the pharmacokinetics of chlorambucil and prednimustine
in man. Br J Clin Pharmac 15:253, 1983

Newell DR, Calvert AH, Harrap KR, McElwain TJ: The
clinical pharmacology of chlorambucil and prednimustine.
Br J Clin Pharmac 16;762, 1983

Newell DR, Shepherd CR, Harrap KR: The pharmacokinet-
ics of prednimustine and chlorambucil in the rat. Cancer
Chemother Pharmac 6:85, 1981

Newlands ES, Blackledge G, Slack JA, Goddard C, Brindley
CJ, Holden L, Stevens MFG: Phase I clinical trial of mit-
ozodamide. Cancer Treat Repts 69:801, 1985

Nicolin A, Cavalli M, Missiroli A, Goldin A: Immunogenic-
ity induced in vivo by DIC in relatively non-immunogenic
leukaemias. Europ J Cancer 13:235, 1977

Norpoth K: Studies on the metabolism of isophosphamide
(NSC-109724) in man. Cancer Treat Rep 60:437, 1976
Norppa H, Sorsa M, Vainio H, Grohn P, Heinonen E, Holsti
L, Nordman E: Increased sister chromatid exchange frequen-
cies in lymphocytes of nurses handling cytostatic drugs.
Scand J Work Environ Health 6:299, 1980
Oberc-Greenwood MA, Smith BH, Cooke C, Ellis JR, Korn-
blith PL, McKeever PE: Mitochrondrial toxicity of 2,5-diaz-
iridinyl-3,6-bis(carboethoxyamino)-1,4-benzoquinone. J
Natl Cancer Inst 71:723, 1983

Piver MS, Barlow JJ, Lee FT, Vongtama V: Sequential
therapy for advanced ovarian adenocarcinoma: operation,
chemotherapy, second-look laparotomy and radiation
therapy. Am J Obstet Gynecol 122:355, 1975

Poochikian GK, Cradock JC: 2,5-Diaziridinyl-3,6-bis(car-
boethoxyamino)-1,4-benzoquinone I: Kinetics in aqueous
solutions by high performance liquid chromatography. J
Pharm Sci 70:159, 1981

Reed DJ, May HE: Alkylation and carbamoylation inter-
mediates from the carcinostatic 1-(2-chloroethyl)-3-
cyclohexyl-1-nitrosourea (CCNU). Life Sci 16:1263, 1975
Roberts JJ, Warwick GP: The mode of action of alkylating
agents. III. The formation of 3-hydroxytetrahydrothio-
phene-1:1-dioxide from 1:4-dimethanesulphonyloxybutane
(myleran), S-B-L-alanyltetrahydrothiophenium mesylate, te-

197.

198.

199.
200.
201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

trahydrothiophene and tetrahydrothiophene-1:1-dioxide in
rat, rabbit and mouse. Biochem Pharmac 6:217, 1961
Robinson R, Watt JS: Some derivatives of 3-ethylpyridine
and 2:3-furano(2”:3")pyridine. J Chem Soc 1536, 1934

Rose CM, Millar JL, Peacock JH, Phelps TA, Stevens TC:
Differential enhancement of melphalan cytotoxicity in tumor
and normal tissue by misonidazole. In: Radiation Sensitisers.
Their Use in the Clinical Management of Cancer, pp. 250-257.
Edited by LW Brady. Masson, New York, 1980

Ross WCJ: Aryl-2-halogenoalkylamines. Part 1. J Chem Soc
183, 1949

Ross WCI: Biological Alkylating Agents. Butterworth Press,
London, 1962

Ross WCJ: The conjugation of chlorambucil with human
y-globulin. Chem Biol Interact 10:169, 1975

Ross WCJ: The conjugation of chlorambucil with human
y-globulin: confirmation that the drug is bound in an active
form. Chem-Biol Interact 11:139, 1975

Ross WCJ, Warwick GP: Reduction of cytotoxic azo com-
pounds by hydrazine and by the xanthine oxidase-xanthine
system. Nature 176:298, 1955

Ross WCJ, Warwick GP: Aryl-2-halogeneoalkylamines. Part
XVI. The preparation of derivatives of 4-(di(2-chloroalkyl)a-
mino)azobenzenes. J Chem Soc 1364, 1956

Rutty CJ, Abel G, Vincent RB, Goddard PM, Harrap KR:
Preliminary studies on the metabolism and pharmacokinetics
of the dialkylphenyltriazenes. Proceedings of the 10th In-
ternational Symposium on the Biological Characterisation of
Human Tumours, 548, 1984

Rutty CJ, Newell DR, Vincent RB, Abel G, Goddard PM,
Harland SJ, Calvert AH: The species dependent pharmacoki-
netics of DTIC. Brit J Cancer 48:140, 1983

Santoro A, Bonadonna G: Prolonged disease-free survival in
MOPP-resistant Hodgkin’s disease after treatment with
adriamycin, bleomycin, vinblastine and dacarbazine
(ABVD). Cancer Chemother Pharmac 2:101, 1979

Santoro A, Monfardini S, Bonadonna G: Treatment of
MOPP-resistant Hodgkin’s disease (HD) with adriamycin,
bleomycin, vinblastine and dacarbazine (ABVD). Proc Am
Soc Clin Oncol 19:363, 1978

Sawitsky A, Rai KR, Glidewell O, Silver RT: Comparison of
daily versus intermittent chlorambucil and prednisone
therapy in the treatment of patients with chronic lymphocytic
leukaemia. Blood 50:1049, 1977

Scheef W, Klein HO, Brock N, Burkert H, Gunther U,
Hoefer-Janker H, Mitrenga D, Schnitker J, Voigtmann R:
Controlled clinical studies with an antidote against the uro-
toxicity of oxazaphosphorines: preliminary results. Cancer
Treat Rep 63:501, 1979

Schilsky RL, Kelley JA, Ihde DC, et al.: Phase I trial and
pharmakinetics of aziridinylbenzoquinone (NSC 182986) in
humans. Cancer Res 42:1582, 1982

Schmahl D, Habs MR: Prevention of cyclophosphamide
induced carcinogenesis in the urinary bladder of rats by
administration of mesna. Cancer Treat Rev 10 Suppl A:57,
1983

Schmihl D, Habs M, Lorenz M, Wagner I: Occurrence of
second tumours in man after anticancer treatment. Cancer
Treat Rev 9:167, 1982

Schmid FA, Banks SE, Stock CC: Comparative antitumour
effects of peptichemio and other alkylating agents. Cancer
Treat Rep 51:473, 1977

Schmid FA, Stock CC: Antitumour activity of peptichemio.
Proc Am Assoc Cancer Res 17:49, 1976

Selby PJ, Millar JL, Phelps TA, Gordon MY, Wilkinson R,
McElwain TJ: The combination of melphalan with pred-
nisolone. Cancer Chemother Pharmac 6:169, 1981

Shaw IC, Earl LK, McLean AEM, Mruzek MN, Souhami
RL: Differences in the activity of two commercially available



218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234

235.

236.

237.

238.

preparations of cyclophosphamide. Human Toxicol 2:557,
1983

Shaw IC, Earl LK, Mruzek MN, Harper PG, McLean AEM,
Souhami RL: Difference in bioactivity between two prepara-
tions of cyclophosphamide. Lancet i:709, 1983

Shaw IC, Graham MI, McLean AEM: 2-Chloroacetal-
dehyde, a metabolite of cyclophosphamide in the rat. Xerno-
biotica 13:433, 1983

Shealy YF: J Pharm Sci 64:177, 1975

Shealy YF, Krauth CA: Complete inhibition of mouse leu-
kaemia L1210 by S5(or 4)-(3,3-bis(2-chloroethyl)-1-tria-
zeno)imidazole-4(or 5)-carboxamide (NSC-82196). Nature
210:208, 1966

Shealy YF, Krauth CA, Montgomery JA: Imidazoles. 1.
Coupling reactions of 5-diazoimidazole-4-carboxamide. J
Org Chem 27:2150, 1962

Shealy YF, Montgomery JA, Laster WR: Antitumour activ-
ity of triazenoimidazoles. Biochem Pharmac 11:674, 1962
Shealy YF, Struck RF, Holum LB, Montgomery JA: Syn-
thesis of potential anticancer agents. XXIX. 5-Diazoi-
midazole-4-carboxamide and 5-diazo-y-triazole-4-carbox-
amide. J Org Chem 26:2396, 1961

Skibba JL, Beal DD, Ramirez G, Bryan GT: N-Dimethyla-
tion of the antineoplastic agent 4(5)-(3,3-dimethyl-1-triaze-
no)imidazole-5(4)-carboxamide in rats and man. Cancer Res
30:147, 1970

Skibba JL, Ramirez G, Beal DD, Bryan GT: Metabolism of
4(5)-(3,3-dimethyl-1-triazeno)imidazole-5(4)-carboxamide to
4(5)-aminoimidazole-5(4)-carboxamide in man. Biochem
Pharmac 19:2043, 1970

Sosnovsky G, Paul BD: In the search for new anticancer
drugs. VI: Structural modifications of cyclophosphamide. Z
Naturforsch, Teil B 38:1146, 1983

Stevens MFG: Second-generation Azolotetrazinones. In:
Proceedings of the 8th Annual Bristol-Meyers Symposium on
Cancer Research. Edited by KR Harrap, TA Connors. Aca-
demic Press, New York, 335, 1986

Stevens MFG, Hickman JA, Stone R, Gibson NW, Baig GU,
Lunt E, Newton CG: Antitumor imidazotetrazines. 1. Syn-
thesis and chemistry of 8-carbamoyl-3-(2-chloroethyl)i-
midazo(5,1-d)-1,2,3,5-tetrazine-4(3H)-one, a novel broad
spectrum antitumor agent. J Med Chem 27:196, 1984
Stratford 1J, Williamson C, Hoe S, Adams GE: Radiosen-
sitising and cytotoxicity studies with CB 1954 (2,4-dinitro-5-
aziridinylbenzamide). Radiat Res 88:502, 1981

Struck RF, Kirk MC, Mellett LB, El Darcer S, Hill DL:
Urinary metabolites of the antitumor agent cyclophospha-
mide. Mol Pharmac 7:519, 1971

Suzukabe K, Vistica BP, Vistica DT: Dechlorination of L-
phenylalanine mustard by sensitive and resistant tumour cells
and its relationship to intracellular glutathione content.
Biochem Pharmac 32:165, 1983

Tew KD, Smulson ME, Schein PS: Molecular pharmacology
of nitrosoureas. Rec Res Cancer Res 76:130, 1981

Thorpe PE, Ross WCJ: The preparation and cytotoxic
properties of anitbody-toxin conjugates. Immunol Rev
62:119, 1982

Tisdale MJ, Elson LA, Ross WCJ: Antitumour and haema-
tological effects of 5-oxygen substituted butyl ethers. Europ J
Cancer 8:255, 1972

Tisdale MJ, Habberfield AD: Selective inhibition of ribonu-
cleotide reductase by the monofunctional alkylating agent
5-(1-aziridinyl)-2,4-dinitribenzamide (CB 1954). Biochem
Pharmac 29:2845, 1980

Tong WP, Ludlum DB: Cross-linking of DNA by busulfan.
Formation of diguanyl derivatives. Biochim Biophys Acta
608:174, 1980

Tong WP, Ludlum DB: Formation of the cross-linked base
diguanylethane, in DNA treated with N,N’-bis(2-chloro-

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

6: Alkylating agents 83
ethyl)-N-nitrosourea. Cancer Res 41:380, 1981

Tsujihara K, Ozeki M, Morikawa T, Arai T: A new class of
nitrosoureas. I. Synthesis and antitumor activity of 1-(2-
chloroethyl)-3,3-disubstituted-1-nitrosoureas having a hy-
droxyl group at the B-position of the substituents. Chem
Pharm Bull 29:2509, 19811.

Tsujihara K, Ozeki M, Morikawa T, Taga N, Miyazaki M,
Kawamori M, Arai Y: A new class of nitrosoureas. II. Syn-
thesis and antitumor activity of 1-(2-chloroethyl)-3,3-disub-
stituted-1-nitrosoureas having a glucopyranosyl, man-
nopyranosyl or galactopyranosyl moiety. Chem Pharm Bull
29:3262, 1981

Turner R: The value of anabolic sterols for patients receiving
chemotherapy. Excerpta Medica APCS No 9, pp. 121-128,
1982

Valente EJ, Chan KK, Servis KL: Proton magnetic re-
sonance studies of the decomposition of 4-hydroxycyclo-
phosphamide, a microsomal metabolite of cyclophospha-
mide. Pharm Res 2:89, 1984

Wagner T, Heydrich D, Jork T, Voelcker G, Hohorst HJ:
Comparative study on human pharmacokinetics of activated
ifosfamide and cyclophosphamide by a modified fluoro-
metric test. J Cancer Res Clin Oncol 100:95, 1981

Wagner T, Peter G, Voelcker G, Hohorst HJ: Characterisa-
tion and quantitative estimation of activated cyclophospha-
mide in blood and urine. Cancer Res 37:2592, 1977
Wallach O: Uber das Verhalten einiger Diazo - und Diazoa-
minoverbindungen. Ann Chem 235:233, 1886

Wasserman TH, Comis RL, Goldsmith M, Handelsman H,
Penta JS, Slavik M, Soper WT, Carter SK: Tabular analysis
of the clinical chemotherapy of solid tumours. Cancer Che-
mother Rep Part 3, 6:399, 1975

Watanabe M, Tonda K, Hirata M, Hata Y: Enzyme-induced
aziridine formation by isolated hepatocytes. Biochem
Biophys Res Commun 112:356, 1983

Weinkam RIJ, Lin H-S: Chlorethylnitrosourea cancer che-
motherapeutic agents. 4dv Pharmacol Chemother 19:1, 1982
Weiss RB, Issell BF: The nitrosoureas: carmustine (BCNU)
and lomustine (CCNU). Cancer Treat Rev 9:313, 1982
Welsh J, Stuart JFB, Soukop M. Cunningham D, Blackie R,
Sangster G, Kaye SB, Calman KC: The pharmacokinetics of
oral and iv treosulfan. Brit J Cancer 46:467, 1982

Wheeler GP, Bowdon BJ, Torbet JW, Webster J, Alexander
JA: Biological and biochemical effects of N-(2-chloroethyl)-
N‘-(trans—4-methylcyclohexyl)-N-nitrosourea on two trans-
plantable murine colon tumours. Cancer Res 43:5837, 1983
Wheeler GP, Bowdon BJ, Struck RF: Carbamoylation of
amino acids, peptides and proteins by nitrosourea. Cancer
Res 35:2974, 1975

Whisson ME, Connors TA: Cure of mice bearing advanced
plasma cell tumours with aniline mustard: the relationship
between glucuronidase activity and tumour sensitivity. Na-
ture, Lond 210:866, 1966

White FR: New agent data summary: Tetramin. Cancer
Chemother Rep 4:52, 1959

Wilman DEV, Connors TA: Molecular structure and anti-
tumour activity of alkylating agents. In: Molecular Aspects of
Anti-cancer Drug Action. Edited by S Neidle, MJ Waring.
Macmillan Press, London, 1983

Wilman DEV, Bradley NJ, Richardson SG: Astrocytoma
zenografts in the choice of a second generation triazene. Br
J Cancer 50:277, 1984

Wilman DEV, Cox PJ, Goddard PM, Hart LI, Merai K,
Newell DR: Tumor inhibitory triazenes. 3. Dealkylation
within an homologous series and its relation to antitumor
activity. J Med Chem 27:870, 1984

Woolley PV, Luc PVT, Rahman A, Korsmeyer SJ, Smith FP,
Schein PS: Phase I trial and clinical pharmacology of 1-(2-
chloroethyl)-3-(2,6-dioxo-3-piperidyl)-1-nitrosoureas. Can-



84 DEV Wilman and PB Farmer

cer Res 41:3896, 1981

Yagi MJ, Chin SE, Scanlon KJ, Holland JF, Bekesi JG:
PTT.119, p-F-Phe-m-bis-(2-chloroethyl) amino-L-Phe-Met
ethoxy HCl, a new chemotherapeutic agent active against
drug-resistant tumor cell lines. Biochem Pharmac 34:2347,
1985

Yagi MJ, Bekesi JG, Daniel MD, Holland JF, Barbieri AD:
Increased cancericidal activity of PTT.119, a new synthetic
bis-(2-chloroethyl)amino-L-phenylalanine derivative with
carrier amino acids. Cancer Chemother Pharmac 12:70, 1984
Young CW, Yagoda A, Bitter ES, Smith SW, Grabstald H,
Whitmore W: Therapeutic trial of aniline mustard in patients
with advanced cancer. Cancer 38:1887, 1976

Zeller WJ, Schreiber J, Ho AD, Schmihl D, Eisenbrand G:
Cytostatic activity of steroid linked nitrosoureas. J Cancer
Res Clin Oncol 108:164, 1984

259.

260.

261.

262.

POSTSCRIPT

The peculiar sensitivity of the Walker tumour to CB 1954 has
recently been reinvestigated by Roberts and his colleagues. CB 1954
forms DNA interstrand crosslinks time dependently in Walker
tumour cells, but not in V79 cells which are unaffected by the drug
(5). The V79 cells are, however, rendered sensitive to CB 1954 by
co-culturing with Walker cells and interstrand crosslinks are formed
in their DNA. This is indicative of the formation of a diffusible toxic
metabolite by the Walker cells (3). The active metabolite has been
identified as 5-(aziridin-1-yl)-4-hydroxylamino-2-nitrobenzamide
by comparison with synthetic material (3). The metabolizing
enzyme has been shown to be a form of NAD(P)H dehydrogenase
(quinone) (DT diaphorase, quinone reductase) (4). The authors
have suggested that this selective bio-activation could lead to the

development of new anti-cancer strategies (1). Antibodies to the
enzyme might lead to a screening system for CB 1954-sensitive
tumours or the enzyme could be targeted to particular tumours by
coupling to a tumour ‘specific’ antibody after the manner suggested
by Bagshaw (1).

A phase 1 clinical study of 1-(4-carboxyphenyl)-3,3-dimethyl-
triazene (CB 10-277) has been initiated (2) and 1 minor and 2 partial
responses have been observed out of 4 melanoma patients treated.
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INTRODUCTION

cis-Diamminedichloroplatinum-IT (DDP) is a relatively new
antineoplastic drug with demonstrated activity against
mainly ovarian and testicular cancers. The biological activ-
ity of DDP was discovered by accident when bacterial
growth was observed to cease in the vicinity of a platinum
electrode (170). The antibacterial effects of platinum were
characterized as being mainly bacteriostatic, with an elonga-
tion of bacterial cells rather than actual cell death (170).
Several platinum salts were screened for their antibacterial
effects, and one of the most cytotoxic, DDP, was then tested
against an animal tumor model (171). When DDP was
discovered to prolong the life of tumored animals, large
scale screening for antineoplastic activity was begun. DDP
was screened against a large number of predominantly mu-
rine tumor models and found to have significant, confirmed
activity against B16 melanoma, L1210 and P388 leukemias,
and human mammary and colon xenographs, among others
(212). In addition, DDP was found to be active by several
treatment schedules, against rat as well as mouse tumors,
and to be active against tumors of both chemical and biolog-
ical origins (169). Clinical trials of DDP first began in the
early 1970’s.

CHEMISTRY

The relatively simple chemical structure of DDP (Fig. 1)
belies an extensive series of spontaneous aquation reactions
wherein the chlorine atoms of DDP are replaced with aquo
and hydroxo groups (Fig. 2). These reactions, when allowed
to proceed in vitro, will ultimately produce an equilibrium
mixture of parent drug and the numerous aquated and
hydroxylated products. In addition, the presence of di- and
tri-aquo complexes also has been suggested (168). In vivo,
the equilibrium probably never occurs because of selective
removal of some of the reactants from the reaction mixture.
Thus, the parent drug is rapidly excreted in urine and after
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