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Preface

The International Society of Chemotherapy meets every two
years to review progress in chemotherapy of infections and of
malignant disease. Each meeting gets larger to encompass the
extension of chemotherapy into new areas. In some instances,
expansion has been rapid, for example in cephalosporins, pen-
icillins and combination chemotherapy of cancer - in others slow,
as in the field of parasitology. New problems of resistance
and untoward effects arise; reduction of host toxicity without
loss of antitumour activity by new substances occupies wide
attention. The improved results with cancer chemotherapy, es-
pecially in leukaemias, are leading to a greater prevalence of
severe infection in patients so treated, pharmacokinetics of
drugs in normal and diseased subjects is receiving increasing
attention along with related problems of bioavailability and
interactions between drugs. Meanwhile the attack on some of
the major bacterial infections, such as gonorrhoea and tubercu-
losis, which were among the first infections to feel the impact
of chemotherapy, still continue to be major world problems and
are now under attack with new agents and new methods.

From this wide field and the 1,000 papers read at the
Congress we have produced Proceedings which reflect the variety
and vigour of research in this important field of medicine. It
was not possible to include all of the papers presented at the
Congress but we have attempted to include most aspects of cur-
rent progress in chemotherapy.

We thank the authors of these communications for their
cooperation in enabling the Proceedings to be available at the
earliest possible date. The method of preparation does not
allow for uniformity of typefaces and presentation of the mate-
rial and we hope that the blemishes of language and typographical
errors do not detract from the understanding of the reader and
the importance of the Proceedings.

K. HELLMANN, Imperial Cancer Research Fund
A. M. GEDDES, East Birmingham Hospital
J. D. WILLIAMS, The London Hospital Medical College
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ADVANCES IN CANCER CHEMOTHERAPY

Emil Frei III
Director and Physician-in-Chief

Sidney Farber Cancer Center, Boston, Mass, USA

INTRODUCTION

Like all therapeutics, cancer chemotherapy began as a
largely emperical effort with a major emphasis on the
interplay between serendipity and screening. The first
major point I would like to make in this presentation is
that a scientific base for cancer chemotherapy and for the
construction of clinical trials has developed rapidly in
the past five to 15 years. Basic research on the nature
of the neoplastic cell has provided an increasing number of
leads with respect to therapeutic targets exploitable by
chemotherapy and immunotherapy (Fig. 1). The sciences of
pharmacology and its subsets and of cytokinetics and bio-
statistics, which some refer to as "bridging sciences", nou
impinge daily and importantly on the development and appli-
cation of chemotherapeutic programs to man (Fig. 1). I
would like to cite one important recent example that
relates to structure activity studies.

Drug Development. 0One of the most important classes of
antitumor agents are the anthracyclines (Fig. 2)(1l). Adria-
mycin was introduced into the clinic four years ago and has
substantial antitumor activity, not only in the hemato-
logic neoplasms, but also in carcinomas and sarcomas (2).
Adriamycin has a substantially superior therapeutic index
in experimental systems and in man as compared to daunoru-
bicin. Since the difference between these two compounds
relates only to substitution on the 14 carbon further man-
ipulation of this position seemed rational. The amino
group of the aminosugar (Fig: 2) has been proposed, on the

1
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FIGURE 1
Chemotherapy: Relation to Clinical and basic disiplines.

basis of biochemical and by x-ray diffraction studies, to
anchor the tetracycline portion of the molecule which int-
ercalates between nucleotide base pairs in DNA to the pho-
sphodiester exoskeleton of the DNA molecule (3). Hence
manipulation of the amino group was also studied. System-
atic substitutions in both of these positions led to the
development of a compound known as AD 32, which has a 5
carbon ester substituted in the 14 position and in which
the positive charge of the amino group in the amino sugar
is reduced by a trifluoroacetyl substitution. At optimal
that is, at equitoxic doses, AD 32 is superior to adria-
mycin with respect to both increasing the life span and
curing the tumor bearing animals (Fig. 3). While these
results remain to be confirmed, they provide an example

of a rational, semiempirical approach to the development
of a new compound.

Multimodality Therapy (Adjuvant Chemotherapy). The
second major point I would like to make relates to multi-
modality treatment of cancer with particular emphasis on



ADVANCES IN CANCER CHEMOTHERAPY

Z% QY pue urtoAweTape ‘utoTrgniounep ueamj}aq dTYsSuOT3ET8I TEINGOINIZG

¢ 34NIId

HO =X :u19AwDupY
¢ av H =X :u1d1qniounnq

HO

€192 HO%HI%HD 20%HI-D
I n
0 o




E. FREI I

Optimal Dose
Mouse mg/kg/day, ip  Increase in Median
Leukemia Drug days 1-4 Life Span (%) "Cure'*
LI210 Adriamycin 4 45 0/5
AD 32 60 445+ 4/5
P388 Adriamycin 4 132 0/6
AD 32 40 429 4/5'

s1Cyre" =

surviving/treated leukemic mice

FIGURE 3

30 day tumor-free survivors, expressed as a fraction of

Effect of Adriamycin Analog N-Trifluorocacetyl-l4-Valerate
(SFCC AD 32) on Experimental Leukemias.
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Osteosarcoma J{]E 1 Amputation 9| Lungs
FIGURE 4

Adjuvant Chemotherapy
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the concept of adjuvart chemotherapy, that is, chemotherapy
employed immediately following primary treatment with
surgery and/or radiotherapy (Fig. 4). For examples of
adjuvant chemotherapy I will employ osteogenic sarcoma and
Stage II breast cancer. 1In both of these diseases the
primary can usually be totally eradicated by surgery and/
or radiotherapy. Unfortunately, at the time that such
treatment is applied approximately 70% of patients with
Stage Il breast cancer have blood borne microscopic metas-
tases usually in the lungs, liver and/or bones. For
patients with osteogenic sarcoma, the respective figure is
90%, and such microscopic metastases are present almost
exclusively in the lungs. The classical approach has besn
to hope that a given patient was in the 10 or 30% of
patients who did not have blood borne metastases and,
therefore, to wait. The approach that I am about to
present involves the use of systemic treatment or adjuvant
treatment with chemotherapy, immunotherapy or both in an
effort to eradicate microscopic metastases.

There is strong experimental basis for such studies.
These are presented in abbreviated form in fig. 5. First,
it has been knoun since the studies of Goldin and thorou-
ghly quantified in recent years by Schabel that, for any
given effective treatment, microscopic tumor in rodents can
frequently be cured whereas the same tumor allowed to
advance until it is grossly evident, may undergo transient
regression only (4). The number of tumor cells in a
patient with microscopic disease, is estimated to be less
than 10° whereas for overt metastases greater than 5x10°
cells must be present (5). In homogeneous in vivo experi-
mental systems it has been demonstrated that destruction
of tumor cells by chemotherapy follows first order kin-
etics (4). Thus, it is the fractional reduction of tumor
cells by a given treatment rather than the absolute red-
uction that tends to be constant. Because of this, expon-
tial considerations become paramount, and it is evident
that a given treatment has a far greater likeliBood of
destroying, for example, 10° as compared to 10 neo-
plastic cells. Employing sophisticated cytokinetic
studies, it has been demonstrated that as tumors increase
in size, the growth fraction, that is the proportion of
cells in mitotic cycle decreases (4). It has been demon-
strated that cells not in cycle are not necessarily end
stage cells and may re-enter cycle when transplanted into
syngeneic rodent systems. Since almost all of our drugs
have varingly greater potency against cycling as compared
to noncycling cells, the high growth fraction for mic-
roscopic tumor makes such tumor much more vulnerable to
chemotherapeuticattack. Recent in vivo studies indicate
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Disseminated Metastases

Microscopic  Overt (bulk)

Transplanted tumor Frequency Rarely
response to chemo. cured cured

No. of tumor cells 0% (cal 6m ¥5x10°
First order Kinetics

Growth Fraction ) 0% L10%

Drug membrane active 3-4+ 0-1+
transport

p02 Normal .

Vascular supply Adequate Compromised

Competing metabolites 0 7+

FIGURE 5 : Experimental Data Supporting Adjuvant Chemo-
therapy.

that as a generality, cycling cells have a substantially
greater capacity for drug transport than noncycling cells
though this may relate simply to the fact that cycling
cells are larger and therefore have a larger surface area
(5). UWhile the blood supply of microscopic metastases is
presumably normal it is frequently comromised in patients
with overt metastases and many of the above factors may
relate to this compromised blood supply (6). Finally,
competing metabolites derived from marginally viable tumor
in the center of bulk metastases may prevent antimetabolite
effect. In short, experimental models and experimental
studies derived from basic and bridging sciences along with
well conceived and designed clinical experiments provide a
sound basis for the adjuvant approach.

Within the past three years two treatment programs, one
involving high dose methotrexate followed by citrovorum
rescue and the other, adriamycin, have been shown to be
capable of producing tumor regression in 30-50% of
patients with advanced metastatic osteosarcoma (7-9).
Because of this, starting two to four years ago such treat-
ment was applied in the adjuvant situation, that is immed-
iately following amputation which is usually used to con-
trol the primary lesion (10, see reFerencesg. In the
historical control group at the Farber Center and in other
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centers such as Memorial-SKI, tumors appear in the lungs

after local control has been achieved (Fig. 6).

six months over 50% have

Thus, by
pulmonary metastases and by 12

months 80% of patients have developed pulmonary metastases.



8 E. FREI HI

Thus 80 to 90% of patients eventually die of pulmonary met-
astases. Most of the 10-20% of patients who remain free of
metastases at 12 months remain so thereafter and are cured.
Our adjuvant treatment program started three years ago. The
rate of relapse during the first year was significantly
reduced and, as with the controls, relapses did not occur
after 12 months though the number of patients was small
(Fig 6). In more recent studies employing more advanced
principles of combination chemotherapy it nhas been observed
that Mtx-CF rescue combined with adriamycin has reduced the
proportion of patients relapsing during the first year in
tuo series to less than 10%. The crucial guestion in any
such study is whether such treatment has simply delayed the
development of relapse by suppressing but not eradicating
metastases. If such were the case, overt metastases would
continue to appear particularly after cessation of adjuvant
treatment. There was evidence from other Centers as uwell
that metastases, if they occurred, tended to occur early
and not after 12 months. Patient data from the major
Centers employing adjuvant chemotherapy for osteogenic
sarcoma was collected and pooled and the relapse after 12
months for those patients who were relapse free 12 months
after the initiation of adjuvant treatment was plotted

(Fig 7).

OSTEOGENIC SARCOMA ADJUVANT CHEMOTHERAPY

S RISK OF RELAPSE
o (92)
x 100 A
w
h o
: B
[~ (78) (62) (37) (27) (18) (12) (9) (6) (2)
w 95—
l&l -
TS " ( )=No. patients at risk
w B Pooled data from M.D.Anderson, Farber
2 9o Center, ALGB, St. Judes, SKI and Stanford.
:tl =
w
3
L PN | | |1 L 1 1 1 |
12 24 36 48

MONTHS AFTER PRIMARY TREATMENT

FIGURE 7
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From studies at these institutes, 55-95% of patients by
life table plot uwere free of metastases at 12 months and
the number at risk falls off progressively up to a total
of four years. Tuwo patients relapsed in the 13th month
after which there were no further relapse. This curve
after 12 months was the same uwhether the adjuvant treatment
was given for a total of only six months following ampu-
tation or for as long as 24 months. It thus seems in-
creasingly probable that microscopic metastases in these
patients are indeed eradicated and that a substantial
increase in cure rate has probably been achieved.

These chemotherapeutic advances in osteogenic sarcoma
have lead to preliminary studies involving treatment of
the primary. Thus, in selected patients, chemotherapy is
initiated prior to operation and depending upon the site
of the primary and the degree of reduction in size as the
result of chemotherapy, a segment of bone sometimes in-
cluding a joint is removed and replaced by a titanium
prosthesis, The effectiveness of such an approach to
controlling the primary and the function of the preserved
extremity will require more extended follow-up.

These observations in osteosarcoma have also been
demonstrated for Wilm's tumor, Ewing's sarcoma, embryonal
rhabdomyosarcoma and Stage IIIB Hodgkin's disease (10, see
references). Houwever, these are relatively rare diseases.

Breast cancer is the most common tumor in women and as
already indicated (Fig. 4) patients with Stage II breast
cancer have a 70% chance of having blood borne metastases
as evidenced by recurrent overt metastatic disease. In
contrast to osteogenic sarcoma breast cancer is kineti-
cally less active. Thus, some 30-40% of patients will
demonstrate metastases by two years, a total of 60% by 5
years and the risk of metastases after 5 years continue so
that by 10 years as many at 70% of patients may manifest
metastases. There are a number of agents, particularly
combinations of chemotherapeutic agents which are capable
of producing tumor regression in patients with esstablished
overt metastatic disease. Accordingly, adjuvant chemo-
therapy studies have been undertaken.

A number of institutes collaborated in the comparative
study schematically presented in Fig. 8 (11). Follouwing
primary treatment with surgery all patients with Stage I1I
disease were randomly allocated to the drug or to placebo.
The alkylating agent, L-phenylalanine mustard, or L-PAM
was chosen for the initial adjuvant study because it has
significant activity against advanced disease and because
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Relapse by 18 mo.

Placebo -PAM
Total patients 24/100 10/96 p=0.0l
Premenopausal
patients W3r 1130 p=0. 008
Postmenopausal
patients 13/63 7/66 p>0. 00, |

Fischer, Carbone etal. Jan '75.

FIGURE 9

it is well tolerated. At the time of this analysis over
269 patients had accrued to the study over a two year
period. There were significantly fewer relapses by 18
months for patients receiving adjuvant chemotherapy, a
difference which was highly significant for premenc-
pausal patients and suggestively significant for post-
menopausal patients (Fig. 9). UWhen this data is presented
by life table plot a progressive separation of the curves
in favor of L-PAM is apparent and differences calculated
using the life table plot are similar.

It is a reasonable assumption that the most effective
treatment for patients with advanced metastatic breast
cancer will alsoc be more effective when employed in the
adjuvant design. Thus while the single drug PAM produces
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FIGURE 10

an objective response rate in advanced disease of 19% the
combination of cytoxan, methotrexate and fluorouracil
produces an objective response rate of 53% in such
patients (12). An adjuvant study using this combination
has been ongoing for almost two years and the risk of
relapse is significantly decreased for both pre- and post-
menopausal patients (14§.

It is predicted that the major advances in definitive
treatment other categories of neoplastic disease will
result from combined initial therapy with the best local
and systemic therapeutic modalities. Thus there are
preliminary positive results and major ongoing studies
involving surgery and/or radiotherapy plus chemotherapy in
such neoplastic disease categories as testicular cancer,
ovarian cancer, soft tissue sarcoma and tumors of the
gastrointestinal tract.

Combination Chemotherapy. The experimental basis and the
clinical extrapolation of the experimental basis for
combination chemotherapy has advanced substantially over
the past five to 10 years (13,14). The use of agents in
combination involves toxicologic, biochemical, pharma-
cologic, cytokinetic, immunosuppressive and other consid-
erations. The experimental and clinical basis for
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RESPONSE ACCORDING TO DIACNOSIS

IN VA-DIC (SWG 7210) AND Cr-va-DIC ( DT 73-02)

SWG 7210 DT 73-02

DIAGKOSIS PERCENT PERCENT
- EVALUABLE CR/PR* RESPONSE | EVALUsSLE  CcR/PR mespowsth
Anglosarcoma 7 0/4 577 5 0/4 807
Chondrosarcema 3 0/0 0% 6 0/2 337
Ewing's Sarcora 5 1/1 407 1 0/0 0z
Fibrosarcora 10 1/5 60% 23 4/9 57%
Leiomyosarcoma 22 0/8 36% 28 2/17 68%
Liposarcoma 15 0/7 477 10 1/5 60%
Mesotheliora 6 0/0 — 6 0/2 33%
Reurofibrosarcora 3 1/0 332 13 3/5 627
Osteogenic Sarcoma 13 0/3 237 11 1/2 27%
Rhabdomyosarcona 9 2/4 67% 15 6/4 677
Synovial Cell Sarcoma 2 0/1 50% 3 0/2 672
Undifferentiated Sarcoma 12 4/3 59% 15 2/4 40%

107 973 4 136 19756  "55%

*%CR/PR = Number of complete responders / Nucber of partial respoaders

+Percent response = CR + PR / Number of evaluable patients

FIGURE 11

combination chemotherapy have been reviewed. Essentially
all of the major effective chemotherapeutic programs
involved combinations. There is now convincing evidence
in childhood acute leukemia and in patients with dissemin-
ated Hodgkin's disease that combination chemotherapy
provides definitive treatment. With follow-up studies in
excess of 10 years, a substantial and increasing propor-
tion of patients arrived at the flat portion of the
relative survival and the disease-free actuarial curves.
This has been employed as the definition of cure by Russel
and Easson (15) and has been widely accepted. The most
common type of non-Hodgkin's lymphoma is diffuse histio-
cytic lymphoma. This disease, up until the past year, has
been considered to be incurable. It has recently been
demonstrated and confirmed that those patients who achieve
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complete remission (40% in Figure 10) and continue in
remission two years after the initiation of treatment,
remain free of disease with a maximum follow up of 10 years
(16). Recent efforts to increase the complete remission
rate have been successful and it is hoped that, consistent
with the above, this will increase the long-term definitive
treatment rate (17).

In summary, combination chemotherapy continues in a
state of rapid evolution. 1In addition to increasing com-
plete remission rates and the duration of complete re-
mission combination chemotherapy may result in curative
treatment for some patients with disseminated disease.

An excellent example of the extraordinary rate of pro-
gress that can be achieved in a disease with combination
chemotherapy is soft tissue sarcoma. Prior to four years
ago there was no effective treatment for patients with
disseminated soft tissue sarcoma. With the introduction
of adriamycin and with experimental and clinical studies
indicating synergism between adriamycin and DTIC on the
one hand and adriamycin and cyclophosphamide on the other,
a series of studies led to a progressive increase in the
objective response rate so that now between 40 and 60%
of such patients respond (Fig. 11)(18). The median dura-
tion of such responses has varied from four to seven
months. Perhaps most important is the fact that complete
tumor regression is achieved in 5 to 15% of patients and
for this group of patients the median duration of response
is in excess of two years. Disseminated testicular cancer
provides another good example of where combination chemo-
therapy has resulted in increasing complete remission
rate. A substantial proportion of patients in complete
remission would appear to remain so indefinitely.

Dose Response Curve. Relatively few clinical trials in
respoasive tumors have employed dose as a randomized
variable. Where this has been done the dose response
curve is steep both with respect to host effect and anti-
tumor effect (19). The experimentalists have been empha-
sizing for years the steepness of the dose response curve
for the majority of antitumor agents just as they have
been telling us that, for a given treatment program, min-
imal disease is far more easy to erradicate than bulk
disease. 0One example of the steepness of the dose re-
sponse curve is that of fluorouracil in the Ridgeuway
osteogenic sarcoma (Fig. 12). In this study Dr. Schakel
employed or adapted clinical criteria. Note that a
difference in dose rate of only 20% is enormously import-
ant. Thus at 66 mg/kg dose the complete remission rate is
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FIGURE 12 Individual tumor response of advanced Ridguway
osteogenic sarcoma in a dose-response study
with 5-FU., Treatment was begun 12 days post-
implant of tumor.

70% whereas at 55 mg/kg it is 0%. Generally similar
results are achieved with other classes of antitumor
agants and in other experimental tumors (19). Given no
loss in therapeutic effect we physicians will gravitate
to that program which has the least side effects and is
most convenient to the patient. Thus the dose of FU has
been progressively reduced, the compound has been given
weekly, and it has been administered orally with the
general impression that the response rate for colorectal
cancer will be in the range of 15-20% regardless of the
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above variables. UWith more sophisticated clinical and
pharmacologic studies it is clear that the oral route is
less effective and far more variable. It has recently
been demonstrated in a randomized comparative study that
larger doses of FU will produce response rates in the

range of 40% a comﬁared to 20% for currently conventional
approaches (20?. The development of supportive care

techniques, particularly those relating to bone marrou
depression have allowed for the delivery of larger doses
of antileukaemic agents and thus improved complete remis-
sion rates initially for acute lymphocytic leukamia, and
more recently, for acute myelogenous leukemia. Recent
progress in the control of nausea and vomiting of central
origin induced by cancer chemotherapesutic agents may
allow for more intensive treatment (21). In short, a re-
examination of the dose reponse curve with emphasis on
supportive care programs which allow for the safe delivery
of more intensive treatment for solid tumors is currently
under study.

I would like to summarize by re-emphasizing 3 points:

1) Clinical cancer chemotherapy is moving. Both the mag-
nitude of effectiveness and the spectrum of neoplastic

disease which can be effectively treated are increasing.

For some disseminated neoplastic disease categories such
treatment is definitive.

2) Multidisciplinary evaluation and treatment is essential
today and will be increasingly so in the future. Perhaps
the most compelling example for treatment and therapeutic
research relates to adjuvant chemotherapy.

3) Last, but most certainly not least, is the fact that
the experimental basis for cancer chemotherapy is provid
ing an increasing number of areas for therapeutic research
and of hypotheses and leads for application to preclinical
systems and to patients.
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EXPERIMENTAL BASIS OF CANCER CHEMOTHERAPY

Norbert Brock

Asta-Werke A.G., Chemische Fabrik

D-4B00 Bielefeld 1k4, Brackwede, West Germany

In the course of its 30 years of development, chemotherapy has
acquired a firm place in the treatment of human cancer in addition to
the classical methods of surgery and radiation therapy, which have
been of considerable benefit in fighting primary tumours. By their
very nature, surgery and radiation therapy are local or regional
measures. By the time of diagnosis more than two thirds of all
malignant tumours have spread beyond their local borders so that
therapeutic benefit can only be expected from additional systemic
treatment and therefore chemotherapy has its preferential potential-
ities in such generalized tumour conditions. This conclusion in-
variably applies irrespective of whether the present drugs are
satisfactory or not.

As pharmacologists, we have to restrict ourselves to the field of
experimental research, and therefore we can only briefly point out its
clinical conclusions, which should eventually be drawn and critically
assessed by the clinician. However, close cooperation between pharma-—
cologist and clinician is of utmost importance. Particularly in this
intricate field the pharmacologist should supply the clinician with
clear-cut data so as to enable him to assess both possibilities of
treatment and its limiting risks. Such data can only be obtained
under uniform conditions as they are provided by animal experiments.

This paper is to describe the most important pharmacological
bases of cancer chemotherapy without going into such details as to
discuss all pertinent agents and their actions, especially in view
of the great number of agents which are continuously developed, and
some of which are rapidly superseded. Therefore, description of
fundamental mechanisms, the knowledge of which is indispensable for
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further efficient and successful development, appears to be most
important. At the same time, it opens up new perspectives to future
approach.

1.0 Prerequisites of cancer chemotherapy

Cancerous degeneration of body cells is due to irreversible
changes in the latter's "genetic information". These changes are
defects in organospecific differentiation which are transferred to
the daughter cells. Thus the cancer cells represent a mutated,
exogenous strain of cells. Therefore any type of treatment such as
surgery, irradiation or chemical agents should aim at destroying the
cancer cells completely, damaging the body of the host as little as
possible. Cancer chemotherapy is hampered by two principal difficult-
ies: The first one, unknown in classical chemotherapy of infectious
diseases, 1s due to the close relationship between cancer cells and
normal cells of the host: The biochemical differences between the
two cell types are not sufficient to allow a specific chemotherapeutic
approach without any risk of toxic lesions to the normal body cells.
The second difficulty is that the objects of treatment i.e. the
cancer cells, are not at all uniform, but differ greatly from patient
to patient: Cancer is a collective term for the most varied types of
neoplasms.

Thus it is comprehensible that in spite of numerous advances, the
very aim of healing cancer by means of chemical agents has so far
only been reached in a few types of tumour.

Malignant tumour growth results from the difference between
multiplication and mortality rate of cells. Both processes offer
possibilities for a chemotherapeutic approach. Inhibition of cell-
ular multiplication and its underlying biochemical syntheses may be
attained by "starvation" of the cells, i.e. by what has been called
Ehrlich's atreptic therapy. Damage to, or destruction of, cancer
cells - and thus an increased mortality rate of the tumour cells -
is aimed at by using oncocidal agents. As early as at the beginning
of this century Paul Ehrlich realised that only oncocidal treatment
could be expected to produce genuine therapeutic benefit. Since
this ideal has so far not yet been reached, a combination of the two
possible approaches appears to be useful.

The characteristic feature of the cancer cell is its rapid
multiplication, which has been considered an important possibility of
cancer chemotherapy, since rapidly growing cells have a high metabolic
rate and thus are not only much more susceptible to many cellular
poisons than cells at rest, but they are also in particular need of
suitable metabolites for the synthesis of essential nucleic acids in
nuclei and cytoplasma. The intense search for such cellular poisons
and antimetabolites has led to the development of a great number of
cytostatic compounds.
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chlormethine, chlorambucil, melphalan, sarcolysin
mannomustine, cyclophosphamide, trofosfamide, ifosfamide

Nitrogen mustard comp,

‘ Alkylating agents Aziridines I tretamine, thiotepa, triaziquone

Mesyloxyalky!l comp. busulfan, mannogrannol

I Electrophiles H Metals cis-Pt-1l

Folic acid antagonists

methotrexate

Purine antagonists

6-mercaptopurine, thioguanine

Antimetabolites

Pyrimidine antagonists| 5~ fluorouracil, cytarabine, ftorafur

Other antimetabolites

mitobronitol, dibromdulcitol, 5-acacytidine
Antibiotics dactinomycin, daunorubicin, adriamycin, bleomycin

Alkaloids vinblastine, vincristine, mitopodozide, VM 26

procarbazine, hydroxyurea, DTIC

Other cytostatic agents nitrosourea derivatives: BCNU, CCNU, MeCCNU

Hormones + derivatives testolactone, drostanolone, estramustine, fosfestrol

Enzymes L-asparaginase

Fig. 1. Pharmacotherapy of cancer
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Fig. 2. Structural formulas of cyclophosphamide, trofosfamide,
and ifosfamide
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2.0 Cytostatic agents as anticancer drugs

Fig. 1. shows the anticancer drugs which. are now preferably used
and which have been developed by cooperative research groups of many
countries. According to their mechanism of action, these drugs can be
grouped in the following main classes:

Alkylating agents
Antimetabolites
Antibiotics
Alkaloids
Miscellaneous.

The majority of these cytostatics have been tested in animal
experiments and in detailed clinical trials. Some recently intro-
duced compounds, which are of major clinical interest or importance
for the theoretical conceptual bases of cytostatic treatment, will
be described briefly.

From among the group of alkylating agents, the two new oxazaph-
osphorine derivatives trofosfamide (4) and ifosfamide (3) have
acquired definite clinical importance (Fig. 2) (21). Like cyclophos-
phamide they follow the transport form/active form principle. Tro-
fosfamide has the same pharmacological and clinical spectrum of
activity as cyclophosphamide, but it exerts only a relatively slight
immunosuppressive effect and is therefore particularly suited for
maintenance treatment. Ifosfamide, which shows definitely different
antitumour action and metabolic behavious (27), can be given in
higher doses because of its reduced toxic cumulation and less
pronounced leucotoxicity. Thus clinical remissions were obtained
even in cyclophosphamide-resistant tumours.

In the group of anthracyclineantibiotics, adriamycin is of
particular interest (fig. 3) (1L4). The only difference between this
compound and its parent structure of daunorubicin is in the Clk
position, which is hydroxylated in the case of adriamycin. Whereas
daunorubicin is only used in haemoblastoses, adriamycin has been
proved to be of value also in quite a number of solid tumours, some-
times along with other agents. This difference in clinical action
cannot yet be explained on structural grounds.

The nitrosourea derivatives (fig. L4) can pass the blood/brain
barrier (29) and thus exert their effect even in primary and
especially secondary tumours of the central nervous system. In
animal experiments, nitrosourea derivatives have been proved to exert
a cytostatic effect on CNS tumours, their significance for the
clinical treatment of brain tumours has not yet been definitely
confirmed. Some derivatives have gained special important in assoc-
iation with other cytostatics.
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To increase the selectivity of the cancerotoxic effect, the
cytostatics were attached to various carrier molecules such as amino-
acids, carbohydrates and proteins. However, the increase in select-
ivity was disappointing. Using DNA as a carrier molecule has also
been attempted. e.g. for daunorubicin, adriamycin and actinomycin.
The cytostatic/carrier complex is considered to be selectively
absorbed by the tumour cell by what has been called pinocytosis, the
cytostatic being released under the influence of intracellular
lysosomal enzymes. For instance, in Leukaemia L1210 of the mouse,
the daunorubicin/DNA complex proved to have a greater therapeutic
index than free daunorubicin alone (12). However, these findings
have not yet been confirmed clinically.

3.0 Fundamental bases of further development

It is really astonishing that so many different active principles
have been discovered without understanding the very nature of cancer
and without adequate knowledge of fundamental btiochemical differences
between cancer cells and the normal host cells. However, most drugs
have the drawback of not only damaging the tumour cells, but also the
normal proliferation centres of the body such as blood, bone marrow,
intestinal epithelium and gonads. Any future development of cancer
chemotherapy must therefore aim at increasing the selectivity of the
antitumour action. To achieve this it is necessary to base the
development of more specific drugs on theoretical concepts and on
the results of biophysical and biochemical research. In his paper
"Creative ideas and their potentialities in drug research", Wolfgang
Heubner, one of the pioneers of modern pharmacology, critically
examined this deecisive possibility, drawing particular attention to
the development of the transport form/active form principle by
Druckrey (15). The possibility of organospecific actions has also
been proved by inducing cancer by means of nitrosamines and
nitrosourea.

In future, pharmacological screening should be conducted with
even more systematic consequence so as to "sift the chaff from the
wheat", from the very outset. This is not only an essential pre-
requisite in experimental cancer research, but it is of fundamental
importance in any type of pharmacotherapy. If in the past, and
occasionally even today, the transfer of results of animal experim-
entation to man has been queried, it should be emphasized that, like
in general pharmacotherapy, all essential advances in cancer chemo-
therapy have been made by animal experiments. In recent years their
possibilities have been considerably increased by widening the
tumour spectrum, providing adequate model systems for assessing the
drug's antitumour and toxic effects, by elaborating more rigid
criteria and using quantitative test methods, especially the dose/
action analysis, and by pharmacokinetic studies. Nowadsys no new
agent should be released for clinical trials unless it has been
thoroughly assessed in pharmacotherapeutic tests in animals.
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Thorough knowledge of its pharmacological and toxicological properties
is even more important in view of the fact that new drugs are nowadays
usually administered in the form of polychemotherapy along with other
agents, which adds to complicating further action analysis of the
individual agent.

4.0 Screening principles and methods of test

The quantitative methods for the assessment of the therapeutic
qualities of a new drug are based on experiments in intact animals.
In vitro methods - whether biochemical or biological - do not yield
any information on the anticancer selectivity of the drug. They may
however be useful for the study of specific problems such as that of
the mechanism of action.

The quantitative determination of the various therapeutic and
toxic actions of a drug in animal experiments should preferably be
made by establishing the corresponding dose-action relations. For
this purpose it is important to use a clear and simple test for each
particular action, which should simulate the physiopathological and
clinical conditions as closely as possible. In the pharmacological
studies on cytostatics, this has not yet been adequately achieved so
far. For instance, a short—-term inhibition of tumour growth observed
in the experimental animals does not allow an adequately safe ass-—
essment of the drug's curative action. Clear-cut and fully reprodu-
cible results were only obtained when we used the animals' definite
cure as a yardstick, which is considered to be reliable in rats
whenever the animals remain free from tumours for a period of 90 days.
In more chemoresistant tumours, in which a definite cure cannot be
obtained by chemotherapy, the increase in survival time is the
essential criterion for assessment of the drug's effect.

For the tests in the intact animals a great number of various
tumour types are available as model systems. They were first selected
on purely empirical grounds. Nowadays adequate model systems are
selected by assessing their effectiveness with regard to certain
standard agents. In addition, selection of a model system on the
basis of certain biochemical properties or on the type of the affected
organ appears to be promising.

The tumours are either grafted onto the experimental animals, or
produced by means of carcinogenic agents. For practical reasons, the
following types of model systems are distinguished:

(1) Heterologous graft tumours, in which the primary tumours are
not grafted in the same, but in a different strain of animals.

(2) Homologous graft tumours, which are invariably regrafted in
the same strain.

(3) Autologous tumours, which develop either spontaneously in the
experimental animal or which are produced by carcinogenic
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agents. The latter method allows to produce highly
specific tumours in almost any organ.

Chemosensitivity is most pronounced in heterologous graft “tumours in
accordance with their great malignancy, whereas it is least pronounced
in the less malignant autologous tumours. To obtain comparable con-
ditions and thus ensure reliable results, all studies should be
started with graft tumours, and switched over to autologous tumours

in a second stage.

Close simulation of clinical conditions is not only an essential
requirement for the characterization of the curative action, but also
for that of the toxic effects For this purpose, determination of
the lethal dose will not be sufficient. The lethal effect is the
last of all toxic lesions to occur and it is usually highly complex
so that far-reaching conclusions cannot be drawn with regard to clin-
ical conditions. In pharmacotherapeutic analysis the most important
toxic actions should be determined separately. The cytostatics are
meanvhile known to exert quite a number of organotoxic actions -
acute and chronic - which limit their therapeutic use. Of the acute
organotoxic actions, leucopenia and immunosuppression should be
mentioned, of the chronic ones, the carcinogenic action is of
special importance. In future it will be necessary to develop
adequate quantitative tests with respect to possible adverse reaction
occurring with the heart, lung, kidneys and gonads.

We have developed model systems which allow quantitative deter-
mination and comparative assessment of some of these actions. This
is of great significance for the pharmacotherapeutic characterization;
the more so as therapeutic doses alone are of little value. Reliable
comparison, and thus comprehensive assessment of the margin of
safety is only possible when the therapeutic doses are related to the
toxic doses. The quality of a drug depends on its reliability in
producing a definite cure without giving rise to toxic lesions. For
the assessment of a drug's chemotherapeutic value we used the
therapeutic index, which is the quotient resulting from the LD 5 and
CD 95 (fig. 5). However, this index is only valid for a definite
type of tumour. The same applies to the D 50 index (LD 50: CD 50).
The more the needed therapeutic dose approaches toxic dose levels as
they doubtless do in chemotherapy of cancer, the more they must be
considered only in relation to the toxic and lethal doses. Therefore
Druckrey (17) suggested expressing the administered curative dose as
a percentage of the exactly determined medium lethal dose. As non-
dimensional quantities, these so-called therapeutic units can be
generally applied and allow direct numerical comparison of the pot-
encies of various agents in different types of tumour.

For the quantification of the organo-toxic effects, the danger
coefficient has proved of particular value (6). It is determined by
the situation of the organotropic regression line in relation to the
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curative regression line and indicates the degree of organotropic
risk, e.g. leucotoxicity or immunosuppression of a certain curative
dose, for instance the CD 95 (Fig. 6). If the danger coefficient
of a newly developed agent is related to that of a well-known
standard, the risk of organotropic toxic complications can be
easily assessed for any curative effect.

5.0 Pharmacotherapeutic assessment of cancerotoxic agents

Pharmacotherapeutic assessment of antitumour agents, just as of
any other drugs, can be divided into 3 stages:

(1) Primary screening
(2) Special pharmacological and toxicological characterization
(3) Preclinical pharmacology

These 3 stages should not be considered apart from each other as
independent units, but they should continuously increase the relevant
information about the drug's therapeutic and toxic properties with
regard to its clinical use. In each stage the drug's properties are
quantitatively assessed in special animal test systems which provide
definite biometric figures. The predictive value of these indices
depends e.8. on the chosen test model (tumour strain, chemoresistance)
on the experimental set-up (dose, number of animals, route and
sequence of administration) and on the method of evaluation. For

the sake of continuity of the test procedure, all stages of the

model system, its design and evaluation must be adapted to each
other, taking into account the specific requirements and limitations
of the individual phases.

5.1 Screening of antitumour agents

5.11 General prerequisites

The development and use of adequate test models for the screen-
ing of antitumour agents is of particular importance. Since, in
primary screening, investment should be kept as low as possible,
only a few generally applicable test models should be used. Such a
limitation is a real problem since a uniform tumour system for the
investigation of chemically different compounds and different
mechanisms of action cannot be developed because of the differences
in tumour types. Therefore several tumour systems are needed for
such a variety of different agents as alkylatorg, antimetabolites,
antibiotics, alkaloids and hormone-like compounds.

At the suggestion of Goldin (18) and Larionov (26) a WHO-
supported international conference on "Screening Methodology for
Antitumour Drugs" was held at Geneva in 1974. A great number of
experts from all over the world discussed the problems of screening
and achieved real progress.
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Some points of the agreements will be described briefly:

(1) Even in future all research centers will be free to develop
adequate methods for the solution of their own problems.

(2) All pharmacological methods - especially of the quantitative
type - should be fully used in primary screening and in pharm-—
acological characterization before an agent can be released
for clinical trials.

(3) Interesting drugs developed by the individual cooperative
groups, should be tested in a standard tumour system such as
Leukaemia 11210 of the mouse. In addition, the effect of
newly developed preparations should be related to a standard
agent such as cyclophosphamide in some sort of a positive
control. All prerequisites associated with these recommenda-
tions were clarified.

5.12 Qur own procedure

For more than 20 years our cooperative group has concentrated
on alkylating agents, and therefore we will present our method of
screening and pharmacological characterization by the example of
alkylators. With this limitation, some problems of screening are
considerably simplified, since the individual screening methods
decisively depend on the type and mechanism of action of the
respective type of compound. However, in principle all pharma-
cological screening techniques are so closely related to each other
that it appears justified to describe their basic principles by
presenting this one example. In view of the strong and general
cytotoxic action of the alkylators, it was our goal to apply the
"transport form/active form" principle, first recommended by
Druckrey (15) for the treatment of prostatic carcinoma (stilboestrol
diphosphate), in order to increase the selectivity and reduce the
toxicity to the nitrogen mustards. For this purpose it was nec-—
essary to transform the highly active nitrogen mustard into an
inert "transport" form by suitable substitution, which would allow
this transport form to be activated in the body: This principle
was successfully utilized in the case of cyclophosphamide (1,2)
and later with trofosfamide and ifosfamide. These compounds are
practically inert in vitro, but they are converted in the body into
the proper active form. Pharmacological screening of alkylators
has to take into account both directly acting forms and inert
transport forms.

The sensitivity of tumours to alkylating agents shows "indivi-
dual variations" which is in accordance with the general laws of
pharmacology. It is not of principal, but only of quantitative
nature. Even in tumours, which appear to be completely resistant,
a therapeutic effect can be obtained, if the drug is supplied to
the tumour in adequate concentrations. If cell suspensions of
various sensitive or resistant rat tumours are incubated in vitro
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Table 1. Mean effective concentrations of chlormethine-N-oxide in
various tumour systems in vitro (1 h at 37°C) according to
Druckrey (1961)

Conc.
Tumours
Hg/ml
Heterologous Walker ascites carcinoma 015
g Yoshida ascites sarcoma 10
tumours
Jensen sarcoma thomogenate) 30
Fascites sarcoma 25
Homologous . )
DS-ascites carcino-sarcoma 25
tumours
G-sarcoma (homogenate) 65

Table 2. Comparison of chlormethine, chlormethine-N-oxide, and

cyclophosphamide in 7 different tumour strains of the rat according
to Druckrey (17)

Medium curative doses in therapeutic units
Test system |Transplantation % LD 50
4 P Chlor-  |Chlormethine-| Cyclophos -
methine N-oxide phamide
Yoshida ascites 21 47 30
sarcoma
Jensen sarcoma | heterologous 40 4,3 4,5
Walker 100 82 42
carcinoma
DENA »100 60 21
carcinoma
T-sarcoma »100 100 50
homologous
DS-carcinoma »100 »100 ~100
C-sarcoma »100 »100 2100
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for 1 hour with chlormethine N-oxide in Ringer's solution, determ-
ination of the 1limit concentrations, which counterbalance the tumour's
transplantability, will show (Table 1) that the effective concentra-
tions vary considerably (at a ratio of 1:100), whereas the full
cytostatic effect can be abtained in all types of tumour, even in the
highly resistant DS-carcinosarcoma (14). Similar results were seen
in adequate tests on intact animals, where sublethal or lethal doses
abolished the transplantability even of resistant tumours. The use
of all effective compounds is limited by their toxicity. The more
compounds with a wider margin of safety were developed, the more the
number of tumours increased amenable to treatment (Table 2). Thus it
can be concluded that quantitative methods, such as they are used for
the determination of the margin of safety, allow the transference of
the results obtained in a definite type of tumour, to other tumour
types and to clinical conditions. For this purpose two prerequisites
are essential:

(1) Concurrently with the assay compound a standard agent should be
tested, the pharmacological and clinical actions of which are
known on various tumour types.

(2) The quantitative results obtained with test agent and the
standard should be the same in both animal and clinical trials.

If the above requirements are complied with, the animal experiment can
be considered as an adequate model for the clinical conditions, which

has meanwhile repeatedly been confirmed in animal experimentation and

by clinical experience.

5.13 Primary screening

For primary screening we use the following model systems:

Yoshida ascites sarcoma AH 13 (rat BD II)
Walker 256 carcinosarcoma (rat Sprague-Dawley)

These two relatively chemosensitive tumour types were chosen because
under the given test conditions with cyclophosphamide as a standard,
they allow complete dose/action regression lines to be established
for the curative effect. Our own screening method is characterized
by great economy, its criterion is the therapeutic index and it
allows the calculation of the probability of acceptance (operation
characteristic curve). Our method has been published in all details

(9).

5.2 Special pharmacological characterization

The agents accepted in the primary screening are subsequently
assessed in detailed pharmacological characterization, nowadays
hardly more problematic than that of any other drug. This will be
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Fig. 7. Chloride ion liberation of chlormethine, cyclophosphamide,
ifosfamide, and trofosfamide (bicarbonate buffer solution pH 7.5;
0.026 M; 37°C)

Table 3. Cytotoxic concentration of ifosfamide, cyclophosphamide,
Nor-nitrogen mustard, chlormethine-N-oxide, and chlormethine in
the incubation test with Yoshide ascites cells in vitro

Yoshida ascites

c d sarcoma
ompoun in vitro (37°C.1h)
EC50 [ug/mi]
Ifosfamide > 1000
Cyclophosphamide > 1000
Nor-nitrogen mustard 10
Chlormethine-N-oxide 05

Chlormethine o1
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demonstrated by the example of oxazaphosphorines: cyclophosphamide,
trofosfamide and ifosfamide, for which I have my own data available.

5.21 Chemical and biological reactivity

With the alkylating cytostatics, the direct reactivity of the
individual compound plays an important role, as is particularly seen
in the case of nitrogen mustard and some ethylenimine compounds the
toxicities of which considerably interfere with their general
therapeutic use. Therefore the agents' reactivity should be care-
fully determined. For such an assessment several methods are avail-
able, e.g. the chemical corroborative test with L-(4'-nitrobenzyl)-
pyridine (NBP), or in mustard compounds, the determination of
chloride ion liberation in aqueous solution, and the bioclogical
incubation test with living tumour cells. In comparison to nitrogen
mustard and other directly acting alkylators, the chloride ion
liberation from oxazaphosphorine derivatives is considerably reduced
(fig. 7). In the NBP test, the 3 oxazaphosphorine compounds
practically exert no activity at all. In the incubation test, the
cytotoxic concentration of the oxazaphosphorines is four orders of
magnitude greater than that of the direct alkylators (Table 3).
Determination of the chemical reactivity and the result of the
biological tests always show the 3 oxazaphosphorines to be practic-
ally inert in vitro, thus being genuine "transport" forms of
nitrogen mustard.

5.22 Chemotherapeutic studies for the determination of the margin of

safety.

The margin of safety should preferably be determined in various
types of tumours on the basis of the toxicological tests. The lethal
dose/action regression lines are assessed for various routes of admin-
istration (e.g. i.v. and orally), preferably in the type of animal in
which the curative and organotropic effects are determined.

In our cooperative group we determine the curative potency in
vivo in a number of tumour systems of rats and mice (Table 4). The
table shows U4 rat tumours, selected from the point of view of
increasing chemoresistance; in addition, a monocytic myeloid
leukaemia L5222, which is characterized by a specific biochemical
property, i.e. a high nonspecific esterase activity (23); further-
more, 3 mouse tumours, among them Leukaemia [1210. In this spec-
trum of rat and mouse tumours, as well as leukaemias, we effect a
detailed assessment of the dose/action relations.

For the so-called transport forms, the cancerotoxic effective-
ness in vivo is considered to be proof of their intracorporeal con-
version into the active form, and thus as proof of the mechanism of
action.
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From among the great number of in vivo results, only a few will
be described: Table 5 shows the results of comparative studies in
Yoshida's ascitic sarcoma AH 13 of the rat on single i.v. adminis-
tration and on fractionated administration (distribution of the total
dose over 4 consecutive days). The data and indices of the table show
the oxazaphosphorine compounds to have about the same curative potency
as the standard chlormethine N-oxide, whereas they are considerably
less toxic than this and other active nitrogen mustards. Thus toxic
and therapeutic actions are not necessarily related to each other, so
that a higher selectivity can actually be reached.

The assessment of cyclophosphamide in leukaemia 15222 showed an
interesting result (fig. 8). In the lower dose range (0.5 to 2.0
mg/kg) the curative rate appears to depend directly on desage with
between 2 and 10 mg/kg of the leukaemic animals are definitely cured.
Whenever a dose of 10 mg/kg is exceeded, the results are worse again
and the animals die from leukaemia. In this type of tumour, the
close relationship between the drug's chemotherapeutic action and the
body's readiness for defence can be demonstrated with special
clarity. The curative effect of a cancerotoxic compound does not
only depend on its cytocidal effect, but also on the body's defensive
powers. If these are hampered by immunosuppression, surviving cancer
cells may cause a relapse.

5.23 Time/action relation

The lethal doses, by means of which the margin of safety is
calculated, are usually determined in what might be called a
"timeless" method on single administration. This is however only
permissible, if the drug's action is practically a function of its
concentration, i.e. if its action is due to a relatively rapidly
reversible concentration effect. Since the cumulative toxicity of
almost any cancer drug such as antimetabolites, alkaloids and
alkylating agents is very high and often additive, the pharmacologist
has to study in detail all possible risks of long-term treatment.

Although the cumulation of toxicity of any drug is dangerous,
cumulation of its therapeutic action may be desirable and highly
useful. Therefore the therapeutic value of an antitumour agent is
the greater, the more rapidly its toxic effect is reversible and the
more its curative effect is cumulated. According to Druckrey (17),
the cumulative properties may be assessed quantitatively by determin-
ing that part of the cumulative action which is reversible within
a certain period of time, e.g. 24 hours. The cumulation residue C
is the complement of the quantity R following the equation R+1-C.
The C values are calculated by comparative determination of the D 50
values on single dose administration and on subdividing the total
dose into 4 individual doses.

The results of comparative studies on cyclophosphamide and
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Fig. 8. Dependence of the cure rate on the heigh}'3 of a single iv
dose applied 5 days after inoculation with 5 x 10~ leukemic cells
(Leukemia L5222) ip in adult BD IX rats

Table 5. Curative and lethal doses as well as D50 indices of chlor-
methine-N-oxide, cyclophosphamide, trofosfamide, and ifosfamide with
one single dose and 4 separate doses in the Yoshide ascites sarcoma
of the rat (AH 13)

Number of | |~ 50 | cp 50 | LD 50 | Therapeutic
C d |adminis - _— it
oo |stmns ot co%0 | 40
Chlormethine- ! 50 54 93 108
N-oxide 4 90 78 | 15 8.7
Cyclophos - 1 150 39 38 26
phamide 4 %o | 80 | 175 57
1 63 21 30 33
Trofosfamide
4 80 65 123 8,1
1 150 77 195 5.1
/fosfamide
4 190 6.3 30 33
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ifosfamide are shown in fig. 9. The toxic cumulation rest of
ifosfamide after 24 hours is about 83%, of cyclophosphamide nearly
100%. The curative action behaves just the other way round, for
cyclophosphamide the C value is about 45%, whereas for ifosfamide

it is about 100%. Thus the curative action of ifosfamide is much

more cumulative than that of cyclophosphamide. Therefore on fraction-
ated dosage, ifosfamide would yield definitely better results,

whereas on single adminstration, cyclophosphamide would be superior.

5.3 Assessment of organotropic effects

5.31 Leukotoxic action.

The therapeutic use of alkylating cytostatics is limited by
their leukotoxicity. Therefore the development of compouns of low
leukotoxicity is an essential requirement for further progress in
antitumour chemotherapy. This important problem can be elucidated
quantitatively in terms of danger coefficient. Table 6 shows the
probability of leukotoxicity of curative doses of the 3 oxazaphos-
phorine derivatives to be considerably smaller than that of the direct
alkylator chlormethine N-oxide and in addition they still appear to
have certain differences in potency.

5.32 Immunosuppressive effect

In tumour therapy with alkylating agents the inhibition of
specific and unspecific defence reactions is known as an "undesirable
side effect". Therefore it is important for clinical use to assess
the cancerotoxic and immunosuppressive effect in its dependency on
dosage and in relation to toxicity. The humoral immunoreaction was
produced on rats by administration of Brucella antigens. For this
purpose the danger coefficient can be used again (28). D 1 indicates
the probability of immunosuppressive action of a curative dose
(CD 84), D 2 the probability of toxicity of the immunosuppressive
dose. The indices reveal cyclophosphamide and ifosfamide to exert
a more pronounced immunosuppressive effect than trofosfamide, which
has a relatively slight immunosuppressive effect. That is of
practical importance in maintenance therapy (Table 7).

5.33 Assessment of the carcinogenic risk of cytostatic agents in man

Late effects of alkylating agents are due to their nucleotoxic
and genotoxic action, which might produce teratogenic, mutagenic and
carcinogenic effects just like antimetabolites and antibiotics. These
effects can now be assessed both qualitatively and quantitatively in
a relatively small number of animals.

An essential prerequisite for all tests is to know the spontan-
eous tumour rate of the experimental animals. Specifically carcino-
genic action should preferably be tested in a strain with a low
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Fig. 9. Cumulative rest C of the curative and toxic activities of
cyclophosphamide and ifosfamide. C = the fraction of activity still
present after 2L hours and able to cumulate when dividing the total
dose into 4 daily doses.

Cumulative rest

Table 6. Leukotoxic effects of cyclophosphamide, trofosfamide,
ifosfamide, and chlormethine-N-oxide. Correlation between curative

and leukotoxic effects (Yoshide ascites sarcoma) following 1 single
iv injection in rats

Compound | maiiy | 830 |° P ™
Cyclophosphamidel 21,3 4,75 12 12

Trofosfamide 17 81 10 5

Ifosfamide 44 68 06 10
Chlormethine-N-ox. 1 2 44 86

Table 7. Danger coefficient obtained from the curative; immunosup-

pressive and lethal regression lines for cyclophosphamide, ifosfa-
mide, and trofosfamide

Danger . . .
coefficient Cyclophosphamide | /fosfamide | Trofosfamide
oI 090 % 4,0% «0,02%
DII , 0,02 % 08% 4,50 %

1) Probability of immunosuppressive action of the DC 84

2) Probability of toxic (lethal) action of the fully immuno-
suppressive dose
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spontaneous tumour rate; nonspecific tumour development such as
increased tumour growth induced by immunosuppression, is preferably
tested in a strain with a higher spontaneous tumour rate.

To clarify the relations between chemotherapeutic potency,
margin of safety and carcinogenic effect, the most important pharma-
cotherapeutic indices including the carcinogenic ones are shown in
Table 8 (10).

The pharmacotherapeutic development of cyclophosphamide from
chlormethine via chlormethine N-oxide does not only reveal the con-
siderable reduction of toxicity (LD 50 value, danger coefficient for
the leukotoxic action) and the marked increase of the therapeutic
index, but also the pronounced reduction of carcinogenicity. The
pharmacotherapeutic advance becomes even more conspicuous if the
carcinogenic effect is not only related to the absolute dose (as a
percentage of the LD 50), but if the single-dose curative effect is
also taken into account. Comparison clearly shows that a drug's
carcinogenic action is not necessarily related to its chemotherapeutic
potency. Therefore the development of new drugs of a wider margin of
safety appears to be basically possible and of urgent necessity.

Since the individual carcinogenic effects are practically
irreversible, the decision to institute clinical treatment must be
based on rigid principles. On the other hand, the risk should not
be overrated, since experience has shown that latency periods of 10
years or even more are to be expected. Cancer is a vital indication
which necessarily implies certain risks. Even radiation therapy may
eventually induce cancer, and surgery is not at all free from any risk,
Therefore the demand for rigid principles of indication equally
applies to all three types of treatment. The use of suitable
chemotherapeutic agents in inoperable and chemosensitive systemic
tumour conditions is not only justified, but urgenly indicated for
vital grounds. Even in juvenile patients drug treatment may be
vitally indicated, as for instance in Burkitt's tumour, which can be
cured in about 60% of the cases with high cyclophosphamide doses
without any carcinogenic effect having been observed so far.

The drugs should be selected for the individual conditions from
a pharmacotherapeutic point of view, carefully pitting their
therapeutic effectiveness in the respective type of tumour against
the risks involved.

For post-operative use, chemotherapy is indicated whenever the
primary tumour is sensitive to chemotherapy and whenever there is a
risk of general spreading. In this connection, important pharmaco-
therapeutic principles have been elaborated in animal experiments.
Fig 10 shows that in DS-carcinoma of the rat, which is known to be
relatively resistant to cyclophosphamide, radical surgery alone
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Fig. 10. Surgical removal of DS-carcinosarcomas (30 g) without and

combined with chemotherapy (cyclophosphamide, single dose). Test:
definite cure (according to Druckrey ).
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produced cures in a few rats only, whereas concurrent administration
of cyclophosphamide allowed a definite cure in up to 90% of the

animals in dependence on dosage.

5.4 Mechanism of action

The question of the relative selectivity of cyclophosphamide
and other potential slkylators, whose action is based on the trans-
port form/active form principle, has intensely been treated in the
last 10 years. At the beginning of July 1975, the Chester Beatty
Research Institute held a Symposium on this subject, which was
attended by a great number of experts.

Shortly after administration of cyclophosphamide to warm-
blooded animals, the serum, various bloodfree extracts, urine and
bile contain high concentrations of compounds which differ from
cyclophosphamide by their cytotoxic activity on isclated ascitic
cancer cells in the incubation test, by the spontaneous alkylation
in the NBP test, and which are separately determinable (5). These
primarily activated metabolites are preferably formed in the liver
by means of a microsomal enzyme system with the consumption of
NADPH, and oxygen (7). The chemistry of the metabolic breakdown in
vivo ﬁas been elucidated in many individual stages, as can be seen
from the following scheme (fig. 11).

Of special importance are the primarily activated metabolites
of cyclophosphamide, the tautomers L-hydroxy-cyclophosphamide and
aldophosphamide, which can be considered as transport forms of
higher reactivity. These two compounds are not so highly reactive
as the direct alkylators, but on the other hand, they are not so
stable as cyclophosphamide or 4-keto-cyclophosphamide. Their
cytostatic activity in vitro shows an outstanding cytotoxic quotient
of 63 (cytostatic units per pmol of N-mustard derivative), which is
only exceeeded by chlormethine. In contrast to chlormethine, u4-
hydroxycyclophosphamide has a wide margin of safety due to its
considerably reduced in vivo toxicity (Table 9).

The tautomers U-hydroxy-cyclophosphamide and aldophosphamide do
not represent direct alkylating compounds, but they acquire their
alkylating properties only through cleavage of the phosphoric acid
ester bond, which leads to acrolein and nitrogen mustard phosphoric
acid diamide which is an intense alkylator and has to be considered as
the proper active form of cyclophosphamide.

This assertion appears to be contradictory to the relatively
weak cytostatic effect of nitrogen mustard phosphoric acid diamide
on isolated cells of Yoshida's ascitic tumour. This discrepancy is
probably due to the slight permeability of the anionic nitrogen
mustard diamidophosphoric acid. A specific cancerotoxic effect can
only be expected if the active form is liberated from L-hydroxy-
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Table 9. Chemical reactivity and biological activity of nitrogen
mustard compounds and cyclophosphamide metabolites
mol. in vitro in vivo
Nitrogen mustard derivatives
weight | alkylating ac- Cl'-hydrolyu” cytotoxic ac- cDh 50 LD 50 | DSO-Index
tivity 1) 1 val/mol tivity 3) 4) 0 50,
[%] in [cu/umo1 ] [mg/ke) | [me/kgl ‘CD 50
c H
Cyclophosphamide I\/\N\ 279 1.3 >74d <0.03 1.25 220 175
ca\/ 4
c H 0
4-Keto- EVAN Y,
cyclophosphamide cl/\/"/\/y;D 275.1 1.2 >74 <0.0? >800 >800 -
\
d
c H OH
4-Hydroxy- EVAN %
cyclophosphamide Cl/\/:/@ 277.1 65 480 min 63 1.25 150 120
o.
4-Hydroperoxy- C]\/\ 0 OOH :
cyclophosphanide (:1/\\/“\1/ 293 o 240 min 21 1.25 97.5§ 28
7 o
N
Carboxy- 7 ~ ~ ~
phosphamide Cl/\/N\P/“HE 293 85 >74d 0.1 200 800 4
o’ 00H
N,N-Bis- c
(2-chloroethyl) J\/\r\ NH 221 90 60 min 2.5 20 61 3.5
phosphorodiami- cy\/ B
dic acid ¢ ou
Acrolein H)c = <:<H 56.04 (1.9 - 0.4 2.15 7.3 -
H >c -
H
X [ANPIN
Nor-nitrog:
Nor-ait en Cl/\/q_n 178.5 100 60 min 1.35 4o 100 2.5
ELVAN
Chlormethine N-CH. 192.5 100 15 min 138 0.25 1.1 bob
aN
CL N\ /CH
Chlormethine- 3 i
N-oxide o o 208.6 100 180 min 1.5 5 60 12
1) NBP-test 2) pH 7,5; 37° ¢ 3) Yoshida sarcoma 4) Yoshida sarcoma
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cyclophosphamide within the cancer cell. Of special consequence is
the observation (13), that the active tautomers are enzymatically
transformed into the inactive LY-keto-cyclophosphamide and carboxy-
phosphamide. Further to this the degree and site of the hydrolytic
cleavage of the oxazaphosphorine ring in the cell may be altered by
reactions between the L-OH group of L4-hydroxy-cyclophosphamide or
the oxo function of aldophosphamide and free thiol groups. These
complex possibilities, the kinetics of which have to be studied more
intensely, are ultimately the underlying principle of the select-
ivity of the transport forms (22,31).

5.5 Models for preclinical pharmacology

The clinician expects the pharmacologist to supply him with
reliable data for the best possible clinical use of the drug. Thus
it is understandable that in recent years many pharmacologists have
tried to study the drug's basic principles of action and to elucidate
its mechanism so as to obtain an even better basis for optimum
therapeutic administration.

5.51 Optimum dosage

The question of optimum dosage is of general importance and
should be clarified for any drug before its involvement into
polychemotherapeutic schemes. With special regard to the oxazaphos-
phorines, quite a number of experience is available. One has to
distinguish between the conventional dosage (2 to 3 mg/kg) and
massive-dose treatment (20 to 60 mg/kg). The oncologist has
invariably to make the decision on the individual dosage suited for
each patient in accordance with the type of tumor condition. 1In
animal experimental studies Druckrey (17) has clearly shown that with
rising dosage of cyclophosphamide, not only the curative rates of
certain tumour types shows an increase, but also other tumours become
amenable to the drug (fig. 12). On the other hand, treatment with
fractionated doses or doses which are evidently too low might induce
tumour resistance (fig. 13). Massive-dose treatment, e.g. with
cyclophosphamide or ifosfamide, facilitates individual dosage, since
the physician has enough time to observe the reaction of both patient
and tumour, and then to determine the size and time of administration
of each of the following doses. If the tumour does not respond to
the maximum tolerated dose, the drug should be discontinued, since
it would only throw an unnecessary burden on the patient.

5.52 Polychemotherapy

Another possibility of increasing the selectivity of the anti-
tumour action and therby improving the therapeutic results, is the
institution of polychemotherapy, where various agents are combined
in the hope to obtain better therapeutic results with concurrent
reduction of toxicity. Combination therapy is expected to lead
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Fig. 12. Degree and duration of regression of DS-carcinoma depending
upon the dosage of cyclophosphamide (single iv injection, medium
values) (according to Druckrey)

30[mg/k5,_7]‘ 5{7 [mglkg]

w
S
L

[ J

.I
s {
&y | 5[mglkg] daily R .oo“"o.o‘n:Q
3 - -0’
10t ’.’.,o =10
= i =12
z 4 ) /S n
: ot R
5 /
2 10 ’
s f /
041 /'
021 /0
o1t e n=13
0 10 20 30 40 [@] 50

Time after transplantation

Fig. 13. Therapeutic ineffectiveness of 30 daily doses of 5 mg/kg
of cyclophosphamide and increase of resistance in the DS-carcinoma
(according to Druckrey)



N. BROCK

46

quswyeaIy Jo dnoad god STBWIUB paJnd A[99TULJSD :SUNMTOD dY3 SA0QE 93BIUSIISJ
0 SWT3 9B UT3STJIOUTA YJTM Po3BOIgaad STBUIUB UT SPTWRISOIT BA4
STeWTUR JNOUMY Po3BIIJUN UT SPTWEISOJT []
0 SWIY I99J8 U H9QHSEQT Y = 9 gn 2e ‘9T g SWIL
SPTWBISOJT + UTISTJIOUTA pa
(B3ISY) SPTWEBISOIT []
(LTTTT) @23eydIns UTYSTIOUTA g5 FurqJesd Jnoumq JI93J8 U HZ = O SUWIL
:SUOTQBIPSTUTWPE SNOTJIBA 9Y3 JO souanbsg :BSSTOSAY
‘g DOTTBO ST SWI4 TBATAINS oFeI2A® 3U3 ‘SATAINS STBWIUER JNOUWM] PIJBII} 3UF JO %06 ueyL
aJqow JI °*STBWIUE JNOUMJ P43BOJIQUN JO SWTLYF TBATAJINS Y3 JO oTdTaTnW B SB SWI] TBATAJNG :33BUTPIO
*opTWBISOJT
DUB UT3STJIOUTA JO UOTFBUTQWOD 9U3 PUB SPTWEISOJT SUTISTIOUTA UFTM FUSUIEBSI] JISPUN
(®B3SY) BWOOIBS S93TOSB BOTYSOX JUBISTSIIOWSYD dY3} UT PIUTBIQO S93Bd 2Jamd pu® SWIY TBATAING : T *ITd



EXPERIMENTAL BASIS OF CANCER CHEMOTHERAPY 47

either to simple summation or even to potentiation of the therapeutic
effects of each of the components, whereas the toxic effects are not
increased. Such a polychemotherapy requires adequate dosage at
appropriate time intervals, and careful choice of the individual
drugs. Taking these factors into account, in adequate animal model
systems Goldin (19) as well as Schabel and Skipper (30) have
elaborated an essential basis for the large-scale use of modern
polychemotherapy. By the advent of reasonable polychemotherapy—
schemes it became feasible to control human tumour diseases so far
out of range. In practice, the individual agents should preferably
be chosen from among different classes of compounds with different
points of attack. For instance, an alkylator should be combined
with an antimetabolite, an alkaloid, an antibiotic or a hormone.
Each of the involved compounds should, if given alone, produce a
well defined anticancer effect in the respective type of tumour.
In spite of greater therapeutic benefit, combination therapy may
also lead to an increase in untoward side effects or even to un-
desirable complications such as increased intensity of the drugs
well-known reactions, or new toxic disorders which had remained
latent in monotherapy. Therefore polychemotherapy continuously
requires particularly careful supervision of the patients.

5.53 Significance of proliferation kinetics and synchronization

of human tumour cells for cytostatic treatment.

Since many of the usual cytostatics exert an intense inhibitory
effect on definite stages of the cell cycle it 1s absolutely
essential to know not only the cytostatic mechanism of action, but
also the proliferative behaviour of the tumour cells if one wants to
obtain greater selectivity of action.

Of the cytostatics, for instance, vincristine interferes with
mitosis, 5-fluorouracil and methotrexate with the terminal phase
of the G, stage, cyclophosphamide and other alkylating cytostatics
with the S and G, stages. For a cell-stage-specific tumour treatment
it is important o know the proliferation kinetics of the respective
tumour cells so as to find out, in which phase of the cycle the
synchronized cells are most probably to be found. The cell kinetic
parameters cannot be determined in man by means of labelled DNA pre-
cursors because of the risk of radiation lesions. Such studies can
however be carried out in vitro with the aid of the double-labelling
method in human biopsy material.

The efficacy of synchronization therapy was first demonstrated
in animal experiments, e.g. in diploid Ehrlich ascitic cells or in
the resistant Yoshida ascitic sarcoma. Thus ifosfamide, administer-
ed during the S stage of the previously vincrinstin-synchronized
tumour cells, exerts a considerably greater cytostatic effect than
after administration to the asynchronously growing tumour (fig. 14).
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This proof of greater effectiveness and higher selectivity has repea-
tedly been produced even in clinical use by Klein, Gross, Lennartz
(24), Hartwich (20) and KBrner (25). Since vincristin is administ-
ered only for a short period of time at relatively low doses,
synchronization therapy can in fact be considered as a monotherapy.
Its side effects, measured by 1its leukopenic reaction, are not more
pronounced than those of a usual scheme of cytostatic treatment.

6.0  Prospects

T intentionally confined myself to describing the scientific
and experimental principles of modern cancer chemotherapy. The
approach to pharmacotherapeutic screening described above is
characterized by consequently adjusting the individual stages of
one test to the others. As early as in primary screening in animals
the results are related to the therapeutic index and to standard
agents, which provides a basic yardstick for the drug's assessment
in view of its later clinical use, and which in principle can be
employed until the last stage of test. Thus it 1s possible to obtain
a maximum of information from animal experiments and to speedily
identify genuine advances. It is to be hoped that the above princi-
ples of screening and assessing antitumour agents will soon become
generally accepted. This would allow uniform assessment of the
results of diverse cooperative groups.

Any investigator is of course free to go on using his own
methods in approaching specific problems. However, the increase 1in
selectivity of the cancerotoxic effect should be aimed at in all
future work. In view of the fact that in the field of carcino-
genesis we elaborated the principles or organospecific actions and
elucidated the interrelation between chemical constitution and
specific action (16), it should basically be possible to transfer
such an organotropic principle to antitumour agents as well. In
analogy to carcinogenesis, one might couple a suitable organotropic
compound with alkylators in terms ot the transport form/active
form principle. The prospect for the development of such a principle
has considerably improved, since suitable model systems for nearly
all types of tumours have been developed.

A target-aimed improvement of the efficacy of the available
anti-cancer drugs requires a precise knowledge of their mechanism
of action. Studies of this mechanism again require detailed
knowledge of the cellular metabolism onto which the drug acts.
Therefore, still increased efforts to clarify the various processes
involved in malignant growth are necessary. All the metabolic pro-
cesses related to cell proliferation are undoubtedly of great
practical interest for all possibilities of developing target-aimed
chemotherapeutic action on cancer cells. There is no doubt that the
oncologist has to consider all available therapeutic possibilities
and in particular to include the modern chemotherapy (and immunology)
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into the well-established methods of surgery and radiation therapy.
Chemotherapy of cancer, which usually has to be conducted along the
limit of toxicity, requires greater knowledge and experience than
most other types of drug treatment and is virtually an art. As
experimental experience has shown, the essential potentialities for
an effective remission lie in the first dose the patient 1s given.
If it 1s too low, such an error can never be corrected again. Thus
practical chemotherapy is a typical "do it yourself" task for the
oncologically experienced specialist. Obsolete illusions, such as
assigning the cancer patient to separate wards, are no longer
tenable, rather it is urgently necessary to institute special
oncological units in all university hospitals and large clinics, and
to appoint appropriate specialists to such units.

Whenever possible, the clinicians should enlist the cooperation
of qualified oncologists who work inthe field of experimental chemo-
therapy and who would be able to provide them with adequate advice
and scientific information. Such cooperation would be of utmost
importance for effecting the urgently needed advances in cancer
chemotherapy to the benefit ot the patient. Even in the future,
definite cure of advanced cases of cancer will continue to be
possible in a few isolated cases only. Therefore the most effective
means of fighting cancer is to prevent it. For this purpose we must
know its possible causative agents, their action, when and where
they become dangerous, and how people can be protected against them.
Even 1n the control of inf'ectious diseases, prophylaxis through
modern hygiene has proved to be the most effective instrument.

The carcinogenic agents are particularly dangerous, because
they also exert mutagenic and teratogenic effects, and therefore
the most essential task of preventive medicine is to use every
possible means for the realization of our scientific knowledge to
the benefit of mankind.
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NEW LEADS TOWARDS ANTITUMOR SELECTIVITY IN THERAPEUTICS1

Enrico Mihich

Grace Cancer Drug Center, Roswell Park Memorial Institute

N.Y. State Department of Health, Buffalo, N.Y. 14263, USA

SUMMARY

Four approaches to cancer chemotherapy currently being
studied in this Department are discussed: 1) correlations between
nucleotide pools in target tumor cells and selective activity of drugs;
2) reversal by a hormone of the host toxicity of an antitumor agent;

3) potential interference with cell division by uses of cyclic nucleotide
analogs; and 4) increased antigenicity of leukemic lines resistant to
certain drugs.

Cancer chemotherapy has achieved some success in the sense
that a certain number of patients with different types of cancer can now
be brought into complete remission through the use of drugs, and are
free of detectable disease five years or later after diagnosis. In most
types of tumors, however, chemotherapy alone is relatively ineffec-
tive. Failures are essentially related to the fact that the available
drugs lack sufficient selectivity of antitumor action. The occurrence
of resistance is another factor.

New and better anticancer therapies are sought through develop-
ment of new compounds and the better utilization of known drugs alone

1 Results discussed in this contribution were obtained with the par-
tial support of Grants CA-13038, CA-15142, CA-05298, CA-12585
from the National Cancer Institute, USPHS.
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or in combination. Information on drug kinetics and disposition and
on target determinants of drug action provides the basis for the
rational development of treatments with improved selectivity of anti-
tumor action. New approaches are derived from increased knowledge
of factors affecting regulation of cell metabolism. The immunological
system also offers opportunities for pharmacological intervention. A
thorough discussion of current directions in cancer chemotherapy

is beyond the scope of this contribution. Instead, four specific areas
under study in this Department are briefly described, as examples

of the new approaches that are being pursued.

The size of the metabolite pools in tumor cells can be expected
to affect the activation of appropriate antimetabolites, their ability to
compete successfully for specific enzyme sites, or the sensitivity of
biochemical targets susceptible to feed-back control. Therefore, the
profile of such pools may be useful in determining whether or not an
antimetabolite will ultimately be effective.

The toxicity which an anticancer agent exerts against non-tumor
tissues may be reduced through selective manipulation of the metabolism
of these tissues. For instance, supplementation of an end-product which
is more limiting for a normal than for a tumor cell may protect the nor-
mal cell from drug toxicity without affecting its antitumor action. This
idea has been applied in the differential reversal of antifolate toxicity
by citrovorum factor in animals (Goldin, et al., 1954) and in humans
(Frei, et al., 1975). Thymidine may also reverse methotrexate tox-
icity (Frei, et al., 1975). Modification of host toxicity by metabolites
which bear no structural resemblance to the drug can also be achieved.
For instance, the dose limiting toxicity of the antileukemic agent
3-deazauridine (3-DU) in mice is reduced by the administration of
testosterone (Bloch, et al., 1974).

Controls of cell proliferation may provide uniquely sensitive
targets in tumor cells. Cytidine 3',5'-monophosphate (cCMP) de-
tected in rapidly proliferating tissues (Bloch, 1974, 1975) was shown
to stimulate L1210 cells in culture to progress from G2 into M (Bloch,
1975) . Interference with the formation or function of cCMP may pro-
vide novel approaches towards new treatments.

Leukemia L1210 sublines resistant to certain drugs are more
antigenic and immunogenic than the parent leukemia (Fuji and Mihich,
1975) . Drug-related increases in immunogenicity may offer new pos-
sibilities in sequential therapy and in the utilization of highly antigenic
cells for immunotherapy (Mihich, 1973).
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Adenosine nucleotide pools in tumor cells and selective cytotoxicity
of NO( A %-isopentenyl)adenosine (IPAR). IPAR is an analog of
adenosine with antiproliferative action in cell culture and rodent tumor
systems, and which can cause complete but short-lasting bone marrow
remissions in patients with AML. Background information on IPAR has
been described elsewhere (Rustum and Schwartz, 1974, Slocum and
Hakala, 1975).

The extent of metabolic activation of IPAR in L1210 and ascitic
Taper hepatoma cells in mice was compared to the intracellular profile of
nucleotide pools (Rustum, 1975). The ratios of ATP/ADP and ATP/AMP
were 10 and 20-fold greater, respectively, in Taper hepatoma than in
L1210 cells. In Taper hepatoma cells the drug was phosphorylated to
the 5'-mono, di- and triphosphate derivatives and was incorporated
into RNA. In contrast, in L1210 cells, IPAR was phosphorylated only
to the monophosphate level (Rustum, 1975, Slocum and Hakala, 1975).
IPAR treatment markedly increased the survival of mice with Taper
hepatoma, whereas the survival of mice with L1210 was only mini-
mally affected, indicating that the differences in the extent of metabolic
activation of IPAR in these two tumor lines effects differences in their
therapeutic effectiveness (Rustum, 1975). The apparent relationship
between IPAR activation and magnitude of ATP/ADP and ATP/AMP
ratios found in target cells suggests that these ratios may be useful
indicators of the ability of cells to activate analogs of "salvage
metabolites.” The quantitative differences in the ribonucleotide pro-
files of L1210, P-288, Taper hepatoma, human AML and ALL cells did
not predict the degree to which a tumor relies on "salvage metabolites"
for nucleic acid synthesis, but they reflected the relative efficiency of
incorporation of such metabolites into nucleic acids (Y. M. Rustum,
personal communication) .

Reversal by testosterone of the intestinal toxicity caused by 3-DU,
The effectiveness of 3-DU against L1210 was significantly greater in
male than in female mice, and in castrated than in sham-operated
females (Bloch, et al., 1974). The administration of testosterone to
either females or males reduced the limiting intestinal toxicity. In
tumor cells 3-DU is metabolized to the nucleoside triphosphate deriva-
tive without being incorporated into nucleic acid (Wang and Bloch,
1972) . Reversal studies suggested that in L1210 cells and in normal
mouse tissues the drug interferes with the biosynthesis of cytosine
derivatives (Brockman, 1975). Amination of UTP by purified CTP
synthetase was inhibited by 3-deazauridine triphosphate competitively
with respect to UTP (McPartland, et al., 1974). Glutamine provides
the amino group in this reaction. It is of interest, therefore, that

o S, 58- o -amino-3-chloro-4,5-dihydro-5-isoxazole-acetic acid
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(U42126) a new antileukemic agent which acts as an antagonist of
glutamine (Neil, et al., 1975), is also more effective in male than in
female mice bearing L1210, and that the intestinal toxicity of this com-
pound is also reversed by testosterone (G.L. Neil, personal communi-
cation) . Reversal of the intestinal toxicity of two different inhibitors
of the CTP synthetase reaction by testosterone provides an example for
the possibility of increasing selectivity of antileukemic action by de-
creasing the limiting toxicity exerted against normal tissues.

Cyclic CMP and cell proliferation. cCMP was recently isolated from
leukemia L1210 cells (Bloch 1974) and was found in about 50-200 fold
greater concentration in regenerating than in normal rat liver (Bloch
1975); cCMP was also detected in urines from patients with AML but
not in urines from normal individuals (Bloch et al., 1975). This com-
pound accelerated the progression of L1210 cells in culture into mitosis
and reversed the decelerating effects of cAMP in this system (Bloch,
1975) . Thus inhibitors of cCMP formation and/or function may stop
cells from entering mitosis. The therapeutic value of this approach
would depend on whether this inhibition would lead to the destruction
of arrested tumor cells or merely to a decrease of their growth frac-
tion.

Increased immunogenicity of tumor cells. Immunogenicity of tumor
cells may be increased by chemical or enzymatic modification of the
plasma membrane (Mihich, 1973). Immunogenicity and antigenicity

of leukemic cell populations is also increased subsequent to the develop-
ment of resistance to certain agents (Fuji and Mihich, 1975). It is not
yet clear whether, in either case, this increase is due to the selection
of more antigenic cell lines or to drug-induced inheritable changes in
antigenic expression. The increased immunogenicity of resistant sub-
lines entails increased sensitivity to drugs unrelated to the one against
which resistance was developed and may thus provide a useful basis
for sequential chemotherapy. It is also possible that drug-induced
increases in the immunogenicity of tumor cells may be exploited

to elicit an increased immune response to the cells in the primary host,
or that these cells may be used for immunotherapy. The fact that
resistance to certain drugs such as guanazole is accompanied by in-
creases in tumor-associated antigens is promising in this regard.

CONCLUDING REMARKS

As outlined in this brief discussion, increases in the selec-
tivity of anti-tumor action may be obtained through modification of
the tumor cell metabolism, leading to the increased activity of an anti-
metabolite or it may be effected through modification of the drug
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sensitive metabolic target in normal tissues, leading to a reduction
in toxicity. Pharmacological modulation of the controls of tumor cell
division may represent another approach for intervention. Drug-
related increases in tumor immunogenicity may be exploited thera-
peutically. The ideas discussed require further experimental verifi-
cation before generalizations applicable to clinical therapeutics can
be formulated .
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AN EXPERIMENTAL APPROACH TO INCREASE SELECTIVE TUMOUR

TOXICITY OF METHOTREXATE

M. H. N. Tattersall
Charing Cross Hospital (Fulham)

Fulham Palace Road, London W6 8RF

Thymidine protects mice bearing leukaemia L1210 and P388 from
methotrexate toxicity without impairing antitumour activity. When
thymidine containing pellets were implanted subcutaneously in L1210
leukaemia bearing mice, the therapeutic dose range of methotrexate
was increased three-fold. The toxic effects of methotrexate in
mice may be ascribed to a disturbance of de novo thymidylate
synthesis but the antitumour activity must be due to a disturbance
of some other folate dependent pathway.

Introduction

The combination of high dose methotrexate and folinic acid
rescue has been used clinically for several years (1,2), The
enhanced therapeutic index of the combination compared to
methotrexate alone has been established in some experimental
tumour systems (3) and in patients with head and neck tumours and
osteogenic sarcoma (4,5). Delay in administration of folinic acid
after methotrexate is necessary for optimal tumour effect in
experimental animals but the optimal timing of the rescue in man
has not been established. The biological basis for the increased
therapeutic effect of methotrexate folinic acid is not known but a
number of hypotheses have been advanced (6), Recently an
alternative approach to methotrexate rescue has been proposed,
When given at appropriate time intervals after methotrexate
treatment, asparaginase prevents the bone marrow toxicity of
methotrexate and the antitumour effects of the combination are not
necessarily similarly reduced, L Asparaginase reduces the
cytotoxicity of methotrexate by inhibiting protein synthesis thus
preventing the entry of cells into the DNA synthetic phase of the
cell cycle during which cells are sensitive to methotrexate (7).
The value of this combination in the treatment of acute leukaemia
has been reported recently (8). We have studied the effect of
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thymidine on the toxicity and antitumour activity o¢f methotrexate
in leukaemia bearing mice. Our result indicate that thymidine
decreases markedly methotrexate toxicity but does not reduce the
antitumour effect., Thymidine allows substantially greater doses
of methotrexate to be administered to tumour bearing mice and the
antitumour activity of methotrexate has been increased.

Materials and Methods

Thymidine was purchased from Nutritional Biochemical
Corporation, cholesterol from Aldrich Chemical Co., and methotrexate
and folinic acid were obtained from the Division of Cancer
Treatment, National Cancer Institute. 250 mg cholesterol pellets
and thymidine pellets each containing 60 mg of thymidine and 190 mg
cholesterol were pressed using a Wabash hydraulic press, Drugs
for injection were dissolved in water and administered intraperi-
toneally or subcutaneously.

Animal Studies

The toxicity of the drugs in non tumour bearing BDF1 mice was
studied by daily weighing and survival of drug treated animals
compared to controls, The antitumour activity against rodent
ascitic tumours was studied in vivo. The cell lines were carried
by weekly serial transplantation. The lines of L1210 and P388 used
in the experime%ts have been maintaineg for several years in this

department, 102 cells of L1210 and 10° cells of P388 were
inoculated routinely intraperitoneally, and drug treatment was
started 24 hours later, Thymidine and cholesterol pellets were
implanted subcutaneously in the nape of the neck, and left in
place for 3 days. In some experiments the pellets were changed
every three days for a total of ten days.

Results

Table 1 shows the effect of simultaneous administration of
methotrexate (MIX) and thymidine (TdR) or folinic acid (CF) on
normal mice. The results indicate that TdR will prevent the
toxicity of 250 mg/kg MTX but not 300 mg/kg, whereas CF prevents
toxicity of MTX at 300 mg/kg. Chart 1 shows the weight changes in
these animals, and indicates that CF is superior to TdR in
preventing the weight loss caused by MIX treatment, Tables 2 and

3 show the effect of TdR given intraperitoneally (ip) and
subcutaneously (sc) on the toxicity and antitumour activity of

MTX in leukaemia L1210, The results indicate that the simultaneous
administration of TdR both ip and sc with MTX protects animals to a
large degree from the toxicity of MIX and does not inhibit the
antitumour activity. The results also show that TdR alone does not
have any antitumour or toxic effects. Table 4 indicates that TdR
prevents the toxicity of MIX in animals bearing P388 leukaemia
without inhibiting antitumour activity. In this experiment MTX at
200 mg/kg as a single dose was toxic in the majority of mice, hut
TdR completely prevented toxicity.
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Table 2

The Effect of intraperitoneal Thymidine and Folinic Acid
on the Toxicity and Antitumour activity of
Methotrexate in Leukaemia L1210

Dose

mg/kg Schedule No. Median Day of Death %_ILS
Control — 22 9.0 810, 98, 102, 112
CF 200 bidx3 6 8.5 85,9 -
TdR 500 tidx4 6 9.0 8 93,210 0
TR 1000  tid x 4 £.5 8, 9°, 10 -6
MTX 200 gdx1l 6 11.5 52, 11, 12, 14, 15 428
WTX 250  qdxl 6 5.0 53, 13 45
WTX 25 adxl 6 6.0 55, 17 13 -34
MTX 300 qd x 1 6 50 5% Ty 14 =45
wx] 200 qaxl o 125 11, 12, 13° £39
TdR| 500 tid x4
MTX] 250  qdxl o 120 11, 12, 13° £33
TaR| 500 tid x 4
MTX] 215  adxl  12.0 11, 12%, 13 +33
TR 500  tid x 4
MTX] 30 g@dxl , 120 7, 12% 13 £33
TdR| 500  tid x 4

_ 2

MTX 215  adx1l , 1.5 10, 11°, 12, 3 +28
T4R| 1000  tid x 4
MTX] 300 qaxl o 125 11, 125, 13° +39
TaR| 1000  tid x 4
MTX | 300 dxl 95 93, 10° +6
CF 200 bid x 3
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Simult.

12 hr
delay

24 hr
Delay

Table 4

M.H.N. TATTERSALL

The Antitumour Effects of Methotrexate, Thymidine

and Folinic Acid in Leukaemia P388

Dose

méZké Schedule

Control ——

CF 200 qd x 1
TdR 500 tid qd 1-3
MTX 200 gdx 1
MTX 250 qgd x 1
MTX 275 qd x 1
MTX 300 gdx1
MTX 200 gd x1
TdR 500 tid qd 1-3
MTX 250 qgd x 1
TdR 500 tid gd 1-3
MTX 275 gd x 1
TdR 500 tid gd 1-3
MTX 300 gdx1
T4R 500 tid qd 1-3
MTX gd x 1

CF

MTX gd x 1

CF

MTX gd x 1

CF

No.

13

Median Day of Death % ILS
u  13%, 1, 15°
16, 18
13.5  13°, 14°, 15 -4
1w 135,143, 16 o
545 53, 6,,20, 21 =61
55 55, 65,20 -6
6¢5 5y 67, Ty 21, =54
23
5e¢D 57, 67, 7 =61
20 18, 20% +43
19.5 19, 20%, 24 +39
9.5 62, 19, 20°,  +39
22
20,5 6,,19, 20, +46
212,725
16.5 165, 17, 18,  +18
19
20 17, 205, 22,  +43
24
21 20°, 21%, 22 450
25
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Table 5 indicates that the therapeutic effect of MIX is

slightly greater if TAR treatment is delayed 12 hours after MIX.
In these experiments TdR was superior to CF as a delayed rescue
agent. In some experiments the superiority of TdR compared to CF
as a rescue agent was less clear, Table 6 shows the effect of
TdR pellets implanted subcutaneously on the toxicity and antitumour
activity of MIX in L1210 leukaemic bearing mice. The results
show that TdR pellets increased threefold the therapeutic dose
range of MTX given in the optimal schedule for leukaemia L1210,
The antitumour activity of MTX was not compromised by the TdR
pellets, but the data do not indicate a clearly increased
antitumour activity of MIX at 3 times the usual optimal dose.
Experiments with TdR pellets and MIX in the treatment of a MNIX-
transport resistant subline of L1210 leukaemia will be reported
elsewhere,

Discussion

The results reported here indiate that thymidine protects
normal tissue in the mouse to a greater extent than malignant
tissue against the toxic effects of MIX, This differential effect
means that substantially larger doses of MIX can be administered
to tumour bearing animals than is possible in the absence of
thymicine, and this may permit more effective treatment of
"yresistant" tumours., The biological bases for these observations
are not established, but the results suggest that MIX causes
thymidylate starvation in tissues which are usually MIX dose
limiting in the mouse, and that these effects are substantially
prevented by thymidine which may enter the thymidylate pool via
the salvage pathway. The participation of a reduced folate
cofactor 5,10-methylene tetrahydrofolate in de novo thymidylate
biosynthesis and the block of this reaction in cells treated with
methotrexate has been established (9,10). These data indicate
that in L1210 and P388 leukaemic cells, methotrexate may have a
different site of action which is not bypassed by thymidine,

Reduced folate cofactors are required not only for dTMP
synthesis but also for de novo purine biosynthesis, certain amine
acid interconversions and possibly the methylation of dopamine
(11,12). Clearly any of these reactions could become limiting
in tumour cells in the presence of methotrexate and thymidine
before similar disturbance occurred in normal tissue.

Whereas any one of these factors may be responsible for the
selective reversal by thymidine of MIX toxicity in normal tissue
without compromising the antitumour effect, another possibility
also must be considered. Bone marrow cells were shown by Lajtha
and Vane (13) to utilise purines preformed in the liver for nucleic
acid synthesis, Moreover, erythropoietic responses to a 48 hour
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thymidine infusion have been reported in human megaloblastic
anaemia (14). These data suggest that a disturbance of purine
biosynthesis may not occur in bone marrow cells due to folate
depletion or antifolate treatment because the bone marrow cells

do not synthesise purines de novo. Since the dose limiting
toxicity of MTX in rodents is the bowel, the results reported here
that thymidine reduces substantially MTX toxicity in mice suggest
that gut cells may also not depend on de novo purine biosynthesis
but utilise purines either in the diet or preformed in the liver
for nucleic acid synthesis,

Following intravenous administration, thymidine removal from
the blood in mice occurs in two phases. One with a half-time of
less than a minute, the other with a half-time of about 8 minutes
(15). It is therefore surprising that the subcutaneous and
intraperitoneal administration of thymidine reported here was so

Fig. 1. The effect of thymidine and citrovorum factor on methotrexate
treated mice.
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effective at preventing MIX toxicity. The thymidine pellets used
in these experiments were modelled on those reported by Lee and
Prensky (16) who found that serum concentrations of thymidine in
the mouse were maintained between 3 and 20 times normal for up to
48 hours after subcutaneous implantation in CDF mice. We have
not measured the serum thymidine concentration following the
implantation of our pellets but the results indicate that the
toxicity of MTX has been substantially reduced by the pellet,
presumably due to thymidine release.

Some tumour cells have been noted to be extremely sensitive
to thymidine, and it is reported that this sensitivity correlates
with the cellular level of thymidine phosphorylase (17). L1210
cells do not belong to the group of thymidine semnsitive tumours,
and no antitumour effects of thymidine alone were observed in
these experiments. It is possible however that manipulation of
the serum thymidine level may lead to selective antitumour effects
in special circumstances, and since thymidine infusions have been
administered in man without side effects, it is possible that this
approach should be explored, We have recently started a phase I
evaluation of methotrexate~thymidine in patients with disseminated
solid tumours, and the results of these studies will be reported
in due course,
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ALTERATIONS IN INTRACELLULAR CYCLIC AMP AS A POTENTIAL FORM OF

ANTI-TUMOUR CHEMOTHERAPY

M.J. TISDALE and B.J. PHILLIPS

Department of Biochemistry, St. Thomas's Hospital
Medical School, London SE1 TEH, UK., Chester Beatty
Research Institute, London, SW3 6JB, UK

SUMMARY

The possibility of using cyclic AMP either as an inhibitor of
cell proliferation, or to facilitate the reversal of the
abnormally differentiated state of neoplastic tumours has been
considered. The parameters involved in regulation of intracel-
lular levels of cyclic AMP have been defined. The anti-tumour
akylating agents have been given as an example of tumour growth-
inhibitors the mechanism of action of which may involve cyclic AMP.

The discovery of adenosine 3',5'-monophosphate (cyclic AMP)
by Sutherland and Rall, and the elucidation of its role in cellular
function provide an opportunity to use this system for the
development of new drugs. Cyclic AMP is an important intracel-
lular mediator which is involved in the control of cell growth
(Eker 197h; Kurtz et al. 1974), morphology (Prasad and Sheppard
1972) and in the regulation of mitosis (Millis et al. 197h).
Malignant transformation is often accompanied by defects in the
metsbolism of cyclic AMP in cells either chemically (Murray and
Verma 1973) or virally transformed (Carchman et al. 1974). This
is reflected in a lowered basal intracellular level of the cyclic
nucleotide in malignant cells compared with the tissue of origin
(Oler et al. 1973). Furthermore, addition to transformed cells of
cyclic AMP, or agents which elevate the intracellular level of
cyclic AMP, cause morphological reversion and differentiation in
many cases (Edstrom et al. 1974). Thus one approach to cancer
chemotherapy would be the design of agents which selectively
alter the concentration of cyclic AMP in neoplastic tissues.

The intracellular level of cyclic AMP is a balance between
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its rate of synthesis from ATP by membrane bound adenylate cyclase,
its rate of degradation by cyclic nucleotide phosphodiesterase,

and its loss to extracellular fluid. In many cases alteration in
the activity of the adenylate cyclase is responsible for the
lowered intracellular level of cyclic AMP (Pastan and Johnson 19T7h).
In view of this and also in view of the highly specific discrim-
inative nature of the cyclase which appears to be primarily
designed to distinguish only the natural information transferring
molecules (hormones), drug-induced alteration of cyclase activity
in neoplastic tissue would appear unlikely. Loss of cyclic AMP to
the extracellular fluid is also an important factor in determining
the intracellular levels of the cyclic nucleotide. Little is

known of this process however, e.g. whether it is active or
passive, or whether it is affected by hormones or drugs.

The hydrolysis of cyclic AMP by phosphodiesterase appears to
provide the best possibility for altering the intracellular levels
of the cyclic nucleotide via the use of drugs. In a number of
tissues this enzyme hés been shown to exist in multiple forms
differing in their Michaelis-Menten constants (Km values),
stability, drug sensitivity, substrate specificity, electro-
phoretic and chromatographic behaviour, and subcellular local-
ization (Appleman et al. 1973). This tissue specificity of the
cyclic nucleotide phosphodiesterase may facilitate the design of
agents which specifically affect the enzyme in neoplastic tissue.

The anti-tumour alkylating agents and cis-dichloro diammine
Pt II (cis Cl Pt II) have been shown to cause & rise in
1ntracellular cyc 1c AMP in Walker carcinoma in vitro at doses
which produce an inhibition of cell growth (Tables 1 and 2)
(Tisdale and Phillips 1975). This effect is restricted to those
agents acting by an alkylating type mechanism as other commonly
used anti-tumour drugs have no effect on basal levels of the cyclic
nucleotide at doses which produce a comparable degree of growth
inhibition (Table 2). Also the corresponding N-ethyl analogue of
an active difunctional agent (chlorambucil) which is therapeuti-
cally inactive has no effect on cyclic AMP levels even at a dose
which produces 98% inhibition of cell growth. This dose is 36
times that of the corresponding difunctional agent (Table 1). With
chlorambucil the increase in intracellular cyclic AMP reaches a
peak within 1 hour. This precedes the inhibition of thymidine
incorporation into DNA which reaches 50% by 7 hours.

In contrast chlorambucil causes no increase in cyclic AMP
levels in Walker cells with a ten fold resistance to this agent
(Table 3).

The cyclic nucleotide phosphodiesterase from Walker
carcinoma shows evidence either of two isoenzymic forms or a
single enzyme showing negative cooperativity. To investigate the
mechanism by which chlorambucil causes a rise in cyclic AMP only



ALTERATIONS IN INTRACELLULAR CYCLIC AMP 71

Table 1. Effect of Alkylating Agents on the Intracellular Level
of Cyclic AMP and Viability of Walker Carcinoma Cells

Dose Increase in Growth
Compound (ug / ml) cyclic AMP level inhibition
% %
Merophan¥* 0.5 118 99
0.1 76 83
0.05 18 63
HNE% 0.1 108 100
0.05 68 97
Chlorambucil¥ 5.0 11k 99
1.0 T2 80
0.5 21 50
CB 1954# 1.0 96 100
0.k 67 100
0.05 22 97
N-ethyl analogue¥* 250.0 0 98

of chlorambucil

¥ Cyclic AMP values 8 hr after treatment
# Cyclic AMP values 24 hr after treatment

in sensitive Walker cells the effect of this agent on the
phosphodiesterase has been investigated. Table 4 shows the
specific activity of the enzyme in total cell sonicated suspen-
sions of sensitive and resistant cells 8 hours after treatment
with various doses of chlorambucil. The specific activity has
been measured either at 1 mM cyclic AMP (which measures mainly
the high Km form of the enzyme) and at 3.3uM cyclic AMP (for the
low Km form). The results shown in Table 4 indicate that the
specific activity of the high Km form of the phosphodiesterase is
similar in sensitive and resistant tumour, and that the activity
of this form of the enzyme is unaffected by any of the doses of
chlorambucil employed. For the low Km form of the
phosphodiesterase the activity in the resistant tumour is only
50% of that in the sensitive. Moreover, whereas this form of the
enzyme in the resistant tumour shows no inhibition by any of the
doses of chlorambucil employed, that in the sensitive line is
inhibited by T4, 35 and 12% at doses of chlorambucil of 5, 1 and
0.5 ug / ml respectively. Since the Km value (1.1 uM) of this
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Table 2. Effect of other Anti-tumour Agents on the Intracellular
Level of Cyclic AMP and Cell Viability of Walker Carcinoma

Dose Cyclic AMP Growth
Compound (ng / ml) (uM) inhibition (%)

cis Cl2(NH3)2PtII* 0.5 2.9 96
0.25 2.65 88
0.1 2.1 56
0.05 1.95 Y]
0.00 1.95 -
ICRF 159" 100 1.98 9l
50 1.95 92
25 1.90 79
10 1.76 L6
0 1.96 -
BCNU" 100 1.2k 100
20 1.26 99
10 1.25 96
0 1.22 -

¥ Cyclic AMP values 8 hr after treatment
# Cyclic AMP values 24 hr after treatment

Table 3. Cyclic AMP Content of Resistant Walker Carcinoma Cells
8 hours after Treatment with Chlorambucil

Cyclic AMP
Culture conditions p mole / mg protein
No additions 41.0
5.0ug / ml chlorambucil 42.0
1.0pug / ml chlorambucil 40.0

0.5ug / ml chlorambucil 40.0
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Table 4. Cyclic AMP Phosphodiesterase Activities of Sensitive and

Resistant Walker Carcinoma 8 hours after Treatment with

Chlorambucil

Cyclic AMP Phosphodiesterase Activity

Resistant Sensitive
Treatment "High Km" "Low Km" "High Km" "Low Km"

activity activity activity activity
Control 1.55%0.05 0.25%.01 1.60%0.05 0.6%0.02

. + + + +

5pg/ml chlorambucil 1.54-0.05 0.23-0.01 1.45- 0.06 0.16- 0.03
1ug/ml chlorambucil 1.53%0.05 0.22%0.01 1.50%0.05 0.39%0.03
0.5ug/ml 1.45%0.05 0.25%0.01 1.55%0.05 0.53%0.03
chlorambucil

Table 5. Specific Activity of Cyclic AMP Binding Protein (p mole/

mg protein) in Walker Carcinoma Sensitive (WS) and Resistant to

CB 1954 (WR)
Cell Type* Binding Acti;zity

at pH 4.0

WS 13.3

WRl T.5

w32 h,7

WR3 L.}

WR}, h,2

* WR, shows a 16 fold, WR, a 64 fold, WR, a 500 fold and WR) &

1

2000 fold resistance to CB 195k, 3

# Binding activity was measured at a ligand concentration of 100nM.
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form of the phosphodiesterase approximates to the intracellular
level of cyclic AMP (1.96 uM) it is considered that it plays an
important role in regulating cyclic AMP levels under physiological
conditions.

Resistance of the Walker tumour to alkylating agents is
accompanied by changes in the low Km form of the phosphodiesterase
manifested by a lower enzyme activity, a shift in pH optima
(pH 8.0 in the sensitive to pH 8.4 in the resistant) and a
different inhibition constant for the competitive inhibitor
theophylline (Ki 2.35 mM for the sensitive and 0.32 mM for the
resistant). These results suggest a change in the tertiary
structure of the enzyme with the acquisition of resistance.
Resistance to CBl95L4 is also accompanied by a decrease in the
cyclic AMP binding protein in Walker tumour (Table 5).

Thus the djfunctional alkylating agents which are effective
anti-tumour agents cause a rise in the intracellular level of
cyclic AMP in Walker cells sensitive to the cytotoxic effects of
these agents. This rise in cyclic AMP may play a role in tumour
growth inhibition by these agents.
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THE DRUG-CARRIER POTENTIAL OF LIPOSOMES IN CANCER CHEMOTHERAPY

Gregory Gregoriadis
Clinical Research Centre

Watford Road, Harrow, Middx. HA1 3UJ, U.K.

INTRODUCTION

The treatment of cancer is associated with a variety of
problems which, to various extents, contribute to the failure of
most therapeutic attempts. The outstanding cause of our present
difficulties in treating cancer derives from the absence of speci-
ficity in the action of available antitumour drugs which in most
cases will kill malignant and normal cells alike. Because of
this lack of discrimination, a variety of side effects can harass
or even threaten the life of treated patients.

Equally important, perhaps,to the pursuit of the ideal anti-
tumour drug is that efforts should be made to employ existing
drugs in a manner which will greatly augment their efficacy. To
this end I wish to describe our progress towards the development
of a universal drug-carrier which upon injection could transport
relevant therapeutic agents in isolation from the environment
precisely to the site of action.

THE LIPOSOMAL CARRIER

Liposomes have been described as assemblages of phospholipids
and other lipidsj They form when water insoluble polar lipids
are confronted with water and undergo a sequence of conglomera-
tions. The highly ordered structures which finally emerge
(liposomes) persist in the presence of excess water which being
associated with unfavourable entropy leads to a system of concen-
tric closed membranes each one of which represents an unbroken
bimolecular sheet of molecules (Fig., 1). Multilamellar liposomes
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Fig. 1. Multilamellar liposome. Sodium silico-tungstate X
136,000,

consisting of several vhospholipid bilayers can upon sonication
break up to form smaller monolamellar structures of approximately
250 R in diameter. These can penetrate basement and endothelial
membranes.

The usefnlness of liposomes as vehicles for the administration
of therapeutic agents is related to the fact that as lipids undergo
rearrangements prior to the formation of closed structures, there
is unrestricted entry of solutes (e.g. drugs) in between the planes
of polar head groups. It is therefore possible to accommodate in
the aqueous phase of liposomes a variety of water-soluble sub-
stances. Alternatively some lipid soluble substances can be en-
trapped in between the lipids thus becoming part of the structure
of the liposomal membrane. Although lecithin alone is sufficient
for the formation of liposomes, some of the properties of the
latter can improve by the presence of other lipids. For instance,
the addition of cholesterol can augment the stability of the bi-
layers and the inclusion of charged amphiphiles can not only
increase the volume of entrapped drug solution, hence the absolute
amount of entrapped drug, but also confer a negative or positive
charge on the liposomal surface.
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Recent work3 has shown that liposomes can satisfy many of the
criteria of an ideal carrier. Thus liposomes, being composed of
simple lipids, are non-toxic and non-antigenic. For instance,
repeated intravenous injections of rats with large amounts of
liposomes have not resulted in loss of health or in any measurable
change in the microscopic appearance of a large number of tissues
(C.D.V. Black and G. Gregoriadis, unpublished observations).
Liposomes are biodegradable and therefore do not accumulate in the
body. At the same time, biodegradation guarantees the eventual
liberation of entrapped drugs in the site of action. The easi-
ness and the principles governing the preparation of liposome-
entrapped materials warrants the use of liposomes as carriers of
an almost unlimited variety of agents. Since it is possible to
control the lipid components of liposomes, reactive lipid groups
can be accommodated in or on the outermost lipid bilayer. These
can interact through ionic or hydrophobic bonding with specific
homing devices which could then direct liposomes (and their
contents) to target sites?

Experiments with liposome-entrapped agents presented to cells
in vitro or in vivo has led to a number of observations: follow-
ing their injection into the bloodstream of rats or other experi-
mental animals liposomes, while in circulation, remain intact thus
preventing contact of blood with the entrapped agents.a5 Liposomes
are subsequently endocytosed2a3’6 by both parenchymal and Kupffer
cells of the liver and by the spleen macrophages. A very small
proportion is taken up by kidney and lungs? The rate of uptake
by tissues is controlled by both the size’s% and charge9 of lipo-
somes. In vitro, a variety of cells have been shown to take up
liposomesiV-

LIPOSOME-ENTRAPPED ANTITUMOUR DRUGS

A number of cytotoxic drugs have been entrapped in liposomes
and their fate studied in vivo.13=1© The first observation to be
made on entrapment itself is that the proportion of the drug which
can be associated with liposomes devends on the nature of the drug.
For instance 5—fluorouracil;|7 or actinomycin D15 can be passively
entrapped in the water phase of liposomes and the extent of entrap-
ment -(usually up to 10%) depends on the volumg of the entrapped
drug solution. On the other hand bleomycin/I or asparaginase
(G. Gregoriadis and E.D. Neerunjun, unpublished observations) can
be entrapped to the extent of up to 80 and 50% respectively and,
unlike 5-fluorouracil and actinomycin D, bleomycin which is also a
small molecule does not diffuse out of liposomes upon exhaustive
dialysis. Indeed, even disruption of bleomycin-containing
liposomes with an organic solvent (acetone) does not lead to the
liberation of bleomycin and it is therefore possible that substan-
ces such as bleomycin or asparaginase can interact with lipids to
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form stable complexes. It is a prerequisite however that such
interaction is not detrimental to the formation of the liposome
structure and that it does not alter the carrier qualities of
liposomes.

Fate of Injected Liposome-Entrapped Drugs

Ideally, the rate of elimination from the circulation of a
liposome-entrapped drug should be identical to that of its
carrier. However, this can be true only in cases where the drug
remains associated with liposomes in the presence of blood. For
instance, it has been found that tritiated 5-fluorouracil or
actinomycin D entrapped in the aqueous vhase of liposomes attain,
a few minutes after injection a rate of clearance which is much
more rapid than that of the carrier. This could be attributed
to an accelerated diffusion of the drug in the presence of plasma
proteins such as albumin which possesses an affinity for these
drugs. Indeed, diffusion of 5-fluorouracil and actinomycin D
from liposomes in water in the absence of serum is much slower.
Entrapment of actinomycin D, which is lipid soluble as well, in
the lipid phase of liposomes prevents such diffusion from occur-
ring in vivo and the rate of the drug elimination from the plasma
is identical to that of the liposomal carrier:? Similar results
are obtained with 11’|In—labellec‘1 bleomycin entrapped in the
aqueous phase of Tiposomes, probably because of the firm associa-
tion of the drug with the liposomal lipids.  Further, the lipo-
somal carrier succeeds in imposing a drug tissue distribution
which reflects that of the carrier i.e. pronounced hepatic and
splenic uptake and diminished localisation in cells (e.g.
intestinal mucosa)to which free drugs can be toxic12117 Studies
at the intracellular level have shown that radioactivity from
injected liposome-entrapped actinomycin D localises in the lyso-
some-rich fraction (54% of the total in the liver). However,
by 2b4h following administration radioactivity in the nuclei-rich
fraction has doubled to 24%. This is in contrast with the free
drug which localises in the nuclear fraction (60%) and to a very
small extent (2 %) in the lysosome-rich fraction. In experi-
ments11 with partially hepatectomised rats, it was shown that
the passage of actinomycin D through the lysosomes as a necessary
step for its liberation from liposomes did not affect its inhibi-
tory properties: both entrapped and free actinomycin D inhibited
DNA directed RNA synthesis. Similar results have been recently
obtained with bleomycin and asparaginase (C.D.V. Black and
G. Gregoriadis, unpublished observations). In the case of
asparaginase which because of its molecular weight cannot escape
from the lysosomes, it is assumed that hepatic cell asparagine
enters the lysosomes where it is attacked by asparaginase. This
could deplete the liver of asparasine and prevent cell regenera-
tion.

1
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Fig. 2. Cellular uptake and lysosomotropic action of liposome-
entrapped drugs. A liposome containing drug molecules ( ) is
taken up into a cell by endocytosis. The endocytic vacuole fuses
with a lysosome, the hydrolases (X) of which disrupt the lipid bi-
layers of the liposome, releasing the entrapped drug, which can
then diffuse out and act in other cellular compartments (e.g.,
nucleus)?9

Mode of Action of Liposome-Entrapped Drugs

Findin%s with liposome-entrapped CXtotoxic drugs injected
into normal,5 partially hepatectomised’l and tumour-bearing
animals’,'2 suggests a mode of drug action which in its main lines
could be universal for all agents introduced into cells via the
liposomal carrier (Fig. 2). Following endocytosis of the carrier
by the cell, the endocytic vacuole containing the liposome fuses
with a primary or secondary lysosome. This brings liposomes in
contact with the lysosomal hydrolases and it is assumed here that
the observed disruption of liposomes and subsequent liberation of
the entrapped drug is carried out by the lysosomal phospholipases.
The freed drug, provided it remains intact in the lysosomal milieu
can then act either from within the lysosomes (asparaginase?) or,
after its diffusion from lysosomes, in other cell compartments,
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.8 nucleus1’, At present it is not known whether the mode of
introduction of a liposomal drug into_the site of action is
exclusively lysosomotropic. Others'3 nave suggested that lipo-
somes can under certain conditions, fuse with cell membranes and
expel their contents into the cell's cytoplasm.

INTERACTION OF LIPOSOME-ENTRAPPED DRUGS WITH MALIGNANT CELLS

In vitr013’14’18 and in vivo12"19 experiments have shown that
liposomes can enter malignant cells. Intravenous or intra-
arterial administration into cancer patients of livosome-entrapped
radiolabelled albumin was followed by the localisation of radio-
activity in tumour cells and in most instances uptake by tumours
was higher than by the surrounding normal tissuel9 Similar
observations have been recently made using a number of trans-
planted carcinomas in mice and rats which received liposomes
containing M1 Ip-1abelled bleomycin. It also appeared that
tumour localisation of liposomes could be improved upon by dimini-
shing the size of the carrier (G. Gregoriadis and E.D. Neerunjun,
unpublished observations).

Intraperitoneal administration of therapeutic doses of free
and liposome-entrapped actinomycin D to AKR-A mice inoculated with
AKR-A cells showed that survival of treated mice was longer when
the entrapped drug was used!2 This was attributed to a more
efficient uptake of the drug via the liposomal carrier and also
to the decreased toxicity of the entrapped drug.

HOMING OF LTIPOSOMES TO TARGET CELLS

The almost exclusive uptake of liposomes by cells of the
liver and spleen would hardly allow any significant portion of a
therapeutic dose to reach the diseased target area. It therefore
follows that any strategy for homing could only be successful if
at the same time one could prevent or even delay premature
clearance of the injected dose by these tissues. We have found
that such delay can be achieved by the simultaneous administration
of a large quantity of "empty" liposomes9 or by the use of posi-
tively charged liposomes which exhibit a slower rate of elimina-
tion from plasma

It has now been established18 that homing of liposomes by
the use of molecular probes which possess a specific affinity for
the surface of target cells is possible. When IgG immunoglobu-
lins raised against a variety of normal and malighant cells are
co-entrapped (in their radiolabelled form) with MIn-labelled
bleomycin in liposomes, the latter appear to possess on their
surface immunologically active portions of the entrapped IgG
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Fig. 3. Homing of liposomes by IgG immunoglobulins. Cells were
exposed to media containing 1M1 1In-1abelled bleomycin, free (BL) or
entrapped in liposomes containing: PBS,(L,Bl); non-specific IgG,
L(Bl,IgG); anti-human fibroblasts IgG, L(BL,IgGf); anti-Hela
cells IgG, L(Bl,IgGh); anti-AKR-A cells IgG, L(BlL,IgGa). Values
are expressed as percent (mean ¥ standard error) of added radio-
activity associated with cells]

molecules. Indeed, when cells are exposed to such liposomes,
judging from radiocactivity measurements, uptake of bleomycin and
IgG and of the liposomal carrier (140-1abe11ed cholesterol) is
most pronounced when liposomes are associated with the IgG corres-
ponding to the cell type studied (Fig. 3). These results suggest
that following their attachment to the respective antigenic sites,
TIgG molecules mediate uptake of the associated liposomal carrier
and its drug contents.

Present experiments in my laboratory are now carried out in
tumour bearing animals and it is hoped that the appropriate
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combination of both blocking of hepatic uptake of liposomes and of
homing techniques will lead to a pharmacologically effective drug
action.
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SIGNIFICANCE OF PROSTAGLANDINS IN TUMOUR GROWTH

Jennifer A,.C, Sykes

Department of Physiology, The Medical School
University of Bristol, Bristol BS8 1TD

In recent years, attention has been focused on the possible role
of prostaglandins (PGs) in tumour physiology. They have been
implicated in such aspects as cell replication, bone resorption and
hypercalcaemia as well as being potentially responsible for many of
the symptoms associated with malignancy.

1. OCCURRENCE OF PROSTAGLANDINS IN TUMOURS

In 1968, Williams, Karim and Sandler reported elevated levels of
both PGE, and PGF,a in tumour tissue &plasma of patients with
medullary carcinoma of the thyroid. Later in the same year they
showed that tumours that secreted peptides and amines were also able
to secrete PGs (Sandler, Karim and Williams, 1968). It is now
recognised that a variety of human tumours can secrete PGs,including

*Medullary carcinoma of the thyroid Liver metastases
Carcinoma of the bronchus *Ileal carcinoid
Lung metastases Rectal carcinoid
Breast tumours *Kaposi's sarcoma
*Neuroblastoma *Renal cell carcinoma
*Phaeochromocytoma Islet cell tumours

(For a fuller report of such tumours, see Karim & Rao, 1975.) When
PGs are detected in the peripheral plasma of patients with tumours
(marked with *) it suggests that these tumours secrete very large
amounts of PGs since 97% of PGs are removed in one circulation
through the lungs (Ferreira & Vane, 1967),
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A variety of animal tumours have also been shown to contain PGs,

but in contrast to human tumours, these usually only contain PGEj,
which has been positively identified by gaschromatography - mass

spectrometry in some instances (Sykes & Maddox, 1972). PGs can also

be detected in the peripheral plasma of mice bearing the HSDM7 fibro-
sarcoma (Tashjian, Voelkel, Goldhaber & Levine, 1973) and in the blood

directly draining the Walker carcinosarcoma where the PG release from
this tumour was 0.26ngPGEy/min/ml blood (Sykes, unpublished). PGs
are not only released from tumours in vivo, they can be released into
the media when cells are grown in culture; included amongst these are

BP8/Pq1 and Lewis lung cells (Sykes & Maddox, 1974), HSDMq fibro-
sarcoma cells (Levine, Hinkle, Voelkel & Tashjian, 1972), neuro-

blastoma, glioma, HeLa, HEp-2 and L cell lines (Cohen & Jaffe, 1973;
Jaffe, Philpott, Hamprecht & Parker, 1973; Hamprecht, Jaffe &
Philpott, 1973), Human colon carcinoma cells in culture have also
been shown to release PG, eight times as much as did normal colonic
mucosa cells obtained from the same surgical specimen (Jaffe, Parker
& Philpott, 1972). The finding that PG synthesis can be shown in vivo
and in vitro shows that such synthesis is not dependent on any host-
tumour interaction but is a property of the cells themselves,

PGs are formed from essential fatty acid precursors such as
arachidonic acid which is incorporated in membrane phospholipids, This
synthesis can be inhibited by non-steroidal anti-inflammatory compounds
such as aspirin and indomethacin (Vane, 1971), Several tumour lines
show an increased PG synthesis on addition of arachidonic acid including
Sarcoma 180, BP8/P1 (Sykes & Maddox, 1972), Kaposi's sarcoma
(Bhana, Hillier & Karim, 1971), HeLa, L and HEp-2 (Cohen & Jaffe,
1973) DMBA mammary tumour (Tan, Privett & Goldyne, 1974),

Many different tumours and cell lines are capable of synthesising
large amounts of PG and the question arises as to the significance
of this synthesis :is it another form of inappropriate hormone
secretion or do the PGs play some important role in cell growth?

2, PROSTAGLANDINS AND CELL REPLICATION

The involvement of PGs in cell replication appears to be closely
related with the effects of cyclic adenosine 3~ - 5° monophosphate
(cAMP),

a: cAMP decreases cell proliferation and there are low levels of
cAMP in rapidly dividing and transformed cells (Sheppard, 1972). If
the exogenous level of cAMP is raised, transformed cells revert to
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their pretransformed state and stop dividing, As these cellular
alterations can be mimicked by PGE1 and PGEj, it seems possible
that PGs may act through altered cAMP levels,

b: cAMP increases PG synthesis in many cells and PGs themselves
increase adenylate cyclase activity in many cell lines (Peery, Johnson

& Pastan, 1971; Makman, 1971; Hamprecht & Schultz, 1973).

c: Some animal tumours have been shown to6 contain high levels of

PGs as well as cAMP which also suggests a link between these two
compounds, However treatment of mice bearing Moloney sarcomas
with a prostaglandin synthesis inhibitor such as indomethacin reduced
the tumour PG levels without any concomitant effect on the tumour
cAMP levels, (Humes, Cupo & Strausser, 1974),

d: In some cells both PG and cAMP activity appears to be linked

with the process of transformation., Otten, Johnson & Pastan (1971)
have investigated the cAMP levels in a temperature sensitive mutant
fibroblast which is transformed at 36°C but not at 40.5°C. They found
that the cellular cAMP levels fell dramatically with a fall in temperature
and so a decrease in cAMP levels preceded the establishment of the
transformed state, SV 40 viral transformation<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>