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PREFACE

Since 1965, the year I founded the cell culture
research section in the Division of Physiology and
Pathology, NIRS, the research subjects of the laborato-
ry have been focused on cell-cycle dependence of radia-
tion effects and on cellular repair after irradiation.
Additional effort has also been made for the develop-
ment of a method for synchrony of cultured mammalian
cells by Professor Y. Fujiwara (Kobe University), Drs.
H. Ohara, T. Miyamoto (NIRS), and myself. In 1971, the
laboratory has initiated a new line of studies on the
antitumor antibiotic, bleomycin, when Drs. T. Katsuma-
ta, Y. Takabe and M. Watanabe of Chiba University
School of Medicine came to work together in my labora-
tory. As the research developed, a cellular basis of
tumor therapy has become one of our great concerns and,
lately, the studies are being extended to a specific
area of clinical field.

Studies on bleomycin action could be traced
back to experiments carried out by myself in 1968 upon
the request of Professor H. Umezawa (discoverer of
bleomycin, Institute of Microbial Chemistry, Tokyo),
who had sought the possibility of combined effect of
bleomycin and radiation. Having studied with only 16 mg
of bleomycin A5 compound which was then on the way of
development, I was barely able to find the cell cycle
dependence of survival response and an upward-concave
nature of the dose-response relationship with a few
strains of cultured mammalian cells. Its report was
accordingly brief and the interpretation was made only

in an unsatisfactory manner. Such incompleteness of my
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initial work (J. Antibiotics, 1970) might have acted as
a trigger for subsequent studies by my colleagues.
Since then, the unusual kinetics in growth and survival
of bleomycin-treated cells has been elucidated one
after another, and, luckily, opportunities have been
given repeatedly by Professor Umezawa to present our
data in international meetings, e.g., Internationale
Arbeitstagung itiber Chemo- und Immunotherapie der Leukosen und
Malignen Lymphome, Vienna, 1972 (Prof. A. Stacher); Sympo-
sium on Biological Basis of Clinical Effects of Bleomycin, Vene-
zia, 1974 (Prof. A. Caputo); The Bleomycin - Current Status
and New Developments, Oakland, 1977 (Prof. S. K. Carter),
and several U.S.- Japan seminars.

This volume contains our papers regarding the
action of bleomycin and of a few other chemotherapeutic
agents which are relevant to the title of this book.

It is my pleasure that Professors Y. Fujiwara and M.
Urano (Massachusetts General Hospital), whose research
groups had been in close contact with us, have willing-
ly joined to contribute their papers of bleomycin stu-
dies to this issue. It should be noted that most of
studies have been supported by the special project
grant for Development of New Bleomycins from the Sci-
ence and Technology Agency and by Grants-in-Aid for
Scientific Research from the Ministry of Education,
Science and Culture.

I am very much indebted to all the workers who
have been involved in researches collected in this
volume and to our technical staff, Miss M. Yasukawa,
Mrs. M. Furuya and Mrs. M. Kimura. My sincere thanks
are particularly due to Prof. H. Umezawa for his conti-
nuing encouragement, to Drs. K. Misono (Director, NIRS),

K. Okuda (Professor, Department of Medicine, Chiba Uni-
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versity), A. Kurisu (Head, Hospital, NIRS), and Y. Ume-
gaki (Head, Division of Clinical Research, NIRS) for
their generous management and cooperation in pursuing
our studies, and to Dr. S. Ito, Dr. A. Matsuda, and Mr.
E. Yugeta (Nippon Kayaku Co. Ltd., Tokyo) for their
keen interests in our results and kind supply of the
materials used in our work. Lastly, I wish to thank the
publishers who kindly granted us permission for repro-

duction of our papers.

December 1977

Toyozo Terasima, M.D.
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LETHAL EFFECT OF BLEOMYCIN ON CULTURED
MAMMALIAN CELLS

Tovozo TerasiMA* and HaMmao UmMmezawa**

Division of Physiology and Pathology, National Institute
of Radiological Sciences, Anagawa-4, Chiba-shi*
and The Institute of Microbial Chemistry,
Kamiosaki-3, Shinagawa-ku, Tokyo, Japan®*

(Received for publication May 4, 1970)

By using cultured mammalian cells lethal effect of bleomycin was measured
in terms of mean lethal dose (Do); the cytotoxicity on proliferative system
was moderate as compared with those of other anti-tumor agents; the dose—
response revealed marked difference between two mammalian cells used. The
pattern of drug response during the cell cycle was demonstrated by virtue of
the synchrony method. The similarity to the pattern of X-ray response
strongly suggested the involvement of the same mechanism in lethal action
of bleomycin.

experimental
Determination of a cell-killing effect constitutes one of evaluations of

anti-tumor agents. This is effected quantitatively by using clonally grown mammalian
cells in culture. The basic findings of bleomycin action presented in this communica-
tion will provide us some knowledge regarding its tumoricidal effect as well as the
cytotoxicity on normal proliferative system and will be also useful to search for the

mechanism of cell lethality.
Materials and Methods

Cultured cells used in the present experiments were Hela S3-91V, kindly provided
by Dr. T.T. Puck (University of Colorado, Denver, U.S.A.) and L5, a derivative of the
mouse L cells (B929-L2]). The former was grown in F10 medium? supplemented with
0.05 % heart infusion broth (Difco) and 10 % calf serum (Chiba Serum Institute), with the
generation time of 22 hours. The DNA cycle parameter was estimated to be 8.5 hours
for G1 (pre DNA-synthetic) period, 8.5 hours for S (DNA-synthetic) period, 4 hours for
G2 (post DNA-synthetic) period and 1 hour for M (mitotic) period. The L5 cells were
grown in the same medium except that calf serum was added in 5%. The growth
properties of this strain were described previously®.

For survival assay cells were dispersed by the treatment of randomly growing culture
with trypsin solution. Appropriate number of cells were seeded into plastic Petri dishes
(60x15mm, Falcon Plastics) and incubated in a CO,-chamber kept at 37°C into which a
humidified 5 % CO,-air mixture was constantly gassed. After 2-hour incubation most
cells were found attached to the bottom and spread, and remained to be single by 5~6
hours. Culture dishes treated with the drug at 4~6 hours after seeding, were subjected
to further incubation for colony development. After 14~16 days’ incubation the cells
were fixed and stained for counting number of surviving colonies.

For synchronizing HeLa cells mitotic cells were collected from randomly growing
population and seeded in fresh culture vesseles. All the procedure was carried out in

JOURNAL OF ANTIBIOTICS 23, 300-304, 1970
Reprinted by permission of The Japan Antibiotics Research Association.
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the warm room at 37°C. The mitotic cells were attached and started to divide within
1~2 hours after incubation. Two-cell colonies thus formed grew synchronously and
entered next division 22 hours later. The detail of harvesting method for synchrony was
described previously.®®

Bleomycin A2 (copper-free, Lot £24) and A5 (copper-free, Lot %29~32) were used.
Drugs dissolved in water, then diluted in F10 medium were sterilized through Millipore
filter type GS.

Treatment of cells was initiated by introducing the drug solution into cultures in
1/20 amount of the culture medium. After a given period of incubation, dishes were
rinsed twice with F10 medium, followed by replacement with fresh growth medium.

Results

Dose-response and Time-inactivation Curves of Randomly
Growing Mammalian Cells

L5 cells were treated with various concentrations of bleomycin A2 for 30 minutes.
As illustrated in the upper portion of Fig. 1, the surviving fraction was reduced with
increasing doses of the drug, showing the curve of simple exponential type. The
mean lethal dose (Do), the doses needed for giving 37 % (e¢™!) survival in an ex-
ponential portion of dose-response curve, was approximately 12 ug/ml.

The lower part of Fig. 1 shows the inactivation of cells as a function of time of
treatment with 10 #g/ml bleomycin A2. The inactivation occurred at a faster rate
until 30 minutes than the rate found at later times. However, the determination of
such two-component curve was not carried out at varying concentrations of the drug.

The identical experiments with HeLa S3 cells were shown in Fig. 2. Circles of

Fig. 1. Lethal effect of bleomycin A2 Fig. 2. Lethal effect of bleomycin
on L5 cells. A5 on S3 cells.

The upper figure represents the dose- The upper picture indicates dose-
response curve as determined by 30-minute response curves resulted from 60-minute
treatment of cells. The lower figure shows treatment of cells. Circles. A5 com-
the time-inactivation curve obtained from pound ; black spots, A 2 compound. The
the treatment of cells at the concentration lower picture shows the time-inactiva-
of 10 pg/ml. Arrows connecting curves tion curve by the treatment with 10
indicate corresponding scales, ug/ml A5 compound.
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the upper part represent the dose-response curve — Fig. 3. Change in drug-response during
the cell cycle of S3 cells.

of S8 cells which were treated with various )
Bars represent survival levels together

amounts of bleomycin A5 for 60 minutes, where- with the time and duration of treatment.
Survival values obtained were normalized

as black spots were obtained from cells which were to the value at 10 hours after mitosis.
) Length of different stages during the cell

treated similarly with bleomycin A2, The Do eyele was properly allotted along the time

scale.
dose for S3 cells was measured to be about 45

ug/ml.
The lower part again shows the inactivation ook .

of cells with increasing duration of treatment.

N

Either results demonstrated less lethal effect on

7
S3 cells than on L5 cells. g:.s :" |
Fluctuation of Drug-Response during = ;'
the Cell Cycle § ;
Two-cell colonies of synchronously growing 7 ;
S3 cells were treated with 60 minutes-pulse at £ '0f} 1
20 pg/ml bleomycin A5, and relative survival g M;:7 e

values were determined at different stages of

|- R

the cell cycle. 05 J
When the drug was introduced at 0 hour, ° * I : 20 !

mitotic cells were still in suspended state and Hours after mitosis

divided cells poorly attached at the end of treatment had a possibility to be

rinsed off. Therefore, the striking reduction in survival value found may be partly
artifactual, although such an extreme sensitiveness to the drug was obvious.

Once cells moved into the early half of G1 period, marked resistance developped
and, thereafter, the sensitivity increased with time toward the late G1 and the carly
S period, attaining the peak at 10 hours after mitosis. Finally cells reached the
intermediate resistance at the middle and late S period. The rapid increase in
survival observed from 22 hours onward coincided with the increase of number of
cells per colony by the division. A trough in survival that would be expected
from the high sensitivity of mitotic cells was not revealed at the second division,

simply because of the decay of synchrony.
Discussion

The lethal effect as shown by dose-response curve seems to be moderate, although
it largely depends upon cell strains used. Mitomycin C, one of other anti-tumor agents,
showed Do dose of roughly 0.5 ug/ml for the same Hela S3 cells®. Therefore, bleomycin
is less cytotoxic than mitomycin C by a factor of 90. Incidentally, Do doses of actinomycin
D and sulfur mustard on Chinese hamster cells were reported to be 1.1 ug/ml for 30-
minute-treatment”, 0.05 ug/ml for 8-minute treatment®, respectively.

survival _ Difference in dose-response between L5 and S3 cells is notable. Assuming an ex-
ponentiaﬂ' response of L5 cells after 60 minutes-pulse treatment with A2 compound, the
estimation of Do dose yields the value of 7.5 ug/ml. Therefore, it appears reasonable to
conclude that S3 cells are at least 6 times as less sensitive as L5 cells, since the lethal effect
of A5 compound is roughly comparable to or even slightly stronger than that of A2.
Such strain difference in drug response may suggest the possibility that the drug acts
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differently or selectively on cells in an organism. In this regard the investigation with
cells of various origins will be useful.

The shape of dose-response curve of L5 cells, unlike those found with other antibiotics
or deleterious agents, is exponential. This does not necessarily mean the inactivation of a
single component, since it is possible that a composite curve of several kinds of sigmoidal
inactivation is of a single-hit nature™® Apparently, the dose-response curve of S3
cells (Fig. 2) exhibited an upward concavity, suggesting the  mixture of sensitive and
less sensitive fractions in a randomly growing population. As shown in Fig. 3, cells in
the late G1 and early S periods were found relatively sensitive as compared to cells at the
rest of stages. On the basis of stage-distribution of randomly growing cells®, fraction
of S3 cells in the sensitive portion, i.e., 8~12 hours after mitosis, is estimated to be
about 20 % of total population. Accordingly, the sensitive fraction may possibly explain
the observed concavity. However, a successful reconstruction based on dose-response
data of individua! fractions would be necessary before the conclusion will be reached.

The pattern of sensitivity change during the cell cycle is quite similar to that found
for X-rays®'® and chromomycin A1V, It implies that bleomycin affects cell's
reproductive machinary during the cell cycle in the same manner as in the case of
X-ray. Therefore, a common mechanism of lethal action should be expected between
these agents. Such similarity of the mechanism will be strongly supported by evidences
that bleomycin not only exerts an apparent inhibitory action on DNA synthesis!®»'® but
also bhreaks strikingly intraceliular DNA strands.'*:1®

The pattern of sensitivity to mitomycin C is partly different, being defective of a
resistant peak in the G1 period. Nevertheless, the pattern in the remainder of the cycle,
namely, the peak sensitivity at the late G1 to the early S stages, followed by the develop-
ment of resistance toward the latter hall of S period, seems consistent among all these
agents. In view of DNA as a promissing target for these agents,
above finding appears to agree with the hypothesis that the genetic material which
replicates at the early S period is essential for an indefinite proliferation of cells’V.
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[GANN, 61, 513~516; October, 1970]

UDC 615.33 :576.343

BREAKS AND REJOINING OF DNA IN CULTURED MAMMALIAN
CELLS TREATED WITH BLEOMYCIN

Toyozo Terasiva,*! Mieko Yasukawa,*! and Hamao UMezawa*2

(Division of Physiology and Pathology, National Institute of Radiological Sciences,*!
and Institute of Microbial Chemistry®?)

Action of Bleomycin on mammalian cells
has been investigated rather extensively in
recent years.®458,13) Regarding its effect on
DNA the remarkable change in the melting
temperature was found by Nagai et /.7 In
the course of our studies concerning radiation
effect on mammalian DNA, we found another
notable action of the antibiotic on DNA in
vivo which will be presented in this com-
munication.

MATERIALS AND METHODS

A clonal derivative of the mouse L cells,
designated L5 strain, was grown in FI10HI
medium? supplemented with 5%, calf serum.
The growth property was described pre-
viously.10)

For labeling DNA of the cells, the culture
was incubated with 3H-thymidine (5 Ci/mad,
Centre,
concentration of 1.5 pCi/ml for 15~20 hr.

Radiochemical Amersham) at a
Labeled cells dispersed by trypsin treatment
were suspended in F10 medium and then
dispensed at an appropriate concentration
into plastic petri dishes (35 x 10 mm, Falcon
Plastics, U.S.A.) which were Silicone-greased
at the bottom previously.

Cells in plastic dishes were incubated in a
CO,~chamber at 37 and trcated with Bleo-
mycin at a given concentration for 30 min.
After treatment the culture was repeatedly
rinsed with a cold fresh medium to rcmove
the antibiotic, followed either by harvesting
the cells or reincubation. For harvesting, the
cells were scraped with a fine-tipped glass
rod and the cell suspension thus prepared

*#1 - Anagawa 4-9-1, Chiba 280 (Jpl5diiE=,

LN JE ).
*#2 Kamiosaki 3-14-23, Shinagawa-ku, Tokyo
141 (Hg iR e k).
61(4) 1970
GANN 61, 513-516, 1970

was kept in an ice-bath until the time of
isolation of DINA.

To isolate near-intact DNA from mam-
malian cells, we previously developed a
method in which 29 sodium dodecyl sulfate
solution (SDS) at pH 7.2 was used for lysing
marmmalian cells.1) At the top of 5 to 20%,
sucrose gradient, either at pH 6.7 or pH
12.5, 0.2 ml of 29, SDS was layered, followed
by the introduction of I~4 x 104 cells
suspended in 0.05 ml of FI10 medium. After
standing for 30 min at 20° the gradients
were centrifuged at the same temperature in
Hitachi 40P ultracentrifuge with the swinging
bucket rotor, RPS40. Fractionation of sucrose
gradients, extraction of acid-precipitable ma-
terial from cach fraction, and liquid-scintilla-
tion counting of radioactivity of the precipi-
tates were described in a previous report.l)
The sedimentation pattern of DNA  was
obtained by determining the distribution of
radioactivity of precipitates in fractions.

L5 ccll-DNA recovered by this method
sedimented normally as a single distinct peak
i SUCrosc sedimentation
constants were estimated to be 330S for
neutral sucrose solution and roughly 400S

gradients. The

for alkaline sucrose solution. The best assump-
tion that can be made on sedimenting radio-
active materials at present is an aggregate,
since the shape of DNA profile changes
depending on the amount of cells loaded.
The determination of sedimentation behavior
of mammalian DNA by this method permitted
a sensitive detection of strand breaks and of
the rejoining. 11, 12,10

313
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Bleomycin A2 (copper-free, Lot £24) was
used throughout the experiments. The anti-
biotic dissolved in water was sterilized through
a Millipore filter, type GS.

Resurts anp DiscussioN

of double-
treated cells

The sedimentation pattern
stranded DNA  derived from
was obtained after centrifugation of neutral
sucrose gradients at 20,000 rpm for 60 min.
As shown in Fig. 1, the pattern of untreated
DNA exhibited a main peak at the 12th
fraction from the bottom which was followed
by irrcgular, accessory peaks in the upper
fractions. Treatment with 10 pg/ml of Bleo-
mycin induced partial decay of the main peak
and a compensatory increase of radicactivity
in upper fractions. At more than 20 pg/ml of
Bleomycin, double strand breaks were found
much more severely as shown by the highest
radioactivity left at the meniscus.

Fig. 2 illustrates the antibiotic-induced
breakdown of single strands of DNA which
was centrifuged in alkaline sucrose gradients
at 20,000 rpm for 50 min. In this experiment,
an accessory peak was found abnormally high
at the 17th fraction. It may come from a
disaggregation due to the loading of fewer
cells. Although the effect of 0.1 peg/ml of
Bleomycin was, if any, slight, the obvious
change in profilc was produced after treat-
ment with 1 pg/ml. Therefore, single strand
breaks of DNA seem to occur roughly 10
times more efficient than double strands.
Qualitatively similar results were obtained
by Suzuki et al. with HeLa cells.?) Incidentally,
the

found to induce single strand breaks in more

related  antibiotic, Phleomycin,®  was
than 60 min of trcatment at a concentration
of 20 pg/ml.i®

The repair capability of L5 cells for the
antibiotic-induced single strand breaks was

s r“}
Bleomycin
100 geg/ml

20} /

- 20 ug ml

10 g 'ml
40 |-

Percent of total radioactivity
<
§==0

= Untreated
control

201

Fraction number

-140
20
0 - . .
— Fig. 1. Sedimentation pattern of
double strands of DNA
7 derived  from L5  cells
treated with Bleomycin
20 Tractions collected were numbered
from bottom to top of the centrifuge
- tube. Different symbols  denote
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examined by incubating the cclls treated with
10 pg/ml of Bleomycin for 30 min. Fig. 3
represents the experimental result obtained
after centrifugation of treated cells in alka-
line sucrose gradients at 20,000 rpm for
60 min. The DNA profile, which was derived
from untreated cells (Fig. 3, bottom), showed
the main peak at the 8th fraction, whereas
the profile obtained from treated cells revealed
a notable shift of the peak toward the meniscus
(Fig. 3, middle). However, when the treated
culture was reincubated with a fresh medium
for 30 min after removing the antibiotic, the
reappeared at the 12th
fraction (Fig. 3, top). Although we are not

prominent peak
certain wihiether a full return of the profile to
the original level be expected after a
longer incubation period, it indicates obviously
the rejoining ol single strand breaks which
occurs rapidly just as found in the cells ir-
radiated by X-rays.l In contrast, methyl
methanesulfonate-induced strand
breaks are repaired only alter incubation of

single

5 hr or more.?) Such difference between repair
processes may be due to the chemical nature
of damages induced by these chemicals.

It is possible to assume that Bleomycin
arc converted to
single strand breaks through the lysing pro-
cedure. It has been demonstrated that the
in vitro reaction between the antibiotic and
DNA results in the lowering of Ty, (melting
temperature) of DNA in the presence of a

produces  lesions which

sulfhydryl compound.” Hence, it is largely
possible that the antibiotic makes intracellular
DNA fragile or even broken with the cooper-
ation of nucleases.

In previous studies regarding the cytocidal
effect of Bleomycin,!® we found that the
change in sensitivity of HeLa cells during
the cell cycle is very much similar to that for

X-rays; namcly, cells arc most sensitive in
the late G1 (pre-DNA-synthetic), less sensi-
tive in the late S (DNA-synthetic), and least
sensitive in the early Gl stage. The similari-
ty of cell cycle-dependent sensitivity patterns
may suggest that damages in DNA caused
by Bleomycin and their repair are more or
less qualitatively alike to those by X-rays,
if the latter were to be responsible for the
cyclic sensitivity change.

(Received May 11, 1970)
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LETHAL EFFECT OF MITOMYCIN-C ON CULTURED
MAMMALIAN CELLS
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(Division of Physiology and Pathology, National Institute
of Radiological Sciences*)

Synopsis

The lethal effect of Mitomycin on cultured mammalian cells was studied by
using mitotically synchronous and asynchronous HeLa cells. The cultures were
treated pulsewise with the antibiotic for 1 hr, and survivals were determined by
the colony formation technique. Asynchronous cells revealed a composite type dose-
response curve and the use of synchronous cells suggested that two types of responses,
exponential and sigmoidal, can be assigned to different stages of the cell cycle. The
cyclic change in sensitivity was also observed during the cell cycle. The G1 and
G2 periods were moderately sensitive, while the latter part of the S period was the
least.

Effect of the antibiotic on DNA synthesis was also studied using DNA precursors.
The maximum depression of DNA synthesis was found in the cells treated in Gl
period. Behavior of the antibiotic-treated cells in the post-treatment generations was
observed by time-lapse cinematography. The incidence of cell death mainly oc-
curred after the first post-treatment cell division. These findings were useful for
possible interpretation of the cell cycle dependence in cell sensitivity to Mitomycin.

InTRODUCTION

Many observations have been made in recent years that certain chemical agents have
a different lethal effect with respect to the stages in the cell cycle. These were mainly
found by using well-developed synchrony methods' for cultured mammalian cells.
Among them, studies on lethal action of drugs like Mitomycin, which exerts selective
inhibition of DNA synthesis and antitumor activity, might have a particular importance
to cancer chemotherapy and cell biology as well.

The present investigation concerns the lethal responses of synchronous and asynchro-
nous HeLa cells to Mitomycin-C. Further, observations were extended to the effect on
DNA synthesis and to the behavior of the antibiotic-treated cells in the post-treatment
generations.

MATERIALS AND METHODS

HeLa S3 cells, which have been kept in our laboratory during several years, were
grown in F10 medium® supplemented with 29, human serum, 6%, calf serum, and
0.05%, heart infusion broth (Difco). The cells were dispersed with 0.19, trypsin (Difco,
1:250) solution, counted by using a standard hemocytometer, and plated into petri
dishes (Falcon Plastics). The cultures were incubated in a humidified atomosphere of
5%, CO,-air mixture at 37°.

*  Anagawa 4-9-1, Chiba 280 (KIE 8L, FLHE=S).
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For synchronizing the cells, the dispersed cells were inoculated into large dishes (100
X 25 mm) at the concentration of 5 x 10° cells per dish and allowed to grow for
48 hr. Then the cultures were harvested for collecting mitotic cells.!® The harvested
cells were plated into dishes (60 x 15 mm) after counting the number of cells with Tatai
eosinophil counter (Kayagaki Works, Tokyo). All of the processes for harvesting were
carried out in a warm room of 37°. The growth of synchronous cells was monitored by
repeated scoring of cell number in specified microscopic fields. The median doubling
time of the cells in these cultural conditions was 22~23 hr.

The treatment of synchronous and asynchronous cells with the antibiotic was carried
out either by adding a small amount of a drug solution into cultures or by replacing
the growth medium with the one containing the antibiotic. After 1-hr incubation
with the antibiotic, the cultures including the untreated controls were rinsed twice
carefully with warmed F10 medium and then fed with fresh and pre-warmed medium
for further incubation.

Cell survival was determined by assaying a colony-forming ability of the antibiotic-
treated cells. The cells were considered to be alive if it gave rise to a colony consisting of
more than 50 healthy cells after 14 to 16 days of incubation. The plating efficiency of
the untreated control cultures varied from 70 to 809, under these cultural conditions.

The precursor incorporation was measured by pulse-labeling of the cells with 3H-
thymidine (0.5 pCijml; specific activity, 5.0 Ci/mM) (Radiochemical Centre, Am-
ersham) or with C-thymidine (0.05 Ci/ml; specific activity, 35.9 mCi/mA{) (Radio-
chemical Centre, Amersham) dissolved in the thymidine-deficient F10 medium. After
20 min of incubation with each radioactive precursor, the dishes or coverslips on which
the cells were grown were rinsed and fixed with acetic acid-ethanol (1:3) for 20 min
and dried rapidly. Subsequently, the cells were treated with cold 59, trichloroacetic
acid solution for 15 min to remove the acid-soluble fraction. Autoradiography was
carried out by applying the autoradiographic emulsion (NRM-1, Konishiroku Photo
Industry Co., Tokyo) to the fixed cells on coverslips. The autoradiographic slides
prepared were kept in a dark box at 4°, developed after 1 week of exposure, and ex-
amined for a fraction of labeled cells. Radioactivity of the cells labeled with '*C-thymi-
dine was measured by placing the dishes directly into the low-background gas-flow
counter. The rate of incorporation of radioactivity into the antibiotic-treated and
the untreated control cultures was expressed as a percentage of the maximum activity
in the control cultures which was usually found 14 hr after mitosis.

For cinematographic observation of synchronous cells, a drop of harvested mitotic
cell suspension was placed in a small petri dish (35 X 10 mm) and pre-gassed medium
was replenished after 2 hr of incubation during which time the attachment of cells was
completed. Then, the cultures were exposed to the antibiotic in a CO,-chamber at
specified times after mitosis. After the treatment it was replaced in an air-tight glass
dish to which 5% CO,-air mixture was constantly introduced, and then the glass dish
was fixed on the stage of an inverted microscope for cinematography. The photographs
were taken at 4-min intervals during 4 to 5 days in a warm room of 37°. The recorded
films were analysed for cell division, generation time, and the time of cell death in each
generation. Death of cells was diagnosed by the observation of a disappearance of cell
movement and subsequent degradation.
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Mitomycin-C (Kyowa Hakko Kogyo Co. Ltd., Tokyo) was dissolved in distilled
water for each experiment and the solution was then diluted to the desired concentra-
tions with the culture medium just before use.

REesuLts

Dose-response Curve of Mitomycin for Synchronous and Asynchronous
HeLa Cells

Fig. 1 illustrates the result of experiments with asynchronous cells. All of the survival
curves obtained from many independent experiments revealed the particular structure
composed of early exponential and late sigmoidal regions. The shoulder of the latter
appeared over the range of 0.1 to 0.5 pg/ml and its width varied considerably among
experiments. It seems that these two portions of the curve are attributed to a hetero-
geneity of lethality in the asynchronous population, since the different killing effect of
Mitomycin during the cell cycle has already been found.” In order to test this possibil-
ity, the survival curves of the cells located at different stages in the cell cycle were ex-
amined. As shown in Fig. 2, the replicate synchronous cultures were exposed to the
antibiotic of various concentrations at 4, 14, and 18 hr after mitosis. Although 4- and
14-hr cells can be assigned to Gl and S period, respectively, 18-hr cells seemed to be a
mixture of S, G2, M, and Gl cells in the next cell cycle (see Fig. 3). This result revealed
that the particular structure found in the dose-response curve of asynchronous cells
was recognized at least among cells at all stages examined. However, it can be noted
that a decrease in survival at the initial portion of the curve was more rapid in 4- and
18-hr cells than in 14-hr cells, whereas the manifestation of a shoulder was more pro-
nounced in 14-hr cells than in the others. Accordingly, it is most likely that the shoul-
der-type response is assigned specifically to the S period, while cells in the remainder
of the cell cycle are rather inactivated in an exponential manner. The other finding
is that the sensitivity, as judged by the shape of the curves, seemed to fluctuate through
the cell cycle. This was studied at closer intervals in the next experiment.

Change in Sensitivity of HeLa Cells during the Cell Cycle

The replicate synchronous cultures were exposed to the single concentration of 0.5
zig/ml of Mitomycin for 1 hr at different time after mitosis. This treatment gives about
209, survival for the asynchronous cells. Survival rates obtained were plotted as a
function of time after mitosis in the upper part of Fig. 3. In the lower part, a change
in the fraction of DNA-synthesizing cells and the relative increase in the number of
cells are shown together. From these two curves, the location and duration of DNA-
synthetic period and the generation time of synchronous cells were determined. The
duration of Gl, S, and G2 plus M periods was about 9, 10, and 3~4 hr, respectively,
and one-half of the population doubled in 22~23 hr after mitosis. These data were
also confirmed by the time-lapse cinematography on synchronous cells.

As seen in Fig. 3, the cells were sensitive through the Gl period, particularly the most
sensitive around 8 hr after mitosis (Gl/S transition phase) and then became less sensi-
tive as the cells progressed through the DNA-synthetic period. The resistant peak was
found in 14 to 16 hr when most of the cells were entering the latter half of the S period.
From this time onward, the cells began to increase in sensitivity and finally became as
much sensitive as Gl cells near the end of the cell cycle. However, sensitivity of the
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cells at 18 to 20 hr could not be determined accurately because of the breakdown of
synchrony (see the lower part of Fig. 3). It is noted that the observed change in survival
roughly followed the change in labeled fractions. It seems that the sensitivity is some-
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320

13

GANN



MITOMYCIN KILLING IN HELA CELLS

[
Do
=3

H

1

Fraction of survival

Fig. 3. Cpyclic change in sensitivity to
0.5 pg/ml Mitomycin and in
the fraction of labeled cells
through the cell cycle

NI IR TN IR

Different symbols indicate separate = 0 ettt -t ft 2.0
experiments. In the lower part, = 100 4 o
relative increase of cell number (0a) :J’ - T
is plotted through the cell cycle. & 801 =
ERN 5
S 40k 5
T 20 A e a E =
= . | =
= 1.0
0 TR IS UL SN SO NS NSO NS SO S

024 6 81012141618 202224262830

Hours after mitosis

Effect of Mitomycin on DNA Synthesis of HeLa Cells

As shown in Fig. 4, the synchronous cells pulse-treated at 3, 7, and 11 hr after mitosis,
ie., early Gl, late Gl, and early S periods, were examined for the rate of *C-thymid-
ine incorporation at different stages after removal of the antibiotic. In either case the
incorporation activity of the antibiotic-treated cells was reduced through the remainder
of the S period to less than 509, of the untreated control peak, although a 2-hr lag
preceded such reduction when the DNA synthesis was under way. Such action of the
antibiotic seems to be irreversible, since the recovery of incorporation activity was never
seen throughout the post-treatment period observed. The other finding is that the
beginning of DNA synthesis in the Gl-treated cells seems quite normal to occur in the
time course of the cell cycle. However, it was not certain if the antibiotic had no effect
on the entry of the cells into the S phase, because the incorporation was measured on
a per culture basis. This point was studied by the following autoradiographic experi-
ments.

Synchronous cells treated pulsewise 6 hr after mitosis (Gl phase) were labeled with
*H-thymidine and the fraction of labeled cells was determined at intervals. These
values were plotted together with those for the untreated control and shown in Fig. 5.
The labeled fraction of the antibiotic-treated cells was seen to follow the increase of the
untreated control exactly until 12 hr. Then, it exceeded the level of the untreated
control and stayed around 609, level even at 22 hr. This indicates that the cell progress
slowed down through the S period. The result of this experiment obviously revealed
that the entry of Gl cells into S period was not prevented by the antibiotic treatment.
In addition to the prolongation of the S period, the delay of the post-treatment divi-
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sion, which was estimated to be 16 hr or more in Fig. 5, would also indicate the ap-
preciable prolongation of G2 period. This division delay will be dealt again in the next
section.

Another autoradiographic experiments are illustrated in Fig. 6, which represents
the fraction of labeled cells (A) and the rate of DNA synthesis (B) after Mitomycin
treatment at various intervals in the Gl period. The rate of DNA synthesis in the un-
treated cells, as determined by counting the number of grains per cell, was not constant

—
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Fig. 4. DNA synthesis of synchronous HeLa S3 cells treated with 0.5
pg/ml Mitomycin (1 hr) at various stages from Gl to S period

The Mitomycin treatment is indicated by squares with corresponding symbols and
the rate of synthesis for the untreated control is shown by open circles.
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Fig. 5. S-prolongation and division delay induced by Mitomycin treat-
ment at Gl stage of synchronous HeLa S3 cells

The treatment (C.5 pg/ml, 1 hr) is indicated by an arrow. @ Fraction of labeled

cells of the untreated control, © relative cell number of the untreated control.

A TFraction of labeled cells in the Mitomycin-treated group, 4 relative cell
number in the Mitomycin-treated group.
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Fig. 6. DNA synthesis of synchronous HeLa S3 cells treated with Mitomy-
cin at various periods from Gl to S period

The treatment (0.5 pg/ml, 1 hr) is indicated by squares with corresponding symbols.
O Untreated controls. @ Cells treated at 2 hr, ® cells treated at 5hr, a
cells treated at 7.5 hr after mitosis.

through the S period; namely, relatively low at 8 to 10 hr, intermediate at 12 hr, and
the highest at 14 hr, the middle of S period. In the antibiotic-treated cells, however,
the increase in the rate was partially prevented; the earlier the treatment of cells in the
Gl period, the greater the depression in the rate of DNA synthesis. Therefore, together
with the foregoing data here and elsewhere,!® Mitomycin is found to depress the rate
of DNA synthesis without affecting any processes preceding the onset of the synthesis.
Secondly, the stage-dependent reduction of DNA-synthetic rate may be partly due to
the composition of synchronous population treated, since synchronous population con-
tains more and more DNA-synthesizing cells with the progress through the GI period,
as seen in Fig. 3. Nevertheless, the underlying fact would be that the Gl phase is more
sensitive than the S phase in terms of the rate of DNA synthesis.
Effect of Mitomycin on Cell Proliferation

The synchronous cells treated with Mitomycin were followed until the third post-
treatment generation by means of the time-lapse cinematography. Fig. 7 illustrates
observations on the first post-treatment cell division of the synchronous cells. The cells
were treated pulsewise at various stages in the first cycle and its result indicated that
practically all of the cells could complete the first generation by successful divisions,
no matter when the antibiotic treatment was applied in the cell cycle but the extent
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Fig. 7. Cell division of Mitomycin-treated synchronous HeLa S3 cells

Divisions were examined for the first post-treatment division by using time-lapse cine-
matography. Solid line designated by S represents the fraction of labeled cells copied
from Fig. 3. Arrows indicate the time of Mitomycin treatment (0.5 pg/ml, 1 hr).
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of division delay varied with different stages. The delay of cell division was pronounc-
ed in Gl and G2 cells, while S cells could divide quite normally. The presence of 18-
hr cells seemed to be rather complicated by an involvement of two different fractions,

, the one approximately 609, of the population which could divide normally, and

324 GANN

77



MITOMYCIN KILLING IN HELA CELLS

the other which began to divide slowly when the relative cell number reached around
1.6. It would be reasonable to assume that the former would represent the S-cell fraction,
since roughly 609, of the cells were labeled at 18 hr. The other corresponds to G2
cells or possibly a mixture of G2, M, and GI cells in the next cell cycle. Therefore, G2
cells may be assumed to be as much sensitive as G1 cells. As far as the first post-treat-
ment divisions are concerned, the sensitivity pattern during the cycle was almost similar
to that for the killing effect shown in Fig. 3.

Another analysis was done to see the incidence of cell death after the antibiotic treat-
ment. As seen in Fig. 8, the frequency of cell death was minimum at the first genera-
tion in which the antibiotic was applied. However, it generally increased with successive
generations of the cells treated at four different stages. This suggests that the damage
given by Mitomycin is transmissible through generations and becomes lethal with time,
presumably by cell division. The least sensitive was 14-hr cells, and the general sen-
sitivity pattern shown in Fig. 3 was also confirmed by this analysis.

Discussion

The exposure of asynchronous cells to varying doses of Mitomycin revealed a par-
ticular shape of survival curve. Further experiments carried out with synchronous cells
permitted us to recognize two different types of elementary responses. Hence, it is
hypothesized that two different mechanisms operate alternately at different stages in
the cell cycle. As already suggested above, let us assume that the cells in the S period
show a sigmoidal response with a broad shoulder, while the cells in other stages simply
follow an exponential inactivation, and that the parameters are assigned to both com-
ponents as follows:

n Dy(pg/ml)

Exponential component (curve A) 1.0 0.05

Sigmoidal component (cuvre B) 4.5 0.20
where 7 is the extrapolation number and D is the mean lethal dose. A composite
survival curve could be constructed like curve C in Fig. 9, which is for asynchronous
population containing approximately 509 of S cells as normally found. Similarly,
curves D and E in Fig. 9 represent 14- and 4-hr synchronous cells, respectively. Thus,
the particular curves we have observed may be interpreted under the foregoing
presumption, although appreciable difference is seen between curve E and the survival
curve of 4-hr cells. This might be solved by introducing some other parameters.

With respect to the primary site of the antibiotic action, many of the past studies
have shown that the antibiotic causes severe fragmentation,® depolymerization,®- !V
and irreversible cross-linking of DNA in the cells.> %29 Accordingly, the selective in-
hibition of cellular DNA synthesis by this antibiotic’-!? may be interpreted as a sec-
ondary effect which is derived from molecular lesions induced in DNA. In the present
study, we are particularly concerned with the effect of the anitibiotic treatment given
at various stages on DNA synthesis. The important finding is that the damage inflicted
at Gl phase induces more inhibitory effect on DNA synthesis than the one inflicted at
S phase. This implies that a primary molecular damage responsible for the synthesis
inhibition can develop as the rest of Gl phase progresses. On the other hand, the
cinematographic analysis indicated that the damage responsible for cell death was
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transmissible through the post-treatment generations. This strongly suggests that the
damage induced by the antibiotic has a close association with genetic elements of the
cells. Thus, the molecular lesions inflicted in DNA would be most suspected as the main
reason for cell death. It would be highly probable that a depression of DNA synthesis
or its consequence finally results in the loss of a proliferative capacity of the cell.*!”
In this context, sensitivity change dependent on the cell cycle will be discussed as fol-
lows. The pattern of survival response to Mitomycin during the cell cycle is not entirely
consistent with that for other antibiotics®®1® and for X-rays.’>1% The specific feature
of the present pattern is the loss of a resistant peak in the G1 period. The possible in-
terpretation of the pattern will be mentioned below.

1) The DNA synthesis is important for the survival, since the repair of induced damage
may require DNA synthesis. Thus, the rough coincidence found between the survival
peak and the peak of DNA-synthetic activity can be understood. This interpretation
would be valid if it is assumed that a damage fixed in G1 phase or chromosome type
of genetic damage is not repairable. At this moment, one can recall that the damage
given at the Gl phase is greater than that at the S phase with respect to DNA synthesis
(Fig. 6). If the injury or abnormality in DNA synthesis caused by Mitomycin is some-
how correlated with loss of proliferative capacity, the observed pattern would be suc-
cessfully explained.

2) The amount of DNA per cell is related to the survival. The amount remains con-
stant during the G1 period and then increases until the cell acquires its genetic twoness
at some time in the latter portion of the S period. On this basis, a higher level of sur-
vival should be expected as the DNA synthesis proceeds. However, as a matter of fact,
the survivals found after 18 hr are reduced. Thus, to explain this, one should make the
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assumption that the G2 phase is intrinsically more sensitive than the S phase. At pre-
sent, a simple hypothesis is not possible.

Based on the above hypothesis, DNA molecule may be duly regarded as one of the
most probable targets for the lethal effect of Mitomycin. However, a possible involve-
ment of damages that occur in other cellular structure, e.g., mitotic apparatus or cel-
lular membrane,® should not be neglected. The complete understanding of the cell
cycle dependence of sensitivity to exogenous agents obviously requires further extensive
investigations. The accumulations of this kind of informations would be particularly
useful for studies on the inactivation of proliferative capacity of cells.

We thank Miss M. Yasukawa for her technical assistance.
(Received January 19, 1972)
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[GANN, 63, 645~646; October, 1972}

UDC 615.33[Bleomycin] :578.085.23

LETHAL EFFECT OF BLEOMYCIN ON CULTURED MOUSE L CELLS:
COMPARISON BETWEEN FRACTIONATED
AND CONTINUOUS TREATMENT

Recently, the effect of Bleomycin-Ag on the
proliferative capacity of cultured mammalian
cells was studied extensively by Terasima and
his colleagues.?:®) Their results have provided
us a new aspect concerning its clinical applica-~
tion.

Experiments were carried out with mouse
L cells in F10 medium supplemented with 59,
calf serum and 0.059% heart infusion broth
(Difco, U.S.A.). Plating for colony counts was
carried out with 60-mm plastic petri dishes
(Falcon Plastics, U.S.A.). Control and Bleo-
mycin-treated plates prepared from trypsiniz-
ed single cells were incubated in a CO,-cham-
ber at 37° for 12 to 14 days. Survival was deter-
mined by counting the number of colonies
that developed in triplicate dishes.

L cells were exposed to 5 pg/ml Bleomycin
as a function of time. The time-inactivation
curve obtained exhibited an upward concav-
ity!® (closed circles in Fig. 1). The curve con-

sisted of the initial sensitive and the final re-
sistant components, the inflexion point being
at 15 min after introduction of the antibiotic.
As shown in other papers,24 the analysis of
this biphasic survival response revealed the
following: (1) Bleomycin kills the cells ex-
ponentially and then induces resistance as the
duration of exposure to the antibiotic increases,
and (2) the induced resistance disappeared
within 4 hr after the antibiotic was removed.
Based on these findings, it would be expected
that the adequately fractionated treatment is
much more efficient to sterilize the cells than
a continuous treatment by resulting in a
simple exponential survival curve.

Then, L cell cultures were treated repeated-
ly with 60-min pulse of 5 pg/ml of Bleomycin
at intervals of 5 hr. Ten fractionations yielded
a simple one-hit type of inactivation (open cir-
cles in Fig. 1). This result was in good agree-
ment with the one expected from the analysis.
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The model treatment shown here may pro-

vide some useful idea for clinical application

of Bleomycin.
(Received July 27, 1972)
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Effect of Bleomycin on Mammalian Cell
Survival »*

T. Terasima, Y. Takabe,? T. Katsumata,® M. Watanabe,® and
H. Umezawa,*® Division of Physiology and Pathology, Na-
tional Institute of Radiological Sciences, Anagawa-4, Chiba,

Japan

SUMMARY—The survival response of cultured mammalian cells treated
with bleomycin was studied. The dose-response curves of 4 cell lines of
different origin exhibited an upward concavity. The true sensitivity of cells,
shown by the initial slope, appeared to be slightly different among cell
lines, whereas the final slope did not differ appreciably. The fraction of the
terminal portion ranged from 30-60% of the population, depending on the
cell lines. The inactivation of the mouse L cells, determined as a function of
time of the freatment, was biphasic, with the inflection point during the
first 60 minvtes. The inactivation constant of the terminal resistant portion
increased with greater concentration of bleomycin, though not directly
proportional to the increase. The interpretation of the biphasic survival re-
sponse was that bleomycin inactivated cells exponentially and then in-
duced the resistance of cells as the time of incubation elapsed. This was
evidenced by a two-dose fractionation experiment in which the induced
resistance disappeared within 2—4 hours after the antibiotic was removed.
It was concluded that bleomycin not only exerts a lethal effect on but
also induces resistance in mammalian cells. From these findings, a chemo-
therapeutic scheme of bleomycin was proposed.—] Natl Cancer Inst 49:

1093-1100, 1972.

SINCE BLEOMYCIN was discovered by Ume-
zawa et al. (J, 2), actions of this antibiotic on
various properties of mammalian cells have been
studied extensively (3-7).

The quantitative determination of survival re-
sponse in cultured mammalian cells should pro-
vide essential chemotherapeutic information.

Umezawa and colleagues (8, 9) reported the
selective distribution of this compound in the
body; i.e., higher concentrations were found in
the skin and lung than in bone marrow, liver, in-
testine, and other organs. Furthermore, better

JOURNAL OF NATIONAL CANCER INSTITUTE 49, 1093-1100, 1972
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clinical results were obtained with squamous cell
carcinomas in the skin, lung, and mucous mem-
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brane (10, 11). These particular findings might
be attributed to a differential distribution of a
bleomycin-inactivating enzyme among tissues (9).
Accordingly, cells of different origin may have
different sensitivity to the antibiotic.

This communication concerns the sensitivity
measurement of several cultured mammalian
cells and a kinetic study of survival response. From
these results, some principles of bleomycin chemo-
therapy are outlined

MATERIALS AND METHODS

Cell lines and their growth properties— A clone of the
mouse L cells (B929-L2]), designated “L5 strain,”
was used in most experiments. The cells were
grown in FI0HI medium (72) supplemented with
5% calf serum. On plastic culture dishes (Falcon
Plastics, Los Angeles, Calif.) the plating efliciency
was normally 60-100%. The growth properties of
asynchronous and synchronous populations were
described in (13). Melanoma cells, B16-X1 strain,
were isolated by Terasima and Tanaka from the
transplantable mouse melanoma B16, provided
by Dr. T. Kasuga of this Institute. The culture
produced slightly brown pigment and normally
grew with a median generation time of 23 hours.
The plating efficiency was 30-80%. P388 mouse
leukemia cells were provided by Dr. H. Ohara of
this Laboratory. The cells attached weakly to the
surface of plastic culture dishes, and the doubling
time was about 30 hours. Vero cells were isolated
by Dr. Y. Yasumura, Chiba University, from a
green monkey kidney. A near-diploid number of
chromosomes has been maintained up to the
present (H. Ohara, personal communication). The
plating efficiency was 40-80%. The growth ratc
was not determined. The growth medium of these
cell lines, except for the L5 strain, was F10 medium
supplemented with 109 calf serum.

Preparation of synchronous culture—The method,
including the harvest of mitoses by shaking, was
detailed previously (73, 74). In the present
studies, only L5 cultures were subjected to this
procedure.

Preparation of cultures.—The cells growing actively
in a monolayer were dispersed with 0.19% trypsin
(1:250, Difco, Detroit, Mich.)-saline D2 (/5). The
suspended cells were plated out in plastic dishes
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(60X15 mm), after they were counted with a
hemocytometer, and diluted appropriately with
growth medium. Dishes were then incubated at
37° C in a CO; chamber constantly supplied with
a humidified 59, COs-air mixture. At 4-5 hours
after incubation, individual cells were attached
firmly to the bottom of the dish and a few were
ready to divide. Cultures at this stage were treated
with bleomyecin.

Treatment of cells with bleomycin~—At treatment,
the growth medium in the dishes was replaced with
medium containing bleomycin that had been pre-
warmed in a CO, chamber. Dishes were then
incubated for periods ranging from 15 minutes to
4 hours. All procedures were done in a room main-
tained at 37° C. When the treatment terminated,
the cultures were removed from the chamber,
rinsed 3 times with F10 mixture (72), and fed the
growth medium. The rinsing step was performed
in a sterile room, at 20° C, and precautions were
taken to prevent contamination. In the two-dose
fractionation experiment, however, cultures were
rinsed at 37° C only after the first treatiment, to
keep them at a constant temperature during the
interval between fractionated weaunents. This was
necessary for exact determination of a change in
the response of cells after the first weatment.

Assay of survival —Cultures from which bleo-
mycin was removed were incubated in a CO,
chamber for 12-14 days to develop survivors.
Colonies developing in triplicate dishes were
counted to determine survival.

Antibiotic—~Bleomycin A5, a copper-free com-
pound (Lots 00702 and 6), was kindly supplied by
Nippon Kayaku Co., Ltd. The compound was
dissolved in F10 mixture and refrigerated until use.

RESULTS

Survival Response of Various Mammalian Cells to
Bleomycin

Four mammalian cell lines of different origin
were treated with a 60-minute pulse of varying
concentrations of the antibiotic, and survival frac-
dons were measured as a function of the drug
concentration (text-fig. 1). All these dose-response
curves demonstrated the exponentially inactivating,
initial portion followed by the less sensitive final
portion. Therefore, an upward concavity was
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TeEXT-FIGURE ].—Dose-response curve of mammalian cell
lines. Survivals were assayed by exposure of single cells to
bleomycin at varying concentrations for 60 minutes and
by their incubation for clonal growth. Symbols denote
different experiments.

manifested with the inflection point at the region of
5-10 ug/ml. To compare the response of cell lines,
the curves were resolved into 2 broken lines, shown
in text-figure 1, which were approximated by eye
to the initial and final slopes; the sensitivity was
determined in terms of the mean lethal dose (Do),
defined as the concentration needed to yield 379
survival in the exponential region of survival curve.
The values obtained are shown in table 1. The
initial slope appeared to differ, depending on the
cell line, though the exactness was extremely
limited because of the paucity of points on which
broken lines were based; BI6-XI and L5 cells
proved more sensitive than the other 2 cell lines.
In contrast, the final slopes were approximately
similar. The values were within the range of 50-60
pg/ml. Notable was a fraction of tail portion, as
measured by extrapolation of the final slope to
the ordinate. The rough estimates obtained were
309% for B16-XI, L5, and vero cells and 609, for
P388 cells. These findings appear to indicate that
the population is composed of fractions of different
sensitivity.

With L5 cells, the inactivation at several different
concentrations of the drug was determined as a
function of time (see text-fig. 2, the time-
inactivation curve). Here again, the 2 components
were demonstrated in all the inactivation curves.
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The final slopes appeared within 60 minutes after
any concentration of bleomycin treatment and
manifested different rates of inactivation, depending
on the concentration of the antibiotic.

Survival Response After Fractionated Treatment

To interpret the upward concavity of the time-
inactivation curve, the possibility of thermal or
metabolic breakdown of the antibiotic was con-

TasLe 1.—DBleomycin-survival paramecters of 4 mam-
malian cell lines

Do dose* (ug/ml)
Cell lines

Initial slope Final slope

| O T 4.5 63
B16-XI_ . - .. .. 3.7 62
Vero. . oo 6.5 56
P388 . 7.5 50
*Defined in text,
I.O !
- 0.5
o
].—
O
<
o
("
0.1
2
s 005
>
% - o 5ug/ml
n e |O ug/ml
" a 20 ug/mi
4 50 pg/mi
00l ‘ ‘ n
0 60 120 180 240

TIME OF EXPOSURE TO DRUG (min)

TexXT-FIGURE 2.—Time-inactivation curve of L5 cells.
Survivals were determined as a function of time of the
treatment with 4 different concentrations of bleomycin.
Limit shown is the standard deviation of the mean ob-
tained from repeated experiments.
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sidered, but was rejected because the terminal
slope for L5 cells remained unchanged, even when
the bleomycin-containing medium was replaced
with fresh medium after the first 60-minute treat-
ment. Therefore, the curve strongly suggests that
cells become less sensitive to bleomycin as the
time of treatment clapses. Thus we hypothesized
that the terminal slope resulted from an induction
of partial resistance by bleomycin, which disap-
peared when bleomycin was removed. This was
studied in the two-dose fractionation experiment,
showing that the first treaument induced resistance,
but the second treatment, given at intervals, only
fixed the extent of resistance, which then gradually
disappeared without bleomycin.
Text-figure 3 shows one result of the fractionation
experiment, in which L35 cells were
treated with 5 pg/ml bleomycin. As in text-
figure 2, the rapid initial inactivation was followed
by a gradual development of less sensitivity, which
finally resulted in a slow terminal slope. At 120
minutes of treatment, the antibiotic was removed
from the portion of the cultures and the incubation
was continued with ordinary growth medium for
another 60 minutes. The cultures were then
examined for survival response to a second treat-

100 ]
80 [ Bleomycin  Sug/mi
< 60 |- B
£ L TIME OF _
> SECOND EXPOSURE
L 40 60 120 ]
(] Cl T
-
z
S
g 20
w
Q.
{
0 60 120 180 240
TIME OF EXPOSURE TO DRUG (min)

Tex1-FIGURE  3.—Change in survival response after
removal of bleomycin. Closed symbols represent the time-
inactivation curve of L5 cells at 5 ug/ml bleomycin. Open
symbols represent the time-inactivation curve obtained with
cultures exposed to bleomycin for 120 minutes, rinsed to
remove the antibiotic, and then incubated for 60 minutes
in ordinary growth medium. Broken line in inset illustrates
the survival response of the original culture.
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ment of 60 and 120 minutes at the same concentra-
tion. The inset demonstrates the reduction of
survival level. It indicates that the resistance
induced by the first treatment disappeared when
the antibiotic was removed. However, the dis-
appearance was not complete after 60-minute
incubation, since reversion to the original sensitiv-
ity requires the reduction of survival level to the
broken line.

Text-figure 4 shows survivals obtained after
two 60-minute fractionated treatments with 5 pg/ml
bleomycin given at intervals of 30 minutes to 10
hours. As a whole, the loss of resistance appeared
to be related to length of the interval between
treatments. Survivals obtained after an interval of
4 hours or more stayed practically at the level of a
full reversion.

To determine the temporal change and the ex-
tent of loss of resistance, the fractionation experi-
ment with two 60-minute treatments (see text-fig. 4)
was repeated with 3 different concentrations of
bleomyecin. Survival values obtained from these
experiments are shown (text-fig. 5) in terms of per-

L0 # 29
Bleomycin 5 pug/mi
081
TIME OF
3 - SECOND Eé)éPOSURE
=
506 1.0
I
m —
b 08
o 04T <
e 06 8
= S
P - ~  INTERVALS BETWEEN
) DRUG EXPOSURES
» O4l- © 30min & 240min
: A 120min O 600min
0.2 = ) { il | ! I
(¢} 60 120 180

TIME OF EXPOSURE TO DRUG {min)

TEXT-FIGURE 4.—Survival change in the two-dose frac-
tionation experiment. Closed circles represent the time-
inactivation curve of L5 cells treated with 5 pg/ml bleo-
mycin. Symbols show survivals after two 60-minute treat-
ments given at various intervals.
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TexT-FIGURE 5.—Loss of resistance after removal of bleomycin. Survivals of L5 cells were
determined after two 60-minute treatments given at various intervals and normalized to the
survival obtained after the straight treatment of 120 minutes (i.e., O-minute interval).
Symbols denote different experiments. Broken line with shaded area represents the mean sur-
vival value and its standard deviation expected when the resistance induced by the first

dose disappeared entirely.

centage of the survival, which was obtained after
the straight treatment for 120 minutes, or at 0-
minute interval, in each experiment. Data from 2
experiments at 10 pg/ml concentration were com-
bined with those obtained at 5 pg/ml, since they
did not differ appreciably. Text-figure 5 indicates
that the relative survival was reduced rapidly soon
after bleomycin was removed, leveled off at 2
hours for 50 ug/ml bleomycin, at 4 hours for 5
ug/ml, and, ultimately, stayed constant approxi-
mately at the level of the original sensitivity, It
was concluded that the reversion  completed
at 2-4 hours after bleomycin was removed.
Whether the observed difference in the loss of
resistance time between 2 different concentrations
was significant could not be definitely determined.

Repeatability of Induction and Loss of Resistance

To ascertain whether the induction and the loss
of resistance to bleomycin were repeatable, the
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fractionated treatment with bleomycin of 60 min-
utes cach at 5 ug/ml was given 3 times successively
at 4- and 10-hour intervals. Survivals obtained
after these treatments are shown in text-figure 6.
They were found approximately at the levels
which would be expected when a full reversion in
sensitivity occurred during the intervals. Therefore,
it was confirmed that the cellular response to bleo-
mycin was repeatable at appropriate intervals.
This finding might be of great importance in rela-
tion to the therapeutic design of bleomycin, as
discussed later.

DISCUSSION

Recently the biphasic inactivation of mam-
malian cells by bleomycin was reported by Bar-
ranco and Humphrey (7). Their findings relating
to the survival response of Chinese hamster cells
were essentially like ours, though an exact correla-
tion cannot be made because of differences in
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TexT-FIGURE 6.—Multiple-dose fractionation experiment.
Glosed symbols denote the time-inactivation curve of L5
cells at 5 ug/ml bleomycin. Open symbols show survivals
obtained after repeated 60-minute treatments given at 4-
and 10-hour intervals.

experimental conditions. Their studies were di-
rected mainly to effects of the antibiotic on the
cell cycle events, whereas our studies especially
concerned the kinetics of the lethal effect.

The upward concavity of the dose-response
curve cannot readily be interpreted. In view of
the extremely high frequency of resistant cells,
generally true among cell lines, it is unlikely that
the resistance is genetically determined. Inci-
dentally, the same shape of curve was obtained
from survival response of a clonal L5 culture iso-
lated from a survival on the 50 pg/ml dish. A re-
maining possibility is the involvement of differen-
tial sensitivity during the cell cycle. However, the
survival curve obtained with the synchronous Gl
population (at 3.5 hours after mitosis) of L5 cells
also exhibited the same upward-concave shape,
not permitting a simple allotment of the two com-
ponents to specific cell stages. Additional support-
ive evidence is that any appreciable inflection
was not recognized when the composite dose-
response curve was calculated by sensitivities
measured at cach stage of the cell cycle (unpub-
lished). Hence the assumption that the hetero-
geneity of sensitivity in L5 culture is predetermined
either genetically or physiologically was not
justifiable. From analyses of the time-inactivation
curve, the resistant terminal portion of the dose-
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response curve is attributable to the rapid induction
of resistance by the antibiotic (see text-fig. 2).

For the present, the induction hypothesis fits
most of the kinetic data here. Based on the hy-
pothesis, our findings were: 1) When bleomycin was
added to the culture, cells were killed rather rapidly.
In the meantime, the resistance of cells was induced
gradually and was established at 30-60 minutes.
They remained resistant while the antibiotic was
in the growth medium. Data presented in text-
figure 2 indicate that the resistance was not abso-
lute and cells in this state were inactivated at a
slow and definite rate, depending on the concen-
tration of the antibiotic. 2) As soon as the anti-
biotic was removed, loss of sensitivity occurred
quickly and then slowed down; finally, the orig-
inal sensitivity, together with the capability of
cells to develop resistance, was acquired again
within 2—4 hours.

The sensitization after the removal of the anti-
biotic may be due to a partial synchrony developed
after a sclective killing of the population. However,
this seems unlikely, since no oscillatory change in
survival was found during a 10-hour incubation
period (see text-fig. 5).

No material basishasyet been found for the nature
of resistance induced. In our studies regarding
the effect of bleomycin on macromolecular synthe-
ses of L5 cells, which will be reported elsewhere,
the inactivation of DNA and protein syntheses by
bleomycin also showed an upward-concave curve.
This type of response led us to assume that some
sort of barrier in the cell against bleomyecin is formed
by its addition to the medium.

Umezawa and colleagues demonstrated the bleo-
mycin-inactivating enzyme in various tissues of
mice (9). Accordingly, different cultured mamma-
lian cells might have this inactivating activity. De-
velopment of the resistance would be understood
if the inactivating activity were produced or re-
leased in the presence of bleomycin.

If we assume that most biologic effects of bleo-
mycin are derived from the primary damage in
cellular DNA, the resistance probably is based on
the action of DNA polymerase which can repair
DNA damage. In particular, single strand breaks
of DNA produced by the antibiotic were quickly
repaired (9).
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That bleomycin induces an alteration in perme-
ability of cells is unlikely. Such evidence will be
reported in another communication.

Terasima and Umezawa (6) made some quanti-
tative determinations of the lethal effect of bleo-
mycin on HeLa S3 and mouse L cells. The rough
estimation of De dose, made collectively on the
initial and terminal portions of the dosc-response
curve, was 45 and 12 ug/ml, being fairly large as
compared to those obtained for other antitumor
agents. In view of cancer chemotherapy based on
a sterilization of tumor cells, the effect seemed
moderate or rather weak. However, the present
results pointed out that the true lethal effect is
shown exclusively by the early portion of the curve,
though the exact measurement cannot be made
because of the development of resistance. As to the
initial portion of the curves, two points were noted.
1) The Do values measured with 4 cell lines seemed
slightly different from each other, ranging from
4-8 pg/ml (see table 1). Cells derived from blood
and kidney may be somewhat less sensitive than
melanoma cells. However, much more information
is necessary regarding the sensitivity of cells from
different origins before any definite conclusion can
be reached. 2) Taking advantage of the early
portion of the response would be most effective for
treatment with bleomycin, and such emphasis will
be realized only by a fractionation scheme of
treatment. This is discussed more fully.

The present results provide much information
with which some cellular basis of bleomycin
chemotherapy can be constructed. To the first
approximation, the inactivation curve (text-fig. 2)
would be described by the following exponential

function:

S=304 . ¢~Ft 1]

where C7 is a fraction of initial and terminal com-
ponents. The fraction of the latter is given by
extrapolation of the terminal slope to the ordinate.
Respective inactivation constant of components is
denoted by £i.

Let us assume that the level of the antibiotic in
the tumor can be kept constant for 60 minutes after
a single administration. Then, with continuous
treatment by consecutive administrations of the
antibiotic every 60 minutes, a total amount of
antibiotic which assures 90% cure of tumor can be
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estimated by equation [1]. As far as continuous
treatment is concerned, the final slope is more
important than the initial slope in determining the
total amount. Text-figure 7 illustrates the inactiva-
tion constant of final slopes against the concentra-
tion of bleomycin—obtained from data in
text-figure 2. Since the relation is not linear, lower
concentrations would result in smaller total doses
to effect the same result; if a tumor contains 102
cells, the continuous treatment with the tumor dose
of 50 pg/ml for a single administration needs 18.1
hours or a total of 910 pg, whereas the tumor dose
of 5 pg/ml can sterilize tumor cells with 317 ug.

Secondly, we understand immediately from the
time-inactivation curve that the continuous treat-
ment is not profitable in relation to the total amount
required, simply because the resistance once in-
duced would never have a chance to disappear. If
the fractionation scheme is followed at the interval
which permits a complete loss of resistance, the
survival will be given by

fraction™> (St=60 mlnutes)v {2]

where » is a number of fractions of treatment.
Again, when the same tumor is treated with the
tumor dose of 5 pg/ml on the above fractionation
scheme, the total amount calculated from equation
[2] is 168 ug; i.e., approximately 509, of the dose
required for the continuous treatment. Encouraging

08 |~
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INACTIVATION CONSTANT (hr™)
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Text-FIGURE 7.—Relationship between the terminal slope
in the time-inactivation curve of L5 cells and bleomycin
concentration. The values were obtained from data in
text-figure 2.
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evidence was recently available from the experi-
mental therapy of transplantable mammary car-
cinoma of G3H mice. The result demonstrated
that growth of the tumor was much more affected
in fractions than in a single administration of the
same total dose (M. Urano, NIRS, personal
communication). The clinical results thus far
obtained suggest that the use of more than 300
mg tends to produce certain side effects (10).
Therefore, the foregoing arguments for reducing
a total amount may be useful for tumor therapy of
bleomycin.

Finally, the elucidation of the nature of the resis--

tance is important for a successful clinical applica-
tion of the antibiotic, since a control of the induction
process might offer an advantage to a differential
sterilization between normal and malignant tissues.
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Basic Findings in Bleomycin A ction

By T. Terasima

In 1962, Umezawa and his colleagues successfully isolated an antibiotic, designated
as bleomycin, from the culture filtrates of Streptomyces verticillus [1]. The antibiotic
was differentiated from a previous antibiotic phleomyecin, in the lack of renal toxicity.
It was separated into bleomycins Al-A6, A’-a, A’s-b, BI-B6. Among them bleomy-
cin A2, which is the major component of the bleomycin clinically employed, and A3
have been studied most in detail.

The results of studies on toxicity and distribution by Umezawa’s group revealed the
preferential localization of bleomycin in skin and Iung tissues and its more rapid in-
activation in other tissues [2]. This might explain the rather late toxic effects observed
in experimental animals and men, such as depilation, sclerosis of skin and fibrosis of
lung. Recent data obtained with mice bearing squamous cell carcinoma or sarcoma,
induced by 20-methylcholanthrene, demonstrated that bleomycin in the active form
was localized in squamous cell carcinoma as well as in skin in higher concentration
than in sarcoma.

These experimental results were in a good agreement with clinical results thus far
observed. Ichikawa et al. [3] found that squamous cell carcinomas developed in skin,
lung and genital regions were sensitive. Approximately similar results were reported
by the Clinical Screening Group of EORTC [4]. There are some promising reports
that Hodgkin’s disease responds to bleomycin. The mechanism of this selective effect
on Hodgkin’s disease may be different from that against squamous cell carcinoma.

Actions of Bleomycin on Mammalian Cells

The effect of bleomycin on macromolecular syntheses of cultured mammalian cells
was first studied by Kunimoto et al. [2]. Extensive determinations of the effect in the
mouse L cells were carried out by Watanabe et al. (in preparation). The results revealed
that the rate of DINA synthesis was most strongly affected whereas those of protein and
RNA syntheses were less affected in this order. The shape of these dose-response curves
was quite notable, indicating that the reduction of synthetic rates per unit increment
of the concentration was much greater in the low concentration range (less than 10 ng/
ml) than in the high concentration range. The interpretation will be given when the
survival response is discussed later. Such overall inhibition of syntheses may be attri-
buted to the remarkable effect in the DNA molecule.

Nagai et al. [5] reported that the melting temperature of calf thymus DINA was
lowered appreciably when DNA molecules were incubated with bleomycin in the
presence of SH compounds. In relation to this effect, the prominent molecular change
in DNA induced by bleomycin was disclosed by ultracentrifugation studies. The sedi-
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Grundlegende pharmakologische und biochemische Aspekte

mentation profile of DNA released from the mouse L cells by the SDS method clearly
indicated that bleomycin broke cellular DNA into short pieces of polynucleotide
chains [2, 6]. Recently, Yamaki et al. [7] reported that actions of exo-type DNase and
DNA-polymerase were apparently stimulated by A2 compound. As they emphasize,
it is very likely that the inhibition of DNA synthesis results from a breakdown of
template DINA which is caused by the endonucleolytic action of the antibiotic and
by subsequent lysis with DNase.

Regarding the effects on the growth of mammalian cells, several studies have been
reported [2, 8, 9]. The most extensive work on the proliferation of cultured mamma-
lian cells has been carried out by Terasima and his colleagues. A few aspects would
be appropriate to mention in this communication.

When the fate of bleomycin-treated mouse L cells was followed by time-lapse cine-
matography, the incidence of cell death at the first post-treatment generation was low
to moderate although dependent on the concentration of bleomycin. Contrarily, cells
were killed most frequently at the second (or probably later) post-treatment generation
(s). Therefore, it appears that the potential damage produced at the first generation
must be transmitted through mitosis before it becomes lethal.

The lethal effect on the proliferative capacity of mammalian cells was determined
by counting the number of survival colonies developed in culture dishes. Fig. 1 shows
the dose-survival relation of four cultured mammalian cells. The shape of the survi-
val curves was all upward-concave, as found in the case of macromolecular syntheses,
and has never been observed for other antibiotics. Such inactivation curves would not
immediately give us any promissing idea about a sterilization of cancer cells. This
point will be solved in the next section.

The time-survival relation obtained with several fixed concentrations of bleomycin
AS5 against mouse L cells was illustrated in Fig. 2. The curve again showed the up-
ward-concavity which was formed with the steep initial and the slow terminal por-
tions. We examined a few possibilities for the observed heterogeneity in sensitivity,
and finally reached the conclusion that bleomycin inactivates cells exponentially and,
then, induces a partial resistance of mammalian cells as shown by the terminal slope.
The evidence was provided by the two-dose fractionation experiments. Cultures ex-

)
@G L5 ‘ VERO

Fig. 1. Dose suivival curve of cultured
mammalian cells. Survivals were de-
termined by counting number of colo-
nies developed in culture dishes after
60 min-pulse treatment of single cells
and subsequent incubation. L5: a
clone of mouse L cells (fibroblastic
origin). B16-XI: a clone of melanoma
cells derived from the transplantable
mouse melanoma B16. Vero: a diploid
o 20 40 o 20 %0 culture derived from a green monkey

kidney. P388: a culture of mouse lym-

BLEOMYCIN ~ CONCENTRATION (ug/ml) phatic leukemia.

FRACTION

SURVIVING
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posed to the first dose were rinsed to remove the antibiotic at the time when the ter-
minal slope had appeared, and incubated further with the ordinary growth medium.
At intervals the time-survival curve was examined by re-introducing bleomycin and
incubating for desired periods. From repeated experiments of this type, it was found
that the resistance induced by the first dose decays with time after the removal of the
antibiotic and the survival response ultimately returns to the original level. The decay
of the induced resistance was determined as a function of time between two treatments,
as shown in Fig. 3. It demonstrated that the original sensitivity was attained about
2 to 4 hr after the removal of bleomycin. Further experiments provided the evidence
that the induction of resistance and subsequent decay was repeatable at appropriate
intervals.

No material basis for the resistance has yet been found. At this moment, it might
be pertinent to mention that the same conclusion was drawn from the kinetic analysis

100

Fig.3. Decay of resistance after re-
moval of bleomycin. Survivals
were determined after two 60-min
treatments given at various time
intervals and normalized to the
value obtained after the straight
120-min treatment (0 min inter-
val). Broken line with shaded band
represents the survival value and
its standard deviation expected
when the resistance induced by the
first dose disappeared entirely. TIME BETWEEN TWO TREATMENTS (hr)

PERCENT REDUCTION IN SURVIVAL
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Grundlegende pharmakologische und biochemische Aspekte

of the bleomycin inactivation of DNA synthesis of L cells (Watanabe et al.). In view
of such generality of the response, the involvement of bleomycin-inactivating enzyme
seems to be likely. Umezawa’s group has shown recently that mammalian tissues have
the enzyme which can inactivate bleomycin [2]. Accordingly, it is largely possible that
such enzyme can be either induced or activated in cultured mammalian cells by bleo-
mycin.

Cellular Basis of Blecmycin Chemotherapy

The present results might have some relevance to the tumor chemotherapy. To
evaluate some therapeutic schemes on the basis of data in Fig. 2, some basic assump-
tions must be made; 1.) as found in Fig. 2, the tumor cell killing obeys the equation,

S (survival) = ICi.e-kit
where Ci is a fraction of the initial and terminal components, ki is each inactivation
constant, and these are derived from Fig. 2, 2.) the level of the antibiotic in a tumor
is kept constant for 60 min after a single administration. Then, the continuous treatment
is effected by consecutive administrations of the antibiotic every 60 min. If a tumor con-
tains 108 cells, a total amount of bleomycin which is needed for 909/, cure of tumor,
can be calculated. As far as continuous treatment is concerned, a tumor dose of
50 pg/ml needs 18 hr or a total of 900 ug to sterilize the tumor, whereas 5 g/ml can
kill the same tumor with 300 pg. This difference is due to the disproportionality bet-
ween the terminal slope and the antibiotic concentration.

It would obviously be profitable to consider the fractionation scheme by which the
disadvantage brought about by a development of resistance will be avoided. If the in-
terval of fractionated treatments is chosen to allow a complete decay of resistance, the
survival would be given by (St = 60 min)», where n is a number of fractionated treat-
ments. Therefore, the total amount required to cure the same tumor with the dose
of 5 ;g/ml will be 160 ;.g, approximately 509/ of the amount needed for the continuous
treatment. The supporting evidence for these considerations are now becoming avail-
able from the experimental therapy of transplantable mammary carcinoma of mice
(Urano, NIRS).

Finally, it should be emphasized that the elucidation of resistance induction is of
particular importance in bleomycin chemotherapy, since the control of the induction
process may contribute to the strategy for a differential sterilization between normal
and malignant tissues.

Present studies carried out in collaboration with Drs. Y. Takabe, T. Katsumata, M. Wat-
anabe (Chiba Univ. School of Medicine) and H. Umezawa (Inst. Microb. Chem.), were
supported by the project grant for Development of Bleomycin from the Science and Techno-
logy Agency and the kind gift of Nippon Kayaku Co. Tokyo.

Summary

Studies on bleomycin actions with mammalian cells revealed several findings. (1) Remark-
able action was the strand scission of DNA molecule which possibly underlay the depres-
sion of DNA synthesis caused by the antibiotic. (2) The unique survival response of cultured
mammalian cells to the antibiotic was observed. The kinetic analysis of the response by the
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Basic Findings in Bleomycin Action

two-dose fractionation experiment disclosed the interaction between mammalian cells and
bleomycin; namely, bleomycin not only inactivates the proliferative capacity of cells but
also induces the resistance against bleomycin.

On the basis of the latter finding, some principles were pointed out in relation to the
bleomycin chemotherapy.

Zusammenfassung

Die Untersuchungen iiber die Wirkung von Bleomycin auf die Sdugetierzellen ergaben ver-
schiedene Befunde: 1.) Eine bemerkenswerte Wirkung war der Strangbruch des DNS-Mole-
kiils, der moglicherweise fiir die Antibiotikum-bedingte Unterdriickung der DNS-Synthese
verantwortlich war. 2.) Es wurden Uberlebenskurven von kultivierten Siugetierzellen unter
Einflu des Antibiotikums erstellt. Die kinetischen Analysen der Reaktion beim Zwei-Dosis-
Fraktionierungsexperiment ergaben eine Interaktion zwischen den tierischen Zellen und
Bleomycin. Bleomycin inaktivierte nicht nur die Proliferationsfahigkeit der Zellen, sondern
induzierte auch eine Resistenz gegen sich selbst. Aufgrund des letzteren Befundes wird auf
einige Grundsitze im Zusammenhang mit der Bleomycin-Chemotherapie eingegangen.
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CINEMICROGRAPHIC ANALYSIS OF DEATH IN
SYNCHRONOUSLY GROWING MOUSE L
CELLS AFTER EXPOSURE
TO BLEOMYCIN*!

(Plate VIII)

Takesi KatsumaTa,*? Michinori WATANABE,*2 Yosinobu TAKABE,*?
Toyozo TEraAsIMA,*® and Hamao Umezawa*!
(First Department of Medicine, Chiba University School of Medicine,*2 Division of

Physiology and Pathology, National Institute of Radiological Sciences,*?® and
Institute of Microbial Chemistry*4)

Synopsis

By using time-lapse cinemicrography, generation time and mode of death in
synchronously growing mouse L cells were analyzed after a pulse-treatment with
Bleomycin at the G,;~S transition phase. Approximately 90% and slightly more
than 509, of the cells were able to pass through the first cycle after the treatment
with 20 and 100 pg/ml, respectively. At either concentration, fraction of the cells
killed at the first cycle was low although it depended slightly on the concentration
of the antibiotic, whereas a large fraction of the cells showed death of their
offsprings in the second cycle. This fact indicates that Bleomycin gives the cells a
lethal damage most of which becomes apparent only after mitosis.

On the basis of a cumulative frequency distribution of the cell division, two
types of damage were considered to be responsible for the prolongation of the first
cycle. Greater prolongation was found especially when the cells were killed after
mitosis.

Morphological change in the cells observed during the prolonged first cycle was
the increase of cross-sectional area and the remarkable granule formation around
the nucleus.

INTRODUCTION

Bleomycin isolated by Umezawa et al.}?'® is an antibiotic which has a significant
antitumor activity against squamous cell carcinomas and Hodgkin’s disease. Much
investigations have been made on the action of this antibiotic on DNA molecules
and on macromolecular synthesis.* %7815 On the other hand, only a few studies have
been carried out recently on cell killing effect of the antibiotic,’ ® 1 and the fate of Bleo-
mycin-treated individual cells has not been analyzed yet. This report deals with cine-
matographic analysis of the effect of Bleomycin on the clonal growth of mouse L cells.

*1

*2
*3

#4

64(1)

This study was supported by the Project Grant for Development of Bleomycin from the Science
and Technology Agency.

313 Inohana, Chiba 280 (BFREIE, WHLEH, &%)
Anagawa 4-9-1, Chiba 280 (FEE¥S).

Kamidsaki 3-14-23, Shinagawa-ku, Tokyo 141 (#FiRiEk).

1973

GANN 64, 71-77, 1973
Reprinted by permission of The Japanese Cancer Association.

36



T. KATSUMATA, ET AL.

MATERIALS AND METHODS

Cells L5 cells, a clonal derivative of the mouse L cells (B929-L2J), were grown in F10HI
‘medium? supplemented with 59, calf serum. The cultures were incubated in a CO,-
" chamber placed in a room of 37°. The chamber was supplied with a constant flow of
humidified 5%, CO,-air mixture. The median generation time of the cells was 22 hr
and the cell cycle parameters were described previously.!V

Preparation of Culture Synchronous cultures were prepared by the harvesting
method which consisted of a selective collection of mitotic cells by mechanical shaking
of a bottle in which the cells were grown randomly. Harvested mitotic cells were diluted
appropriately with a growth medium and placed in several drops in plastic culture
dishes (35 x 10 mm, Falcon Plastics, Calif.). Individual cells attached to the bottom
of the dish and were found normally in pairs within a few hours of incubation. After
incubation for 4 hr, the growth medium was replenished for further synchronous growth.
Bleomycin Treatment Treatment of synchronous cells was carried out 8 hr after
mitosis (G;~S transition phase) when the cells were found to be most sensitive to Bleo-
mycin.” At the time of treatment, growth medium of the synchronous culture was replac-
ed with the one containing Bleomycin in a concentration of 20 or 100 pg/ml. After
incubation for 60 min, the dishes were rinsed with F10 medium, followed by reintroduc-
tion of the growth medium. Above treatment normally gives about 30 and 109, survival
of randomly growing population.!®

Time-lapse Cinemicrography Cinematographic apparatus (Bolex, B16) connected
with an inverted phase-contrast microscope (Nikon, type MD) was set in a room of
37°. The air-tight glass dish (60 x 15 mm) with a tubing for circulating 5%, CO,-air
mixture was fixed on the stage of the microscope. In the glass dish, the culture dish which
had undergone Bleomycin treatment, was placed without the cover. A microscopic
field containing 30 to 40 cells was selected and photographs were taken at 2-min
intervals until 140 hr of incubation of the cells.

Photographic Observation To observe morphological change in Bleomycin-
treated cells, specimens were prepared by the following procedure. Drops of mitotic cell
suspension were placed on coverslips in a plastic dish. After an 8-hr incubation,
treatment with Bleomycin was carried out as described above. At specified periods, the
coverslips were taken out and fixed on the round window made in the center of a
slide glass. The other side of the window was sealed with another coverslip after filling
the window space with the growth medium. Photographs were taken under phase-
contrast optics (Nikon MD) on a 35-mm film.

Bleomycin Bleomycin A5 (Lot 702 and #6), copper-free sulfate, was supplied by
Nippon Kayaku Co. Ltd. The compound was dissolved in F10 medium?® and kept in
a refrigerator until use.

REesurLts

Prolongation of Generation Time On the basis of cinematographic record, divi-
sion of synchronous L5 cells was scored after the antibiotic treatment and the cumulative
frequency of division was determined as a function of time after mitosis, i.e., time after

harvesting. !

72 GANN
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DEATH OF BLEOMYCIN-TREATED L CELLS

Thus, the cumulative frequency curves, or division curves, shown in Fig. 1 represent
the duration of the first cell cycle for untreated and treated cells. The median genera-
tion time for untreated control cells was 22 hr, while those for cells treated with 20 and
100ug/ml of Bleomycin were 32 and 95 hr, respectively. The division curve obtained
after treatment with 20 pg/ml apparently indicates that there are two fractions differing
in the cumulative frequency distribution of division, as shown by steep and less steep
slopes. The former fraction was more than 509, of the population at 20 ug/ml while the
latter fraction predominated after treatment with 100 zg/ml. This point will be discussed
later.

100 - Untreated

20 ug/ml

Fig. 1. Effect of bleomycin on the

duration of first cell cycle

Synchronous cells were treated with 100 ug/ml

60-min pulse of Bleomycin in 20 or
100 p#g/ml, 8 hr after mitosis (G;~S
transition phase). Then, clonal
growth was recorded by time-lapse
cinemicrography. Cumulative fre-
quency of division determined as a
function of time represents division 0 1 L | ! 1
delay induced by Bleomycin. 0 20 40 60 80 100 120 140

Time after mitosis (hr)

3
o
T

Cumulative frequency
of division (%)

+— Bleomycin

Fig. 2 compares the duration of the first cycle between cells which completed the second
cycle and cells which were disintegrated during the second cycle. Generally, the genera-
tion time of the latter cells showed a remarkable prolongation together with a slightly
wide distribution of values. The mean generation time and their coefficient of variation
were 22 hr and 129, for untreated control, and 50 hr and 429, for 20 pg/ml and 92 hr
and 149, for 100 pg/ml treatment. On the other hand, the duration of the first cycle of
cells that could traverse the second cycle was about 27 hr irrespective of the concentra-
tion of the antibiotic.

I I I T 1 I 1
Fig. 2. Comparison of the dura-

Cells which o@ed

completed the tion of first cycle between

2nd cycle oo cells which completed the

second cycle and those

" killed during the second

Cells \\thch oole o ®0 © >

were killed cycle

gsgmcictlte B o o aBoo Cells were treated and observed as

described in Fig. 1.
! L ] ! | L | ® 20 pg/ml of Bleomycin
0 20 40 60 80 100 120 5 100 gg/ml of Bleomycin

Duration of the 1st cycle (hr)
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The correlation between durations of the first and second cycle of the cells which com-
pleted their second cycle is shown in Fig. 3. Distribution of the points, although scattered,
along the broken line implies that both cycle times were rather comparable with the
duration of 20 to 35 hr and the difference between the two, if any, was not consistent.
Cell Death The clonal growth of Bleomycin-treated cells was classified into five dif-
ferent patterns as shown in Table I. Fraction of various types of clonal growth was
determined for two different levels of treatment. In pattern A, the cells were killed without
dividing. Mean duration of mitosis to death was 68 and 81 hr, respectively, for 20 and
100 pg/ml treatment. In pattern B, the cells were neither killed nor divided until the
termination of the film. This represents an extraordinary delay of division in cells
treated with 100 gg/ml, as shown in Fig. 1. The cells in patten C completed the first
cell cycle and both sister cells disintegrated during the second cycle. In pattern D, one
of sister cells was killed during the second cycle and the other survived. In E, the cells
went on dividing without any death among the progeny. A total of 22 untreated
control cells all exhibited pattern E.

Table I. Pattern of Clonal Growth of Bleomycin-treated Cells

Fraction of clones (%)

Pattern of Untreated Bleomycin concn. (pg/ml)
clonal growth control 20 100
A X 0 7 21
B- O 0 0 25
X
C—| % 0 60 45
=
D—| = 0 13 0
E —]:{: 100 20 8
No. of cells examined 22 15 24

Crosses represent death of individual cell. In pattern B, the cells were neither killed nor divided

within 140 hr of observation.
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We were especially interested in patterns A and C, where a clonal development of
treated cells was obstructed; 7%, of the cells were killed before mitosis by treatment with
20 pg/ml of Bleomycin and 219, with 100 ug/ml (pattern A). Amount of this fraction
seemed to depend on the concentration of the antibiotic. In pattern C, 609, and 459,
of the cells were killed during the second cycle by treatment with 20 and 100 pg/mi,
respectively. A comparison between these patterns indicates that the cells were killed
more frequently in the second cycle than in the first cycle during which the treatment
was made. In other words, the potential damage given at the first generation must be
tarnsmitted through mitosis before it becomes lethal.

In pattern E, 209, and 89 of cells were not disintegrated after 20 and 100 pg/ml treat-
ment, and went on dividing with a slight prolongation of cell cycle time, as mentioned
previously (Figs. 2 and 3). However, the fraction decreased as the Bleomycin
concentration increased. This finding was consistent with the dose-response curve
determined in terms of proliferative capacity of cells.'®

Unequal occurrence of death between two sister cells was found exclusively in the
cells treated with 20 pg/ml of Bleomycin (pattern D). It may imply that a damage given

by the antibiotic in a lower concentration was not great enough to be distributed equal-
ly into sister cells.
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Analysis shown in Fig. 4 is on the cells classified in pattern C of Table I. It represents
the correlation between two sister cells in durations of time from mitosis to death. After
treatment with 20 xg/ml, the two sister cells showed little correlation as seen by scattered
dots in Fig. 4. Contrarily, the treatment with 100 yg/ml gave results shown by open
circles in Fig. 4 which were exclusively located along the broken line. This fact indicates
that there was a positive correlation in the time of cell death between the sisters and
most of the cell death occurred within 5 hr after mitosis.

Morphologically, most of the cells with prolonged generation time were about 5 times
larger in cross-section than the untreated controls and showed many granules around
the nucleus (Photo 1). Average volume of treated and then suspended cells, as measured
by the Coulter counter (electronic cell-size analyzer), was about 3 times as much as that
of untreated control. This increase in cell volume may be due to inhibition of mitosis

as related to the partial inhibition of macromolecular syntheses by Bleomycin.® 7%
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Discussion

According to the Bleomycin—survival experiments with HeLa cells reported by Tera-
sima et al.,” the G;~$ transition phase is the most sensitive to the antibiotic during
the cell cycle. From experiments with L5 cells, essentially the same result was obtained,
although a variation in sensitivity during the cell cycle was less pronounced than that
found in HelLa cells (unpublished). Based on this finding, treatment with the antibiotic
in the present studies was confined to the G,~S transition phase of synchronous L5
cells.

The cells treated with 60-min pulse of Bleomycin at G;~S transition phase showed
apparent delay of division (Fig. 1). This indicates that the S and/or G, period was pro-
longed by the antibiotic. As suggested by two different slopes in the cumulative frequency
curve of division, the cells showed two different kinds of damage as related to the divi-
sion delay; namely, the damage responsible for moderate prolongation of generation
time, the distribution of which is slightly greater than in untreated control, and the other
damage leading to severe prolongation as well as much greater distribution of gen-
eration time. The target of the former damage seems to be more sensitive than the
latter, since the slope of the division curve representing the former damage disap-
peared after treatment with 100 gg/ml. It has been known from our results (un-
published) and other reports?’ that a cell progression was arrested at the late G, stage
when the antibiotic was present in the culture. Thus, it is possible that one of the
damages under consideration produces the G, prolongation. Also, a possibility must be
considered that these damages resulted in a prolongation or a block of some other
stages. Experiments are now under way along this line.

From data shown in Fig. 2 it is immediately apparent that there is some correlation
between prolongation of the first cycle and cell death at the second cycle. However, it
cannot be determined whether damage leading to the cycle prologation and that to
ultimate death of cells are identical or whether such a correlation is only a fortuitous
overlapping of two types of damage in a cell. We are rather inclined to the latter idea
since a fraction of the cells killed at the second cycle after 20 pg/ml treatment showed the
generation time of less than 30 hr which fell within the range of those of the cells complet-
ing the second cycle.

The most important finding in Table I is that the major type of cell death is not an
immediate death in the first post-treatment generation (pattern A) but rather a ‘“‘trans-
mitotic death” (patterns C and D), particularly a “‘clonal death” (pattern C). Similar
finding has been obtained from the cinematographic observation of Mitomycin-treated
cells® and, typically, of cells treated by ionizing radiations. In view of DNA-attacking
properties of these agents, e.g., a formation of DNA strand breaks and crosslinks, it is
possible to assume that damages to DNA result in the production of abnormal or incom-
plete DNA and, therefore, progeny cells are destined to die either by abnormal synthesis
or by lacking in vital synthesis. In addition to this, a possible involvement of damage
in mitotic apparatus cannot be disregarded. For instance, damage in centriole, spindles,
chromosomal proteins, and membranes associated with DNA may be deeply involved
in abnormal or unequal allotment of genetic materials for progeny cells. All these possi-
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bilities can explain the damage which leads the cells to death after mitosis without
hampering cell progression of the Bleomycin-treated generation.

The authors acknowledge the kind supply of Bleomycin from Nippon Kayaku Co. Ltd. through-
out this work. They also thank Prof. K. Okuda, Chiba University School of Medicine, for his
encouragement, and Dr. H. Ohara for his advice on photographic procedures. The excellent
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ExPLANATION OF Prate VIII

Photo 1. Mouse L5 cells normally grown in FI0HI medium. Phase-contrast. X 100.

Photo 2. Appearance of L5 cells 36 hr after treatment with 100 gg/ml of Bleomycin for 60 min.
Phase-contrast. X% 100.
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The inhibitory effect of bleomycin on DNA, RNA and protein syntheses of mouse L cells
was determined. DNA synthesis was most affected. Protein and RNA syntheses were less
affected in this order. Inhibition of DNA synthesis exhibited an upward-concave curve as
a function of time of exposure to bleomycin. Analysis of this particular curvature revealed
a characteristic interaction between the antibiotic and mammalian cells. Results obtained
from the experiments of two pulsed drug treatments showed that (1) when bleomycin was
introduced into culture, cell resistance developed with time and was complete within 60
minutes, and (2) the resistance so induced disappeared in approximately 2 hours upon
removal of bleomycin. The nature of this resistance was not elucidated. Either an enzyme
which inactivates bleomycin or DNA-repair enzymes may be responsible for resistance.
The above interaction may have some relevance to bleomycin chemotherapy.

Bleomycin isolated by UMEZAWA et al.!-*® has been found to affect cellular and isolated DNA
molecules, either producing strand breaks*® or decreasing the melting temperature®™. In the
course of our studies on the cytocidal effect of bleomycin, the inhibitory effect of the antibiotic on
macromolecular syntheses in cultured mammalian cells was examined. The results led us to a new
concept of the mode of action of the antibiotic. This concept is not only useful for the
interpretation of various types of response of mammalian cells to bleomycin but may also assist in
the design of bleomycin therapy.

Materials and Methods

Preparation of Culture: A clonal derivative of mouse L cells (B929-1.2J), designated as L5 cells,
was used throughout. The cells were normally grown in FIOHI medium® supplemented with 5%
calf serum. The median generation time was about 22 hours. The growth properties of this strain
were described previously®”. Cultures were prepared by dispersing monolayers with 0.1 27 trypsin
(Difco, 1 : 250)-saline D2'® and inoculating an appropriate number of dispersed cells into plastic
petri dishes (35X 10 mm, Falcon Plastics, Los Angeles) after hemocytometer or Coulter counting.
Dishes were incubated in CO,-chambers at 37°C. Cells were attached to the bottom of the dish 2 to
3 hours after incubation and ready to divide at 5 hours. For synchronizing cells, the harvesting
procedure consisted of selection of mitotic cells from a randomly growing population®. Cultures
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were initiated with 23 10° cells per 180-ml glass bottle. After incubating bottles for 36~48 hours,
the first medium renewal was made. The fragile cells and debris together with mitotic cells were
detached by shaking the bottle rather vigorously and discarded. The mitotic frequency of the
culture returned to a normal level in 5~6 hours of incubation with fresh medium. At this time,
the second medium renewal was made with an 8~10ml portion of FIO medium. The mitotic cells
were then harvested by 1-minute agitation of the bottles on a shaking apparatus. Yields of
harvested cells usually amounted to about 1 10° cells. Most of the harvested cells normally divided
within 1 hour after plating into dishes. Working at 37°C was a basic requirement for consistent
synchronous growth as well as for labeling studies with radioisotopes.

Determination of DNA-synthetic Rate: Trypsinized cells were suspended in FIO mixture from
which thymidine and hypoxanthine were omitted (deficient FIO mixture) and then 1 10° cell aliquots
were dispensed into plastic dishes. After 4 hours’ incubation when a depletion of thymidine pool
would be expected, the medium was discarded and cultures were treated with bleomycin for desired
periods of time. In the earlier experiments, thymidine-**C (51 mCi/m mole, Radiochemical Centre,
Amersham) was added at 0.05~0.1Ci per dish for DNA labeling; later, the labeled thymidine
dissolved in deficient FIO mixture was introduced after removal of the antibiotic and subsequent
rinsing of the dish with deficient FIO mixture. Cultures labeled for 30 minutes were rinsed with
cold phosphate buffered saline and acid-soluble material was extracted with ice-cold 5% trichloro-
acetic acid solution. Dishes were then rinsed with distilled water, dried and subjected to low
background gas flow counting for radioactivity measurement.

Determination of RNA-synthetic Rate: Mechanically harvested mitotic cells suspended in
deficient FIO mixture were introduced in plastic dishes at 4x10* cells per dish. The pre-DNA
synthetic (G1) cells, 3 hours after incubation, were used for measuring RNA synthesis, since the
incorporation of uridine into nuclear DNA can be excluded under such conditions. Uridine-**C
(228 mCi/m mole, Radiochemical Centre, Amersham) was added to drug-treated cultures in the
amount of 0.1 xCi per dish. Other steps such as labeling, fixing and counting were identical to
those carried out in the DNA synthesis measurement.

Determination of Protein-synthetic Rate: Asynchronous cultures were prepared in leucine-
deficient FIO mixture. Except for the use of leucine-*C (231 mCi/m mole, New England Nuclear
Corp., Massachusetts) in the amount of 0.05 pCi per dish, the steps in the determination of DNA
synthesis were followed.

Autoradiography of Cells: Cells grown on coverslips were incubated with 0.5 xCi/ml of
thymidine-*H (5 Ci/m mole, Radiochemical Centre, Amersham) for 30 minutes after varying periods
of bleomyecin treatment. The labeled cells were then fixed in acetic acid-ethanol (1 : 3) and dried
rapidly in air. For autoradiography the nuclear emulsion (NRM-2,. Konishiroku Photoindust. Co.,
Tokyo) was applied and photographic processes were followed.

Bleomycin: Bleomycin A5 (§702 and 6), copper free sulfate, was supplied by Nipponkayaku
Co., Ltd. The compound was dissolved in FIO mixture from which thymidine, hypoxanthine or
leucine were omitted depending on experiments.

Results

The dose-response curves of macromolecular syntheses of L cells and bleomycin are shown in
Fig. 1. DNA synthesis was most affected at every concentration tested, whereas RNA synthesis
appeared to be least sensitive. A characteristic feature of the dose-response was an upward
concavity in the curve shape. In other words, a small increment of concentration in the low
concentration range produced greater reduction in synthetic rate than did the same increment in the
high concentration range.

The time-inhibition relationship was examined for DNA and protein syntheses at a fixed
concentration of bleomycin. As shown in Fig. 2, the inhibition curves of DNA and protein
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Fig. 1.

Dose-response curve of macromolecular
syntheses of L5 cells

Identical cultures treated with bleomycin at
various concentrations for 60 minutes, were
labeled by adding thymidine-, uridine- and
leucine-#C. After 30-minute incubation, cul-
tures were washed once with phsphate buffered
saline, immersed in cold 5% trichloroacetic
acid solution to remove acid-soluble fraction,
washed twice with distilled water and dried.
Then, dishes were placed directly into the low
background counter for radioactivity measure-
ment (counter background: 0.8cpm, efficiency
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Fig. 2. Time-inhibition curve of DNA and protein

syntheses of L5 cells

The cultures were treated with 20 xg/ml bleo-
mycin. At times indicated, cultures were label-
ed for 30 minutes with thymidine-1¢C (circles)
and leucine-14C (triangles) in the presence of the
antibiotic. The extraction of an acid-soluble
fraction and the counting of radioactivity
incorporated were carried out as described in
Fig. 1. Each point represents the average of
duplicate determinations in a percentage of the
untreated control value (actual radioactivity:
67.1cpm for DNA and 519.0 cpm for protein

of counting: 40%). The rate of DNA (circles),
RNA (triangles) and protein (squares) syntheses

synthesis).

! - 100 Bleomycin 20 ug/ml
was determined on per culture basis, and shown \D\A o
as a percent rate in each untreated control’ 8ot %
culture (actual radioactivity: 98.7 cpm for L o
DNA, 37.8cpm for RNA and 417.1 cpm for 2 6ol
protein synthesis). Each point represents the =
. . . ©
average of duplicate determinations. Samples 5 T
were counted for at least 1,000 counts. S
100 > 40r Thymidine- 14C
=
@
e L
80 >
° o
E
L
560 20 £ : 1
2 o 30 60 90 120
% Time of treatment (min.)
*540
g syntheses (circles and triangles, respectively)
o S
20t showed upward-concave curvature, having in-
- flexion points at about 30 minutes of treatment.
T = = Y To test the possibility that either metabolic

Bleomycin concentration {ug/ml) or thermal breakdown of the antibiotic occurs

as a function of time of the treatment, the experiment shown in Fig. 3 was carried out as follows.
Cultures were treated for various lengths of time with bleomycin at 20 pg/ml. The curve obtained
(closed circles) was essentially similar to those in Fig. 2. At 60 minutes of incubation the medium
of a portion of cultures was replaced with fresh bleomycin-FIO mixture of the same concentration.
Further incubation of the cultures for 30 minutes did not show any significant difference in response
(open circle) from that obtained after the continuous treatment for 90 minutes (closed circle).
Therefore, the possibility of thermal or metabolic inactivation of the antibiotic in the medium can
be excluded. The stability of the resistant cell fraction was examined by removing the antibiotic
from the medium. In the experiment shown in Fig. 3, the cultures were incubated in a deficient
FIO mixture for certain periods after the first 60 minutes of treatment with drug. These intervals
were succeeded by another 30-minute treatment with the antibiotic to see whether the response
changes during the absence of bleomycin. As shown in the figure, the second 30-minute treatment
given at 60- and 120-minute intervals revealed apparently lower synthetic rates than that obtained
after the treatment given without interval. This suggests that the sensitivity of the resistant fraction

to the antibiotic increased during the interval between the two exposures.
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Fig. 3. Inhibition of DNA synthesis by single and
two pulsed treatments with bleomycin
The time-inhibition curve was obtained by
treating cells with bleomycin, 20 pg/ml, for
various lengths of time and by subsequent
labeling in the absence of antibiotic and counting
(closed circles). At 60 minutes of bleomycin
treatment, the antibiotic was removed from a
portion of cultures. After rinsing dishes with
F10 mixture fresh antibiotic-containing medium
was introduced either immediately (open circles)
or after incubation for 60 minutes (Open triangle)
and 120 minutes (open squares) in a deficient
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Fig. 4. Change in DNA-synthetic rate following

bleomycin treatment

The cultures were treated with bleomycin 20
pg/ml for 60 minutes, then rinsed to remove
the antibiotic and incubated again with F10
medium. The DNA-synthetic rate was measur-
ed at specified times. The observed rates were
shown as a percentage of the 0-minute value
(actual radioactivity: 52.7 cpm). Each point
with bar represents the average and the standard
deviation obtained from four independent ex-
periments.

120

F10 mixture. The DNA-synthetic rate was
determined after the second bleomycin treatment
of 30 minutes. Actual radioactivity of untreated

control was 55.1 cpm. 1o

100
Bleomycin 20 yg/mi

Relative rate of “C-TdR uptake

o 80F 100
2
°
3
£ 60
[=4
> 90
€
3 ; . . .
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% 4ok Immediately after Time after treatment (min.)

a 60 min. after AN

. A
0 120 min. after ja)
) . \ ) It must be noted that the synthetic rates
0 30 60 90 120

Time of freatment (min.) obtained after the second drug treatments were
corrected for the change in synthetic rate of
resistant cells which would have occurred during the interval. Such a change is illustrated in
Fig. 4, where the medium of cultures treated with the antibiotic for 60 minutes was replaced with a
deficient F1O mixture and, thereafter, the synthetic rate of the culture was determined at intervals.
The relative synthetic rate revealed an early depression followed by a steady increase. The depres-
sion may be explained by the residual effect of the antibiotic since the rate during the first 15
minutes appears to correspond roughly to the inhibition caused by the single treatment of 75 minutes.
The gradual increase found after 15 minutes may either represent the repair of damage in the
DNA-synthetic system produced by bleomycin or come from the entry of cells into the DNA-
synthetic phase.

The next experiment was designed to follow the change in response to bleomycin during the
second 30-minute treatment. After the first 60-minute treatment with bleomycin, the cultures were
washed and incubated in FIO medium. Then, duplicate cultures were subjected to the second
bleomycin treatment at different intervals. After the second treatment for 30 minutes (or 15 minutes
in some case), the DNA synthetic rate was measured. The result of a typical experiment is plotted
in Fig. 5 in which actual synthetic rates obtained after the second treatment were again corrected
for the change in synthetic activity found during the interval between two pulsed drug treatments
(Fig. 4). The change in response to the second treatment is indicated in the inset (Fig. 5). The

slight but significant increase of sensitivity was recognized as early as 15 minutes after removal of
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Fig. 5. Two pulsed drug treatments of L5 cells Fig. 6. Decay of bleomycin-induced resistance
After the first 60-minute treatment, the cultures The DNA-synthetic rate obtained after the
were washed and incubated in F10 mixture. second treatment of 30 minutes (as found in
At intervals duplicate cultures were subjected to the inset scale of Fig. 5) was taken as a measure
the second bleomycin treatment. After the of resistance. The difference between the value
second treatment of 30 minutes (or 15 minutes of O-minute interval (closed circle at 30 minutes
in some cases), the DNA-synthetic rate was in the same figure) and the value that would
measured and plotted in the inset scale. The be expected if the response returned to the
result was shown by open symbols after the original state (the level of broken line at 30
correction based on data in Fig.4, i.e., circle minutes in the same figure) was assumed to be
for 15 minute-, triangle for 30 minute-, inverted 100 % resistance. The residual resistance was
triangles for 60 minute- and square for 90 plotted against the interval between two pulsed
minute-intervals between two treatments. In- drug treatments. Each point with bar is the
hibition of DNA synthesis after single treat- average and standard deviation derived from
ments was shown by closed circles with standard four independent experiments.
deviation (actual radioactivity of untreated 100
control: 93.4cpm). Response of the original ) # 42, 45, 48,49

population is indicated by the broken line in
the inset scale.

@
o
=4
o
ko
100 3
k]
3
@ 80 @
5 2
2
o . E
= Time of second treatment 2
N
£60+ 0 o
i b
@ -20 1 1 L 1
T b 30 60 90 120
g Somin. Time between two ireatments(min.)
o somin.
a0t 90min.
: &, : the drug and the extent of sensitization seemed
o} 30 60 90

Time of treatment {min.) to be proportional to that time. The inhibition
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exhibited roughly the same shape as that of the original untreated population. Finally, the DNA

synthetic rate found after 90-minute interval was reduced to 68 % in the inset scale. The value was

approximately the one expected from the response of the original cell population as shown by the

broken line. The result clearly indicates that resistance decays with time after removal of the
antibiotic.

The same type of experiment as shown in Fig. 5 was repeated and the results expressed by
plotting the residual resistance against the interval between the first and the second drug treatments,
as illustrated in Fig. 6. It is seen that resistance decayed rather rapidly at early times, slowly after
90 minutes and finally the original sensitivity was reached approximately 2 hours after the first
treatment. The reproducibility of the induction and subsequent decay of resistance to bleomycin
was not tested with reverted cells.

Discussion

The inhibitory effect of the antibiolic bleomycin on macromolecular syntheses of HeLa cells
has been demonstrated by KUNIMOTO et al.*®, and confirmed in the present studies. In view of the
interaction of bleomycin with DNA*®.%.7 it can be assumed that inhibition of protein and RNA
syntheses is brought about through the primary damage of DNA produced by the antibiotic.
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At present, however, a direct action of the antibiotic on protein and RNA syntheses can not
be excluded.

The upward concavity found in the time-inhibition curve may represent differential bleomycin
sensitivities in the DNA-synthesizing cells. To examine this possibility individual bleomycin-treated
cells were examined autoradiographically. The result revealed that the fraction of labeled cells
stayed constant at 43 95 over the 2 hours treatment period. Therefore, it is obvious that the
time-inhibition curve shown in Fig. 2 represents the reduction of average synthetic rate per cell.
If a fraction of cells was more sensitive than the remainder of the population, the grain number
distribution would vary. There was no evidence for such a sensitive fraction from the temporal
change in the distribution of number of grains per cell. Thus, the autoradiographic results did not
provide any definite information on whether or not DNA-synthesizing cells are heterogeneous in
relation to bleomycin sensitivity.

At this time, it may be important to note that upward concavity was also found in the
time-inhibition curve for protein synthesis and even in the time-inactivation curve for the pro-
liferative capacity of cells'*-'*. Such a general occurrence suggests that the whole population, not
DNA-synthesizing cells alone, is concerned with heterogeneity in sensitivity. It is unlikely that the
heterogeneity is due to a genetic difference since the cells failed to give any different response on
cloning. Therefore, the most likely explanation involves the induction of resistance by the antibiotic,
since the results of two pulsed drug treatments could best be explained by such an assumption.
Experimental support for this hypothesis is summarized as follows: (1) Inhibition of DNA synthesis
occurs quickly after the addition of bleomycin. In the meantime, the resistance develops with time
of exposure and is complete within 30~60 minutes. (2) The resistance is not complete, since the
cells represented by the terminal portion in the time-inhibition curve are less sensitive than these in
the initial portion at least by a factor of 6 at a concentration of 20 pg/ml. Conversion of the
antibiotic to a less potent form may be possible. (3) Upon removal of the antibiotic the resistance
decays with time and, finally, the original sensitivity as well as the capability of cells to develop
resistance seem to be acquired again in approximately 2 hours’ time. Such reversion in response is
not simply due to an entry of G1 cells into the DNA-synthetic period becauce 2 hours’ progression
of cells during the cell cycle can replace only 20 % of DNA-synthesizing population.

The shape of the dose-response curve is not easily explaned, it could occur if the inactivation
constant of the time-inhibition curve was not proportional to the drug concentration. However,
the situation is complicated by inducible resistance to the antibiotic. To answer the problem it
seems most essential to establish means which can measure inactivation and the induction separately.

In general, a quantitative tracer study has disadvantages when the size of the metabolic pool
changes, appreciably in an experimental system, because the availability of radioactivity to be
incorporated largely depends on the size of precursor pool which may dilute exogenous radioactive
precursors. If we assume that the DNA of cells was degraded after bleomycin treatment*®,
thereby increasing the size of the precursor pool, an extreme case would be that the observed
terminal slope of the time-inhibition curve is a reflection of a temporal increase in the precursor
pool size. After removal of the antibiotic, the precursor pool would probably tend to restore its
original size and the synthetic rate of untreated cells would be regained. Neverthless, the result
shown in Fig. 4 revealed only a 10 % increase of the incorporation rate 2 hours after the durg
removal when a nearly complete reversion to sensitivity was found by the second drug treatment.
Therefore, the above possibility is not considered likely, and the inhibition curve of DNA synthesis
would undergo only a slight alteration, if any, by a change in the precursor pool size.

A mechanism for induced resistance to bleomycin has not yet been found. As mentioned
previously, upward concavity was found in the time-inhibition curve for protein synthesis and in the
time-inactivation curve for poliferative capacity of cells. These findings led us to assume that the
same mechanism operates for the induction of resistance, whatever the inactivating entity.
Enzymes which inactivate bleomycin'® or repair DNA damage may possibly be responsible for
resistance. Also, the possibility of an induced change in permeability should not be dismissed.

The demenstration that bleomycin not only inhibits cellular activities, but also induces
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resistance to itself in cultured mammalian cells, has relevance to cancer chemotherapy. Recently, we
have obtained evidence for bleomycin-induced resistance with respect to the inactivation of
proliferative capacity of cultured mammalian cells'®. If bleomycin resistance is induced in tumor
cells, the lethal effect of single exposure or continuous treatment with the antibiotic would be
limited. The results presented here suggest that the most efficient use of bleomycin will be made
only when a tumor was treated repeatedly at appropriate intervals. The discussion pertinent to this
scheme of chemotherapy, is presented in another report'®.
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The Effect of Bleomycin on Survival and Tumor Growth in a C3H

Mouse Mammary Carcinoma'
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SUMMARY

The response of a C3H mouse mammary carcinoma to
bleomycin was studied in vivo. The dose survival curve
exhibited upward concavity, suggesting that the initial
sensitive portion was of an exponential nature and that
approximately 10% of the tumor cells were in an apparently
drug-resistant fraction. The tumor growth was inhibited
more effectively by fractionated administrations than by a
single treatment of the same total dose. This evidence was
interpreted by a hypothesis that the resistant fraction was
induced by the antibiotic and was reduced during each
treatment interval. A mathematical model called “binding-
saturation model” was proposed, by which the dose-
response relationship was interpreted without assuming
multicomponents in cellular sensitivity. The optimum frac-
tionation regimens in tumor therapy by the antibiotic might
be simply obtained by use of the model.

INTRODUCTION

BLM,? a recently developed antibiotic (19), is now
extensively used in clinical tumor therapy (5, 6, 10). The
response to the agent of cultured mammalian cells is
characterized by an upward concave or biphasic survival
curve; these cells are sensitive at lower concentration and
are less sensitive at higher concentration (1, 4, 14, 15). It is
also demonstrated that the responses of cultured cells differ
throughout the cell cycle (1) and that drug resistance found
after 60 min of treatment with the antibiotic will be reduced
if BLM-treated cells are reincubated in fresh cuiture
medium for more than 3 hr (14).

This communication will describe that the upward con-
cave survival curve is also characteristic in an experimental
animal tumor system and that BLM resistance induced by
the treatment is reduced in vivo. In addition, a mathemati-
cal model for cellular BLM sensitivity will be proposed.

!This work is partially supported by Grant SR013 from Japan Society
for the Promotion of Science.

2 Abbreviations used are: BLM, bleomycin, TDy,, number of viable
tumor cells expected to transplant a tumor in one-half of the recipients;
TGD (tumor growth delay) time, the time difference between time required
for nontreated tumor to reach a certain volume and that required for
drug-treated tumor to reach the same volume.
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MATERIALS AND METHODS

Animal Tumor System

Experimental animals were 8- to 12-week-old C3H/He
mice supplied by Funabashi Farm Co., Chiba, Japan. They
were kept in a small animal facility in our institute where
constant temperature was maintained. Animals were pro-
vided with standard Purina pellets and water ad libitum.
Equal numbers of both sexes were used. Third-generation
isotransplants of a C3H mouse mammary adenocarcinoma
that arose spontaneously in a C3H/He female mouse were
used in all the experiments. A method to obtain 3rd-genera-
tion tumors was already described elsewhere (20). Sponta-
neous and lst-generation tumors were stored in a liquid
nitrogen refrigerator and 2nd-generation tumors were pro-
liferated in s.c. flank tissue of several C3H female mice for
experimental use as needed. Therefore, all the experiments
were based on a single spontaneous tumor.

Test Agent

The test agent was BLM complex (copper free), which
was kindly supplied by Nippon Kayaku Co., Tokyo Japan.
The agent was dissolved in 0.9% NaCl solution, and 0.01 ml
of desired concentration per g of mouse body weight was
administered i.p.

Suspension of Monodispersed Cells

Animals bearing the 2nd-generation tumors were sacri-
ficed by cervical dislocation. Tumors were excised and
necrotic portions were carefully removed. Intact tumor
tissues were minced finely by scissors and kept in Hanks’
médium containing 5% fetal calf serum. The mince was
diluted approximately one-third by the medium and was
removed to test tubes which were placed in crushed ice.
After 15 min of sedimentation, the supernatant was re-
moved carefully by a syringe and passed through a swinny
filter. The filtrate was centrifuged at 1600 rpm for 5 min.
The sediment was suspended in a small amount of Hanks’
medium and was served for transplantation. Viable tumor
cells were counted in a hemocytometer by use of the trypan
blue staining method.

Experimental Assay Method

TD,, Assay. TD;, was used as one of the assay methods.
To begin with, animals were randomly arranged in groups in
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each assay. Usually, 50 animals were used for an assay. The
cell suspension containing a known number of tumor cells
was serially diluted in 2- to 3-fold by Hanks' medium into 6
to 8 doses. A transplantation of 10 ! of the cell suspension
was made s.c. into the mouse right thigh. At 48 hr after
transplantation, when the inoculum was expected to form an
actively proliferating microcolony, a fixed amount of the
antibiotic was injected into each animal in an assay group.
This method is schematically illustrated in Chart 1. The
transplanted area was palpated for a possible tumor growth
once a week up to 80 days after transplantation. If a tumor
measured over [0 mm in an average diameter, it was scored
as a tumor take. If an animal died without any palpable
tumor, it was excluded from the assay. If an animal died
with a tumor that was smaller than 10 mm in diameter, the

'EXPERIMENTAL METHOD

Day O
Y -~ 2 Observe tumor 80
Transplant Inject a take frequency
for a fixed dose for 80 days TDspassay]
TD;, assay[™Jof agent
2
other e ¢
" fixed dose TDso _‘é
©
H
2
other .y
" fixed dose Dso
TDSO ASSAY
No. of T cake f .
cells: x umor take frequency;y y}
e [ N 9 r r
22x100| LTS LD asa
IRV AR
723103 LY L e 8
2410 | LLODEN L D s 7|

N 6
1.2x10% fméﬂb @ 4/6 o5

6 x102| (DY L T 2 AT

3 <102 [N L D e s::o’
1 0|2 ON N D e 1
33x10' |0 DL D o T

xinlog10-1 2 3 4 5

Chart 1. Schematic illustration of experimental assays. To determine
surviving fractions of tumor cells treated with BLM, several concomitant
TD;, assays were performed. On Day 0, serially diluted tumor cell
suspension was transplanted as shown in the lower half. At 48 hr after
transplantation every animal in an TD,, assay group received one of the
test doses and tumor take frequency were observed for 80 days. According
to the tumor take frequency in 80 days, logit analysis was fitted to
calculate TDy,.
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tumor take was examined by autopsy. From a tumor take
frequency in 80 days, the TD;, was calculated on the basis
of logit analysis.

The surviving fraction of drug-treated tumor cells was
expressed as a ratio of TD;, (nontreated) to TD;, (drug-
treated).

Measurement of Tumor Growth. To test drug effect on the
tumor growth, 10 ul of single cell suspension containing 10°
viable tumor cells were transplanted into the right flank
skin. The measurement of tumor size was started when the
inoculum reached ~5 mm in diameter. The volume of each
tumor was calculated as that of an ellipsoid, i.e., (4/3) mabc,
where a, b, and ¢ were radii of 3 diameters. The administra-
tion of the antibiotic was started when the tumor was
measured as 8 mm in average diameter or 250 cu mm, and 7
to 10-mice were used for an experimental group.

RESULTS

The response of C3H mouse mammary carcinoma cells
to BLM was examined. Two experiments, each composed of
4 concomitant TD;, assays, were performed. Increasing
doses of BLM were administered by single i.p. injection at
48 hr after transplantation. The dose survival curve was
biphasic or upward concave (Chart 2). It was exponential in
shape at lower dose range and any shoulder was not
recognized. At doses higher than 30 mg/kg, the survival
curve became less steep. The Dy, drug dose to reduce the

BLM :mg/kg:

0 50 100

n - £ L i

-3
Il

Surviving Fraction

0.1+

0.014

Chart 2. Survival curve of C3H mouse mammary carcinoma cells
treated with various doses of BLM.
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survival down to /e in the exponential portion of the '

survival curve, was 12.8 and 85 mg/kg in the sensitive and
resistant portions, respectively. The extrapolation of the
apparent resistant portion to the ordinate showed a surviv-
ing fraction of 0.09 to 0.1, suggesting that 9 to 10% of tumor
cells were apparently BLM resistant.

In the 2nd series of experiments, the effect of BLM on the
tumor growth was examined. Forty-five mice received a
transplant and were randomized into 5 experimental groups.
Animals in Groups A, B, and C received a single BLM
injection of 0, 50, and 100 mg/kg, respectively, while those
in Groups D and E received 4 BLM injections, each of 25
mg/kg separated by 12 and 24 hr, respectively. In Chart 3,
tumor volumes are plotted as a function of time after the
initiation of BLM treatment. The tumor growth was
delayed by the antibiotic, and fractionated treatments were
more effective than a single administration of the same total
dose. TGD time, if measured at a tumor volume of 500 cu
mm, was 3 or 6 to 8§ days for tumors that received 100
mg/kg in a single or in fractionated administrations. The
TGD time of tumors treated with a single dose of 100
mg/kg was not significantly different from that of tumors
that received a single dose of 50 mg/kg. No difference was
obtained between fractionated treatments at intervals of 12
hr and those at intervals of 24 hr (Table 1).

Further study was made to investigate the effect of
different treatment intervals on fractionated treatments.
The results are shown in Chart 4 and Table 1. The TGD
time at 500 cu mm was approximately 5.5, 6.0, and 2.5 days
for tumors that received 4 fractions of BLM, 25 mg/kg, at
intervals of 24, 48, and 72 hr, respectively; while that for
tumors that received a single dose of 25 mg/kg was 2.0 days.
Tumors receiving fractionated treatments with a time
interval of 72 hr were still under treatment when they
reached 500 cu mm. Therefore, TGD time was measured
again at a tumor volume of 1000 cu mm. As presented in
Table 1, Column 6, the tumor growth was similarly

x 100
cumm

Tumor volume
<

s o 5 10 15 20
Days after BLM administration

Chart 3. Effect of single or fractionated treatment by BLM on the
tumor growth curve of C3H mouse mammary carcinoma. Animals in
Curves A, B, and C received a single injection of 0, 50, and 100 mg/kg:
while those in Curves D and E received 4 antibiotic treatments of 25 mg/kg
each at time intervals of 12 and 24 hr, respectively.
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inhibited by multiple doses given at intervals of 24 and 48
hr, while those given at a 72 hr interval were less effective
than other fractionated treatments with shorter intervals. In
the 72-hr interval schedule, tumors were more resistant to
the drug after the 2nd administration.

Growth curves of tumors treated with fractionated treat-
ments were less steep than those of nontreated tumors, while
those of tumors that received a single dose were not
different from that of control tumors.

DISCUSSION

The dose-cell survival curve of C3H mouse mammary
adenocarcinoma cells after BLM exhibited the upward
concavity in vivo and was greatly different from that
obtained after treatment with X-rays (9) or other chemo-
therapeutic agents (2, 21). The dose-response curve was
obtained in microcolonies where tumor cells were actively
proliferating and >99% of tumor cells were well oxygenated
(11). Therefore, the upward concavity may not be the
specific property in this tumor and could be interpreted by
the same nature in cultured mammalian cells (1, 4, 14, 15).

Terasima et al. (14) extensively discussed the kinetics of
the lethal effect of BLM. The appearance of resistant
component in the survival curve could be interpreted neither
by the different sensitivity throughout the cell cycle nor by
the genetically determined heterogeneity in sensitivity. In
the meantime, the resistant tail was also found in the
time-survival curve and was found by the 2-dose fractiona-
tion experiment, to be caused by the rapid induction of
resistance by the antibiotic. Therefore, they assumed that
the resistant tail in the dose-survival curve might be related
to the capability of the antibiotic to induce resistance.

It is still controversial regarding the primary target of
BLM for cell lethality, while the DNA strand break or
inhibition of mitotic activity is reported as a principal
damage (3, 7, 8, 16, 18). Accordingly, to explain the upward
concave dose-response curve, we propose a more general-
ized mathematical model called “‘binding-saturation mod-
el.”” This is based on assumptions that BLM is normally
bound to a critical target (cell organelle or macromolecule)
for cell lethality, that at higher concentration it will be
saturated on the target, and finally that it will reach an
equilibrium state and that the dose-response curve is
exponential. The formula introduced was

A b 1
K'(’”§> =3t xauD

where the relation between surviving fraction (S) of treated
cells and BLM dose administered (D) is in a form of the
linear regression (see “*Appendix™ for other denotations and
details). The kinetics in this model would be (a) the binding
and the dissociation between BLM and target, (b) the
production of damage by the agent and cellular repair
of the damage or, (c) the amount of BLM incorporated in
the cell and that inactivated by BLM-inactivating activity of
the cell. Experimental observations such as the rejoining of
DNA strand breaks in BLM-treated cells (16) or the
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Table 1
Effect of BLM on the growth of a C3H mouse mammary adenocarcinoma
Each value of TGD time was obtained by graphic analysis of individual tumors.

Treatment schedule

TGD time (days)

Injection No. of Time Total dose
dose (mg/kg) injections interval (hr) (mg/kg) At 500 cu mm At 1000 cu mm
0 1 0 0 0 =0.5 0 =1.5
50 1 0 50 2.5 1.0 3.0=1.5
100 1 0 100 3.0=1.0 4.0 %20
25 4 2 100 8.0x2.0 10.0 = 3.0
25 4 24 100 6.0 2.0 8.0=25
0 1 0 0 0 =1.0 0 =1.5
25 i 0 25 2.0x0.5 2.5+ 1.0
25 4 24 100 5.5x 1.5 8.0 =3.0
25 4 48 100 6.0 = 1.5 9.0 = 2.5
25 4 72 100 2.5 1.0 6.0 % 2.5
«Mean = S.D.
Table 2

BLM sensitivity of mammalian cells illustrated in Chart 5

Initial Minimum surviving
Cell line Sensitivity® fraction®
L5 (mouse fibroblast) 0.13 0.05
B16-XI (mouse melanoma) 0.39 0.10
Vero {green monkey embryo) 0.18 0.10
P388 (mouse leukemia) 0.12 0.30
C3H mouse mammary adenocarcinoma 0.09 0.0003

@ See “Appendix” for these designations.

10 -

Tumor volume
~

10 15 20
Days after BLM administration
Chart 4. Effect of BLM treatments on the tumor growth of C3H mouse
mammary carcinoma. Animals in Curves F and G were treated with single
antibiotic doses of 0 and 25 mg/kg, while those in Curves H, I, and J
recieved 4 injections of 25 mg/kg each at intervals of 24, 48, and 72 hr,
respectively.

existence of a BLM-inactivating activity in mouse tissues
(17) could support the basic assumptions in this model.

A notable feature of the model is that the dose-response
curve is interpreted without assuming multicomponents.
The dose-response relation shown in Chart 2 and those of 4
mammalian cell lines obtained by Terasima et al. (14) were
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analyzed by the least squares method. As shown in Chart 5
and Table 2, all the results were well fitted to the formula
where the cellular sensitivity to BLM is shown by the slope
of the linear regression line; namely, the less steep the slope,
the more sensitive are the cells to BLM.

A present result that fractionated treatments were more
effective than the single administration of the same total
dose agrees with the result obtained in virro (12). Accord-
ingly, our finding may imply that anti-BLM activity
is induced by the addition of BLM and disappears rapidly
after the excretion of the agent. If tumor therapy by BLM
is considered, this evidence might provide the important
information that tumor cells are sterilized more effectively
by multiple doses than by a single treatment when the same
total dose is used. The surviving fraction of tumor cells
expected after the fractionated administrations might be
simply calculated by use of the proposed formula (see
“Appendix,” Formula 20). The repopulation capability of
BLM-treated tumor cells during the treatment interval,
which might be an important factor for an optimum
fractionation scheme, is also taken into account in the
formula. (The optimum fractionation scheme will be dis-
cussed in detail in a separate paper.)

Several studies were reported on the response of experi-
mental animal tumors to BLM (13, 18), while accurate
comparisons in their sensitivities might not be available
because of different assay methods used. Our C3H mouse
mammary carcinoma cells are surprisingly resistant to the
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Chart 5. Dose-response relations analyzed by “binding-saturation model™” of BLM-treated cells. 4, C3H mouse mammary carcinoma cells treated in

vivo; B, 4 cultured mammalian cell lines reported by Terasima et al. (14).

antibiotic. Recently, a dose-response curve of spontaneous
mouse epidermoid carcinoma cells was obtained and dem-
onstrated that the cells were approximately 100 times more
sensitive than the present adenocarcinoma cells (K. Saka-
moto, personal communication). These results coincide
with clinical findings that the antibiotic is particularly ef-
fective on the epidermoid carcinoma (5) and suggest that
tumors originating in different tissues may have different
activities of inactivating BLM or of repairing BLM-in-
duced damage.
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APPENDIX: BINDING-SATURATION MODEL FOR THE LETHAL EFFECT OF BLEOMYCIN

In Vitro Treatment. In order to explain the saturation-type behavior of
the lethal effect of BLM, the following assumptions were made,

Assumption . The BLM molecule combines with the critical target in a
cell and forms a target-BLM complex in a rapid reversible manner as
follows:

Ky
Target + BLM _I\"i

a

target-BLM complex $3)
where K, and K, are rate constants of association and dissociation,
respectively,

Assumption 2. Surviving fraction (S) of a BLM-treated cell decreases
with the increase of inactivated fraction (P,/P) in the following manner.

S = ex \ L 2)
S = exp 7 2

where P is total concentration of the critical target, P, is concentration of
the target-BLM complex, and X is sensitivity coefficient of cells against the
antibiotic.
If C, is intracellular BLM concentration, then Equation | is expressed
by
Ky ColP — P) = Ki- P,
or
K. P-C.
P e (4
Ki+ Ko C

Let us insert Equation 4 into Equation 2 and take the inverse of In (1/5),
Then

i i K. I <
T T (%)
n (1°5) N K., C,
If extracellular concentration of BLM is denoted by C,
Ci=nC (6)

where 7 is partition coefficient of the antibiotic between intra- and
extracellular medium. Therefore, Equation 5 is given by

1 B 1 + Ky 1 7
(S A g aKeC )
Initial sensitivity (o) cited in Table 2 is given by
dn (178) 7 A K. <
g o= [ — e = 0= (8
de ¢ K. !

where K,/K, is binding affinity of the target.
Minimum survival (S,,;,) is defined by
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N Kun C

S = RS Nl g
1<L1+k,,-,,~c> ‘ )

Bm S o= lim oeap { —
C o C e

and

N= = S 10)

In Vivo Treatment. Let us assume that the intracellular BLM concentra-
tion increases instantaneously after the administration and then decreases
exponentially. The association-dissociation equilibrium is expressed by

K P = P)Cus ¢ = Ky P ab

where, Cp. and K, stand for maximum concentration and rate constant
of release of the antibiotic from tumor cells, respectively.

Hence

Ko Ciin

= e Y 12
P KaeRe ! e Koy Crian 12

Force of mortality is assumed to be proportional to P,/P, and the rate of
decrease in number of proliferating tumor cells N(7) at time 1 after
administration of the antibiotic is given by

w5 K G, . 13
dr Ko eFrt o Ky Cu N )

which yields the following expression of surviving fraction at 1 — =,

S = lim In L ‘
nS = (»lj]l nm = — }\« Hn (Ko Conn T Ka) — In Kyt

N
= o dn (4 AU D) (14)

ol

where 4 = (K,/K,) (affinity of the critical target with the antibiotic) and U
= (Cprax/ D) (efficiency of the drug incorporation into a tumor cell). By
taking the ist-order term of the Taylor expansion series of Equation 14,
the following expression is obtained.

X A U-D

ns = — - ——— (15
K V4 A4 UD
Hence
I K, Koo
e = o e 16
/8y & TRAUD ue

Fractionated Treatment in Vivo. If tumor cells do not proliferate dur-
ing r-fractionated treatments with time intervals of 7., surviving frac-
tion (S (D, »)] after total dose (D) is given by
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AN aUuD
K. A-U-D
I+

NS, v) =S, , =~
a7

_ vaDn S,

S oD — v ln Sui

where initial sensitivity (¢) and minimum survival (S,,,,) in in vivo treat-
ment are given by

d'In (1/S) X
v = | =AU
b )y, K (18)

and

X-A-U-D b
imo—_—
K.

Dz K:(1 + A-U-D)

S =~ (19)
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respectively.
If tumor cells are proliferating with tumor-doubling time, T, throughout
the treatment period,

“on 2 vo-D-In S,

7
NSO y) = (v — 1)~
Tu o D -

20
vn S @0

Relationship between in Vivo and in Vitro Treatment. Sensitivity
coefficient, X in in virro treatment is decomposed into a product of X and
the period of drug treatment of cultured cells. Effective period of drug
exposure in in vivo treatment is given by 1/K, .

Hence Equation 19 corresponds to Equation 10.

Binding affinity (A4) is given by K,/K, in both treatments, while
efficiency (U) of drug incorporation into a tumor cell in vivo corresponds to
partition coefficient () of the antibiotic between intra- and extracellu-
lar medium in vitro.
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STRAND-SCISSION OF HelLa CELL
DEOXYRIBONUCLEIC ACID BY BLEOMYCIN
IN VITRO AND IN VIVO

Yosuisapa Funwara and TERuo KoNDO

Laboratory of Medical Biophysics, Kobe University, School of Medicine, Kusunoki-~cho 7,
Tkuta-ku, Kobe 650, Japan

(Received 16 May 1972; accepted 4 August 1972)

Abstract—The ability of bleomycin (BLM) to cause strand breaks of DNA in vitro has
been confirmed by means of alkaline sucrose sedimentation. BLM-induced breakage of
extracted HeLa S3 cell DNA occurs extensively after dialysis following reaction with
50 pg/ml of BLM. 2-Mercaptoethanol (0-003 M) is not obligatory for BLM-induced
degradation of DINA in vitro, but enhances it. The presence of 0-025 M EDTA in the
reaction mixture completely prevents single-strand breaks of DNA by BLM. In good
agreement with the in vitro results, the DNA from the HeLa cell lysate prepared in a
lysing medium containing 0-015 M of EDTA is fragmented a little after a 30-min
treatment with 25 pg/ml of BLM, while nonspecific and extensive degradation of DNA
occurs when the cells are lysed in the absence of EDTA. A 30-min treatment with BLM
also provokes a small amount of unscheduled incorporation of 3H-thymidine into
non-S phase cells, indicating that a small number of single-strand breaks induced are
repair-patched. Moreover, 25 ng/ml of BLM exerts a somewhat inhibitory effect on the
joining of short segments of replicating DNA after a 30-min 3H-thymidine pulse, but
the joining ability is soon resumed. These data suggest that BLM may either hardly
enter HeLa S3 cells or may be readily inactivated.

BLeomyciN (BLM), first discovered by Umezawa ef al.,' is a peptide-containing
antibiotic which has antineoplastic activity toward transplantable animal tumors?-3
and squamous cell carcinoma in man.*

The mechanism of action of BLM has been extensively studied: the antibiotic
inhibits the synthesis of DNA as well as protein,’ lowers the melting temperature of
DNA in the presence of sulfhydryl compounds and produces a marked breakage of
DNA both in vive and in vitre.5~** In addition, BLM also interferes effectively with
the ligase reaction in vitro.*? All these reactions are enhanced by 2-mercaptoethanol
(ME).

Furthermore, the action of BLM appears to be similar to that of radiation such as
X-rays in the following features: both agents provoke a similar change in sensitivity
of cultured mammalian cells during their growth cycle,'® break single strands as well
as double strands of DNA of both microbial and mammalian cells,*~*! and degrade
DNA.S19:14 On the other hand, recent studies using various radiation-sensitive
mutants such as wvr™ (excision-defective) and rec™ (recombinational repair-less)
bacteria indicate that BLM-induced injury is different from radiation-induced damage,
since these mutants are almost as resistant to BLM as wild strains in which the
respective genes function normally.># 13
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The present study is an attempt to elucidate more details of the reaction of BLM
with HeLa cell DNA in vitro and in vivo in order to learn the mechanism by which
BLM fragments DNA strands.

MATERIALS AND METHODS
Chemicals

BLM mixture (Lot No. B-40, copper-free) was a gift from Nippon Kayaku
Company, Tokyo, Japan, and contained the main component, BLM A,, in at least
50 per cent concentration (Nippon Kayaku’s data). The BLM solution was prepared
by dissolving in 0-9% (w/v) NaCl solution and sterilizing through membrane filters
just before use. Thymidine (TdR)-2-*#C (30 mCi/m-mole) and TdR-methyl-3H (23-4
Ci/m-mole) were purchased from Schwarz BioResearch, Inc., Orangeburg, N.Y., and
Radiochemical Centre, Amersham, England respectively. Pronase-P was obtained
from Kaken Chemical Company, Tokyo, Japan, pancreatic RNase, from Worthing-
ton Biochemical Company, Freehold, N.J., and T; RNase, from Sankyo Chemical
Company, Tokyo, Japan. All other reagents used were purchased from commercial
sources.

Cell culture

HeLa S3-91V,'¢ generously provided by Dr. T. Terasima, National Institute of
Radiological Sciences, Chiba, Japan, were cultured routinely in plastic or glass
culture vessels in synthetic F10 medium!? supplemented with 0-059, (w/v) Difco
heart infusion broth and 109 (v/v) calf serum, as described previously.*® The cells
were shown to be PPLO-free, using a modified Hayflick agar. Cell survival after a
30-min treatment with BLM was determined by the colony-forming ability of cells
after incubation for 12 days.

Labeling of cellular DNA

(a) HeLa S3 cultures in log-phase were labeled with 0-2 uCi/ml! of *C-TdR for 2
days in order to obtain the extracted radioactive DNA. (b) For analysis of the
breakage of cellular DNA in alkaline sucrose gradients, exponentially growing cells
were labeled with 0-5-1-0 pCi/ml of *H-TdR for 24 hr. (¢) Newly synthesized DNA in
BLM-treated cells was labeled with 23-4 uCi/ml of *H-TdR (10~¢ M) for 30 min and
2 hr. (d) To detect unscheduled DNA synthesis, cells were prelabeled with 5 uCi/ml of
3H-TdR for 2 hr for elimination of S-phase cells and treated with 0, 25 and 100
pg/ml of BLM for 30 min, followed by an incubation for 2 hr in media containing the
same amount of *H-TdR. The cells were subjected to autoradiography with an
exposure for 10 days.?8

Isolation of DNA

Approximately 5 x 107 cells labeled with **C-TdR according to the protocol (a)
were trypsinized, harvested and lysed in 2-5% (w/v) sodium dodecyl sulfate (SDS)-
0-:015 M EDTA-1 x SSC (0-15 M NaCl - 0015 M trisodium citrate, pH 7-4). The
lysate was digested with 100 pg/ml of preheated pronase for 4 hr at 37°, and was
made 1 M with respect to sodium perchlorate. After vortex-mixing, DNA was
isolated after deproteinization (five-times) with chloroform-isoamyl alcohol (24:1)
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according to our previous modification® of the method of Haut and Taylor.?°
Finally, both RNA and traces of protein were removed by further digestions with
pancreatic RNase (20 pg/ml) plus T; RNase (100 units/ml) and subsequently with
pronase (20 pg/ml). Thus, purified *C-DNA was precipitated with 909 ethanol,
dissolved in 1 x SSC, and kept at 4° until use. DNA concentration was assayed by
the method of Burton.?! An appropriate amount of the DNA was subjected to reaction
with BLM in vitro.

Reaction of DNA with BLM

Reaction in vitro. Before reaction, **C-DNA in I x SSC was dialyzed overnight
against 1 liter of 0-0125 M Tris—HCI, pH 7-6. The sedimentation coefficient for this DNA
was approximately 208 as estimated by alkaline sucrose sedimentation. The standard
reaction mixture contained 5 pg *C-DNA, 0-003 M ME, 50 pg/ml BLM and 0:025 M
EDTA in a total volume of 0-2 m! of 0-0125 M Tris—HCI, pH 7-6. Variations in this
mixture are given in the legend to Fig. 2. All reactions were carried out for 30 min at
37° under sterilized condition. In some experiments, the reacted material was dialyzed
for 24 hr against 2 1. of 1/10 x SSC before alkalinization followed by centrifugation.

Reaction in vivo. HeLa S3 cells prelabeled under the protocol (b) were incubated in
media containing 0 or 25 pg/ml of BLM for 30 min alone. In the case of protocol (c),
the same amount of BLM had been added to log-phase cells 30 min before SH-TdR
pulses started, and the drug was present continuously during labeling for 30 min or
2 hr. Immediately after reaction, the cells were lysed and centrifuged in alkaline
sucrose gradients.

Lysing cells and alkaline sucrose gradient centrifugation

The entire method has been described elsewhere.?? Briefly, *H-TdR-labeled and
BLM-treated whole cells were lysed in a lysing solution of 0-25 9 (w/v) SDS, 0-015 M
EDTA and 109 (w/v) nuclease-free sucrose in 0-15 M bicarbonate buffer, PH 80,
and digested with 2 mg/ml of preheated pronase for 4 hr at 37°. The lysing solution
sometimes lacked EDTA. After alkali was added to bring the pH up to 12-5, a 0-2-ml
aliquot of the final lysate, corresponding to 5000 cells (less than 0-1 pg of denatured
DNA), was layered on top of a 4-8-ml linear gradient of 5-20 % (w/v) alkaline sucrose
in 0-8 M Na(Cl, 0-:2 M NaOH, 0-01 M EDTA and 0-05 M p-aminosalicylate, pH 12-5.
For the in vitro reacted DNA, a total volume of 0-2 ml (5 ng of DNA) was layered
following alkalinization before or after dialysis. The gradients were centrifuged in a
SW39L rotor of a Spinco model L ultracentrifuge (Beckman Instruments, Inc.,
Palo Alto, Calif.) at 35,000 rev/min at 20° for 2 hr for the in vivo DNA and 5 hr for
the in vitro DNA. After centrifugation, 10 drop-fractions were collected from the
bottoms of the tubes onto 2-3 cm Whatman No. 3 MM filter paper discs. The discs
were dried, washed exhaustively with cold 5% (w/v) trichloroacetic acid, and placed
in scintillation vials with 10 ml of 2,5-diphenyloxazole-1,4-bis-2, 5-phenyl-oxazolyl)-
benzene-toluene for the measurement of radioactivity.

Molecular weight determination

S values and molecular weights of HelLa DNA after centrifugation were determined
by use of T4D DNA for reference and calculated from the equations of Burgi and
Hershey??® and Studier.?4
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RESULTS

Survival of asynchronous HeLa S3 cells. The survival of cells after a 30-min treat-
ment with increasing doses of BLM is shown in Fig. 1. The dose-survival curve is
biphasic, suggesting that a sensitive fraction (cells in mitosis, at the G1/S transition
and in G2) as well as a less sensitive fraction (cells in early Gl and late S) is
involved.!3:2% The sensitive half of the cell population is defined by a D, of 20 pg/ml
(30 min), which is almost twice as high as the D, dose [12 pg/ml (30 min)] for mouse
L5 cells by Terasima and Umezawa'® and Chinese hamster CHO cells by Barranco
and Humphrey.?3 The rest of the cell population has a D, dose of 100 pg/ml (30 min).
In this resistant part of the survival curve, a BLM dose as high as 100 pg/ml reduces
survival to only 15 per cent. Therefore, the toxicity of BLM to HeLa S3 cells seems to
be moderate.!3

BLM DOSE (ug/ml)
6] 20 40 60 80 100
% 1 T T | T

03

FRACTION SURVIVING

02

015

01 ! ! ! I 1

FiG. 1. Effect of BLM (30-min exposure) on survival of asynchronously growing HeLa S3 cells.

BLM-induced single-strand breaks of extracted HeLa S3 DNA. Our primary
intention here of studying BLM-induced fragmentation of DNA by means of alkaline
sucrose sedimentation was to investigate how EDTA, as an ingredient of both cell
lysing and sucrose gradient solutions, affects the sedimentation rate of BLM-treated
DNA. In addition, the effect of ME, being considered to be essential for DNA breaks
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by BLM,%° was also re-examined. For this purpose, highly purified DNA is suitable.
The purified HeLa *C-DNA was incubated in various reaction mixtures for 30 min
at 37°. After reaction or further dialysis, the pH of the material was adjusted to 12-5,
followed by alkaline sucrose sedimentation. The results are shown in Fig. 2. The
sedimentation profile of the control **C-DNA had the same 20S peak with a broad
distribution as curve C (so that the former is not depicted in Fig. 2).

In Fig. 2 (left hand panel) the reacted material was not dialyzed before addition of
alkali. The sedimentation profiles show that the presence of ME in the reaction
mixture fragments DNA extensively and in a similar fashion in either the absence
(curve A) or the presence of 50 pg/ml of BLM (curve B). This suggests that the break-
down of DNA may be due to the oxidized product of ME by alkali, as Bode?S has
demonstrated. This contention is obviously valid, because DNA breaks are not
recognized when ME is removed by dialysis before the addition of alkali (curve E).
In contrast, curve C shows that 0-025 M EDTA present in the reaction mixture com-
pletely abolishes single-strand breaks.

Non-dialyzed Dialyzed
28 T T T T T T T T T T T T T T
A, %, ~-BLM+ME-EDTA D.-e~,-BLM-ME -EDTA G, -, +BLM +ME 42
_ 1 il -EDTA |
24 B, -0, HBLM+ME-EDTA E-+--BLM+ME -EDTA H, =, +BLM igDETA

C.-2 +BLM+ME+EDTA F,-&-+BLM~ME —EDTA
20F T T

Per cent of total ‘*C-radioactivity

e 2
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Fic. 2. Effects of BLM, ME and EDTA on the sedimentation profile of extracted HeLa S3 DNA

in vitro. Purified HeLa **C-DNA (5 ng; 2300 counts/min) was incubated for 30 min at 37° in 0-0125

M Tris-buffered reaction mixture (0-2 ml, pH 7-6). Variable constituents (50 pg/mi BLM, 0-:003 M

ME and 0-025 M EDTA) are indicated by A to H in the upper parts of figures. After reaction, the

mixture was alkalinized to pH 125 before or after dialysis against 1/10 X SSC for 24 hr at 4°, and

layered on top of 5-209 (w/v) alkaline sucrose gradient (pH 12-5), followed by centrifugation at
35,000 rev/min for 5 hr at 20° in a SW39L rotor.

In Fig. 2 (center and right panels), the material reacted in the absence of EDTA
was dialyzed against 1/10 X SSC for 24 hr. ME alone, as shown by curve E, has no
effect on the sedimentation rate, as compared with curve D obtained without ME.
Both peaks of curves D and E position at 17-2S, whichis smaller, because of mechani-
cal shearing by dialysis, than that of non-dialyzed DNA (curve C: 20-5S). A charac-
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teristic finding is that BLM alone is able to fragment DNA after dialysis (curve F),
indicating that ME is not obligatory. However, ME enhances the extent of BLM-
induced DNA chain scission, when DNA is incubated in the reaction mixture lacking
EDTA (curve G). A prominent peak of curve G sediments at 4-2S, significantly
slower than that of curve F (7-4S).

The right hand panel of Fig. 2 concerns the effect of EDTA. Curve H demonstrates
clearly that EDTA present during the reaction completely prevents the induced
fragmentation of DNA. Moreover, this prevention is not affected by ME (curve H).
This result again confirms a profile (curve C) of non-dialyzed DNA, in which EDTA
protects against degradation.

Reaction of intracellular DNA with BLM. Based on the facts obtained in vitro, the
following experiments were carried.out under conditions in which no ME was used
throughout.

Figure 3 illustrates alkaline sucrose sedimentation profiles of DNA from the *H-
TdR-prelabeled and BLM-treated cell lysates in an EDTA-containing lysing medium.
The control DNA sediments at 76-5S, whose molecular weight is estimated to be
approximately 80 x 106 daltons (Fig. 3, open circle). This agrees with our previous
result.?? The profile of DNA from BLM-treated cells (Fig. 3, closed circle) is similar
to that from the untreated control cells. However, a little elevated 3H radioactivity
is found between the fifteen and twenty-fourth fractions. The amount of fragmented
DNA in these fractions corresponds to about 20 per cent of the total radioactivity
recovered. Therefore, 25 pg/ml of BLM breaks a little of the intracellular DNA during
a 30-min treatment before the cell lysis.
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Fig. 3. Effect of EDTA in the lysing solution on the fragmentation of intracellular DNA by BLM.

HeLa S3 cells prelabeled with 0-5 xCi/ml of *H-TdR for 24 hr and chased for 1 hr were treated with

0(O O) or 25 pg/ml of BLM (®——@) for 30 min at 37°. The cells were lysed in 0-25% (w/v)

SDS-0-015 M EDTA-10% (w/v) sucrose-0-15 M NaHCOj;, pH 8-0, and digested by addition of an

equal volume of pronase (2 mg/ml). After addition of the one-tenth vol. of 3 N NaOH to the lysate,

a 0-2-ml aliquot was layered on top of an alkaline sucrose gradient and centrifuged for 2 hr under the
identical conditions described in the legend to Fig. 2.

In contrast, Fig. 4 shows typical profiles of DNA from the cell lysates in the EDTA-
deprived lysing medium, and indicates that BLM-treated DNA sediments at 24S

63



Bleomycin-induced DNA breaks 329

I w
X
10 - N\ -
X 24-Z%
> |
b i
2 8- 1
15} i
o i
L !
o 1
& o6r ! N
B ;
S X
2
5 4y .
-
o
@
Q
g o2 ]
XI \\\ X/
X=X
0 Xy Xy X A 1 ! ] !
O 5 e} 15 20 25

Fraction number
FiG. 4. Effect of cell lysis in the absence of EDTA on the fragmentation of intracellular DNA by
BLM. Except that the lysing solution lacks EDTA, all other procedures are the same as described in
the legend to Fig. 3. O 0, X---x,control (no BLM); @ ——@®, 25 ng/ml BLM-treated.

(closed circle) and has been degraded more than the untreated control (open circle).
The control DNA was of course degraded nonspecifically during a 4-hr lysis (Fig. 4,
open circle and cross), and the extent of the degradation differs from experiment to
experiment, where the extreme proceeds to 8S (Fig. 4, cross). However, the degradation
of BLM-treated cell DNA is rather fixed to 24S (Fig. 4, closed circle). As a whole,
BLM enhances the degradation of the intracellular DNA during the lysis of cells
without EDTA. These results imply that DNase(s) in the lysate preparation in the
absence of EDTA may be responsible for the degradation and may recognize BLM
damage in DNA. We cannot distinguish whether BLM binds effectively to DINA within
the nucleus or if BLM distributed throughout cells exerts its action upoun lysis.

Effect of BLM on newly replicating DNA. One way of distinguishing whether or not
BLM imposes damage, i.e. binding and/or breakage, to intranuclear DNA is to study
what kind of new daughter DNA is synthesized on the template DNA of BLM-
treated cells. This experiment using *H-TdR pulses, in addition, favors an investigation
of the effect of BLM in vivo on the joining of short replicating segments, since BLM
is considered to inhibit ligase in vitro.*?

Figure 5 shows alkaline sucrose sedimentation profiles of 3H-labeled DNA newly
replicated for 30 min and 2 hr in HeLa S3 cells. At this time, 25 pg/ml of BLM was
added 30 min before the start of 3H-TdR pulses and it was present continuously
during the pulse-labeling. After a 30-min pulse (Fig. 5A), newly replicating DNA in
the control cells consists of three major peaks of 4, 30 and 628 (closed circle), while a
single 40S peak from BLM-treated cells predominates (open circle). However, a
further 2-hr labeling in the continued presence of BLM (Fig. 5B) makes no obvious
difference between the sedimentation rates of DNA newly replicated in both control
(closed triangle) and treated cells (open triangle). Both profiles are similar with only
one 76-76-5S peak of matured DNA. These results indicate that the enzymic joining
of short replicating segments is delayed slightly by BLM in the early period of labeling,
but soon resumed. A totally similar figure was obtained in BLM-treated mouse L
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F1G. 5. Effect of BLM on the joining of newly replicating DNA in vivo. BLM (25 ug/ml) was added to
exponentially growing HeLa S3 cells 30 min before the start of pulse-labeling with 23-4 uCi/ml of
3H-TdR and present continuously during the labeling. The procedures for lysing cells and centri-
fugation in alkaline sucrose gradients are the same as described in the legend to Fig. 3. (A) 30-min
pulse; (B) 2-hr pulse. ® —®&, A——A, control (no BLM); O——0O, A A, BLM-treated.

cells (Fujiwara, unpublished data), which cannot excise pyrimidine dimers after
ultraviolet light irradiation and hence leaves a gap in newly synthesized DNA during
the postreplication repair.?? Consequently, it seems possible that BLM penetrates so
poorly into living cells that it exerts little effect on DNA within the nucleus. Otherwise,
BLM incorporated would be readily inactivated within cells.

Unscheduled DNA synthesis after treatment with BLM. An autoradiographic study
was performed on unscheduled incorporation of *H-TdR into non-S cells of Hela
S3 cultures after a 30-min treatment with 25 and 100 pg/ml of BLM. Table 1 shows
recognizable incorporations of *H-TdR in BLM-treated cells over that of the control
cells. This indicates that a small amount of single-strand breaks of DNA occurs
either by the direct binding of BLM or by indirect action of nuclease, and that,
therefore, *H-TdR containing repair patches replace a small amount of BLM damage
in the intracellular DNA.

DISCUSSION

The results reported here indicate that BLM reacts with highly purified HeLa S3
DNA and induces single-strand breaks in vitro. This finding agrees with many previous
results.5~1% ME has been reported to be essential for BLM to cause fragmentation of
DNA and a decrease in the melting temperature of DNA.® However, ME is not
obligatory for, but rather enhances the BLM-induced scission of DNA chain under
the present conditions (Fig. 2). This view is reconciled with the observation of
Haidle.!°

It should be noticed that EDTA prevents single-strand breaks by BLM both in the
presence of ME and after dialysis (Fig. 2). Additionally, EDTA also inhibits the BLM-
effected decrease in the melting temperature of DNA in the presence of ME.° The
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chemical rationale for the inhibitory action of EDTA is not clear, but is assumed to
be EDTA-reversible binding of BLM to polynucleotide chains, as found in, for
example, luteoskirin and kanchanomycin.?’

TABLE 1. UNSCHEDULED DINA SYNTHESIS IN HELA S3 CELLS AFTER A 30-MIN TREATMENT
WITH BLEOMYCIN

No. of grains per

Bleomycin No. of non-S cells Total No. non-S cellf
(pg/ml) scored* of grains (unscheduled synthesis)
0 94 114 1-08
25 101 338 3-44
100 131 455 3:48

* HeLa S3 cells in log-phase were first prelabeled with 5 pCi/ml of 3H-TdR for 2 hr before BLM
treatment in order to eliminate S cells easily at the time of scoring non-S cells. After a 30-min treat-
ment, the cells were washed and reincubated for an additional 2 hr in media containing the same
amount of 3H-TdR without BLM. Finally, the cells were subjected to autoradiography'® with an
exposure for 10 days.

1 The number of grains per non-S cell includes 0-28 average background grains per cell (= 26
grains/90 cells scored).

Similarly, BLM-induced fragmentation of intracellular DNA is restricted to a low
yield (Fig. 3), after EDTA has eliminated nonspecific degradation during cell lysis
(Fig. 4). This result is correlated with small amounts of unscheduled DNA synthesis
after BLM treatment (Table 1). This conclusion about DNA within cells may con-
tradict previous results®-8:1! indicating that much lower doses (0-1-10 ug/ml) of BLM
are able to fragment both microbial and mammalian DNA to greater extents by means
of alkaline sucrose gradient centrifugation. It is likely that the discrepancy may arise
from the procedures for lysing cells. The cell lysates in previous experiments® 811
were obtained by the use of alkaline SDS solution on top of the sucrose gradient
according to the method of McGrath and Williams,?% where EDTA is omitted. Our
results obtained after cell lysis in the absence of EDTA (Fig. 4) account presumably
for enzymic degradation of DNA which occurs extensively and nonspecifically. We
do not know whether or not commercial BLM contains nucleases, but Haidle neglected
this possibility.'® Therefore, it is likely that activation of endogenous nucleases during
cell lysis may be responsible for the major part of DNA degradation. Incidentally,
the DNA of Hela S3 cells irradiated intranuclearly with incorporated *H is rendered
more susceptible to DNases.??

The fact that DNA inside cells is not affected so severely by a 30-min short exposure
to BLM (Fig. 3, Fig. 5 and Table 1) suggests that penetration of BLM through the
cell membrane may be too difficult to act primarily on the intranuclear DNA as well
as the ligase. Another possibility that cannot be ruled out is that BLM might be
somehow inactivated promptly even if incorporated into cells. At present, this
distinction is difficult because labeled BLM is not available. Moreover, it is apparent
that repair-defective mutants (uor~ or rec™) of bacteria are no more sensitive to BLM
than wild strains.***® Although a linear relationship between BLM dose and strand
breaks in vitro has been demonstrated,®=3-19-1 the dose-survival curve of HeLa S3
cells does not show a linear, but rather a biphasic relationship (Fig. 1), being not
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very different from other mammalian cell lines tested so far.'3:2% Different and
interesting results have been obtained with the closely related antibiotic, phleomycin.
Phleomycin-resistant bacteria are unable to repair u.v. damage in their DNA,3°
indicating a correlation between excision ability and phleomycin sensitivity. Perhaps
such a correlation is demonstrable in mammalian cells: excision-deficient rodent cell
lines (mouse L?? and Chinese hamster CHO?®') have a greater resistance to phleo-
mycin than Hela cells possessing excision ability.®! These facts do not favor a
possibility that BLM causes DNA damage in vivo to the same extent as in vitro.
Recently, Endo et al.®* have presented evidence to indicate that BLM-sensitive
mutation in Escherichia coli, located closely linked to the /ac gene, may be involved
in the permeability of the cell membrane through which BLM can enter the cells.
Therefore, unlike the reaction in vitro, the cell membrane is assumed to play a basic
role in controlling the toxicity of BLM to cells.

In another aspect, the action of BLM on the cell kinetics is correlated with that of
phleomycin. The primary action of phleomycin may be due to a potent anti-mitotic
effect, rather than to its inhibition of nucleic acid synthesis, since this antibiotic
prevents Hela cells from entering mitosis after DNA synthesis has been completed
and when the concentration is so low as to have little effect on DNA synthesis.33
Similarly, Barranco and Humphrey?® reported that BLM interfered with cell pro-
gression only during the G2 phase. Therefore, the primary biological action of BLM
is assumed to be interference with transcriptional or translational events involved with
the synthesis of division-specific protein(s) which is presumably produced at the G2
phase. In this connection, our preliminary experiments with human lymphocyte
cultures have shown that both short (4 hr) and prolonged (12 hr) exposures to 20
pg/ml of BLM before chromosome preparation induce chromosome aberrations
(chromatid breaks and gaps) non-randomly and to a similar extent at a 10 per cent
level of the cells which can enter mitosis successfully (Fujiwara et al., manuscript in
preparation).
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Effects of Bleomycin on Progression through the Cell Cycle

of Mouse L-Cells
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SUMMARY

The effect of bleomycin on progression of mouse L-cells
through the cell cycle was studied. In the presence of bleo-
mycin, the beginning of DNA-synthetic (S) phase occurred
at the same rate as that of the untreated control, but the
duration was prolonged. In cells treated pulse-wise with
bleomycin at the G, phase, the prolongation of S phase was
slight, whereas the G, phase showed a considerable delay.
Bleomycin also affected the entry of asynchronous cells into
mitosis by arresting them at the early half of the G, phase.
Interference did not occur with transition of mitosis to the
G, phase.

The observed prolongation of DNA-synthetic phase in
the presence of bleomycin might be due to the inhibition of
DNA synthesis or the damage to DNA molecules by the
drug.

INTRODUCTION

Bleomycin is a glycopeptide antitumor antibiotic that
has been isolated from the culture filtrates of Streptomyces
verticillus (19, 20). In clinical studies, the drug has demon-
strated certain characteristics different from those of other
chemotherapeutic agents. Bleomycin shows selective ac-
tivity on squamous cell carcinoma (2, 12) and malignant
lymphomas (5, 22); moreover, it is rarely accompanied by
hematopoietic disturbance (2, 5, 12, 22), a major side ef-
fect of other cytotoxic antitumor agents.

Studies on the mechanism of action of bleomycin at the
cellular level revealed that the drug affects most strongly
the synthesis of DNA and, to a lesser extent, protein and
RNA syntheses (11, 21). The drug also inhibits the prolif-
eration of various mammalian cells in culture (1, 16). The
particular biphasic survival curve of mouse L-cells was
reported previously and the implication was discussed by
us (13, 15). On the other hand, little information is avail-
able regarding the effect of bleomycin on the cell cycle. Ac-
cordingly, the present studies on bleomycin action were fo-
cused on the progression of mouse L-cells. The findings
obtained would be useful for the rational designing of can-
cer chemotherapy.

Received September 7, 1973; accepted January 4, 1974.

MATERIALS AND METHODS

Cell Line. A clonal derivative of mouse L-cells (B929-
1.2J), designated as the L5 strain, was used throughout
the experiments. The cells were grown as a monolayer in
FI10HI medium (3) with 5% calf serum added. The median
generation time was about 18 hr with a 5-hr G, period, 9-hr
S period, and 3-hr G period.

Synchronous Culture of L-Cells. Synchronous cells were
obtained by a selection of mitotic cells from randomly
growing L-cells (14). The culture was initiated with 1 x 10°
cells/ 180-ml square culture bottle. After 36 hr of incuba-
tion, the medium was discarded to remove fragile and dy-
ing cells. The culture, fed with the prewarmed fresh
growth medium, was incubated for another 5 to 6 hr. Then,
the mitoses that appeared were readily shaken off by man-
ual agitation of the bottle. The mitotic frequency of har-
vested cells was usually over 95%. The harvested cells were
all attached to the bottom of plastic petri dishes (60 x 15
mm; Falcon Plastics, Los Angeles, Calif.) within 2 hr of
incubation in a CO, chamber at 37°. The synchrony pro-
cedure was carried out at 37°.

Determination of Mitotic Frequency. The cells growing
in plastic dishes were dispersed with 0.1% trypsin (1:250;
Difco, Detroit, Mich.):saline D2. The cells were then cen-
trifuged, fixed in acetic acid:ethanol (1:3), and stained
with acetic orcein. The mitotic frequency for each sample
was determined by scoring 1000 cells.

Autoradiography of Cells. Mitotic cells were inoculated
into plastic dishes in which coverslips were placed, and in-
cubated in a CO, chamber at 37°. At 3 hr, when cells were
attached on coverslips and the whole population of syn-
chronous cells was in G, phase of the cell cycle, bleomycin
was added to cultures to a final concentration of 100
ug/ml. Thereafter, coverslips were taken from dishes at
intervals of 2 hr and placed into medium containing thymi-
dine-*H, 0.5 uCi/ml (5 Ci/mmole, Radiochemical Centre,
Amersham, England) for 20 min. Then, cells were fixed in
acetic acid:ethanol (1:3), dried, and the autoradiographs
were prepared. For autoradiography, the nuclear emulsion
(NRM-2, Konishiroku Photoindustry Co., Tokyo, Japan)
was applied and photographic processes were followed.
The fraction of labeled cells was determined by scoring
1000 cells for each sample.

Colcemid Treatment of Cells. An exponentially growing
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culture of L-cells was treated continuously with Colcemid,
0.1 pg/ml, and bleomycin, 100 ug/ml. In control culture,
medium contained Colcemid but no bleomycin. After the
addition of drugs, samples were taken at 30-min intervals
over a 5-hr period. The entry of cells into mitosis was ex-
amined by scoring the number of cells in mitosis in each
sample.

Bleomycin. Bleomycin AS (Lots 00702 and 6), a copper-
free sulfate, was obtained from Nippon Kayaku Co. Ltd.,
Tokyo, Japan. The drug was dissolved in F10 medium and
kept in a refrigerator until used.

RESULTS

The effect of bleomycin on the progression of mitotic
cells into G, phase is shown in Chart 1. For treatment,
cells in mitosis were suspended in medium containing bleo-
mycin, 100 pg/ml, immediately after harvest and were
kept incubating at 37°. Samples were taken at 30-min in-
tervals, and cells were dispersed with 0.1% trypsin. In sam-
ples taken during the 1st 2 hr of incubation, the cells still
floating in culture medium were collected and put together
with trypsinized cells. Then, cells were centrifuged, fixed,
and stained for determination of mitotic frequency. The
harvested cells exposed continuously to bleomycin, 100
pg/ml, underwent the same rate of decrease in mitotic
frequency as did untreated control cells. The values of
control and drug-treated cells dropped to 0% by | hr of
incubation, indicating that bleomycin did not affect the
transition from mitosis to G, phase.

In order to examine the effect of the drug on the DNA-
synthetic phase, autoradiographic studies were performed
on synchronous L-cells. Three hr after harvest of mitotic
cells, bleomycin was added to culture medium to a final
concentration of 100 pg/ml, and thereafter the fraction
of DNA-synthetic cells was determined by pulse-labeling
cells with thymidine-*H at 2-hr intervals (Chart 2). The
beginning of DNA-synthetic phase was not affected in
cells treated with bleomycin, since the labeled fraction of
both control and drug-treated cells increased at the same
rate from 5 hr onward and finally reached 90% at 9 hr af-
ter mitosis (middle of S phase). In contrast, the comple-
tion of DNA-synthetic phase was blocked by the drug.
The labeled fraction of the control culture dropped to 30%
at 15 hr, while 70% of drug-treated cells still remained in
S phase even at 17 hr. This indicates that bleomycin pre-
vented the passage of cells from S to G, phase. The dura-
tion of S phase measured at the 50% level was, therefore,
prolonged 5 hr by the drug treatment. Incidentally, the
number of grains per labeled cells was apparently lower
in bleomycin-treated cells than in untreated control cells.

Chart 3 shows the effect of pulse treatment on the cell
cycle progression. Three hr after mitosis, synchronous G,
populations were treated for 1 hr with bleomycin, 100
ug/ml. Then cultures were rinsed twice with F10 medium
and fed with fresh growth medium for further incubation.
The progression of G-treated cells through the following
cell cycle phases was examined by pulse-labeling cells with

879

Effects of Bleomycin on Cell Cycle Progression

j00k
o Control
© Bleomycin 00ug /ml

PERCENT CELLS IN MITOSIS

0 1 2 3

HOURS AFTER MITOSIS

Chart 1. Effect of bleomycin on progression of mitotic cells into G,
phase. The harvested mitotic cells were exposed continuously to bleomy-
cin, 100 pg/ml. At 30-min intervals, samples were taken and prepared for
determination of mitotic frequency. For each sample, mitotic frequency
was determined by scoring 1000 cells.
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Chart 2. Effect of bleomycin on the DNA-synthetic phase of syn-
chronous L-cells. At 3 hr after mitosis, bleomycin was added into culture
medium to a final concentration of 100 ug/ml. Then, samples were taken
at intervals and pulse labeled with thymidine-*H (0.5 pCi/ml; 5 Ci/
mmole) for 20 min. For each autoradiographic sample, the fraction of
labeled cells was determined by scoring 1000 cells.

2]

g 100+ © & Control 120 9
pr
i o & Bleomycin 118 H
80| 100ug/mi1.8
a S

5 17
3 2
N 415 5
z

© 40 a4
; [ w
z roq3 =
O ; |~
£ 20 o2 <
e ! oo
a ; 411 @

0 =10

[} 4 8 12 16 20 24 28 32 6870

HOURS

AFTER  MITOSIS

Chart 3. Effect of bleomycin on progression of synchronous cells pulse
treated at G, phase. At 3 hr, bleomycin was added to cultures to a final
concentration of 100 ug/ml. After 1 hr of incubation with the antibiotic,
the cultures were rinsed twice with F10 medium and fed with fresh F10
medium for further incubation. After the treatment, samples were pulse
labeled with thymidine-*H at intervals and prepared for autoradiography
(circles). The division of synchronous cells was determined by repeated
scoring of cell number in specified microscopic fields (triangles).
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thymidine-*H at various times. After the pulse treatment
of G, cells, cells were counted at intervals under a micro-
scope. The change of percentage labeled cells in the G-
treated population was almost like that of the untreated
control through 17 hr after mitosis, except for slightly
higher values found at 13 and 15 hr. This result indicates
that bleomycin did not significantly affect the progression
of G-treated cells through S phase, although the exit of
cells from S phase was slightly delayed (less than | hr).
However, cell division of G-treated cells was inhibited up
to 68 hr after inoculation of mitotic cells, and the 2nd wave
of labeled fraction was not observed. The results indicate
that cells exposed to bleomycin in G, phase progressed
through S into G, but were blocked at G, phase with a
-considerable delay.

The G, block was also observed when the asynchronous
population of L-cells was treated with bleomycin and Col-
cemid (Chart 4). The accumulation of mitotic cells was
shown in terms of the collection function (10). The value
obtained for untreated control increased linearly with time
after a short lag period which may correspond to the time
needed for Colcemid to reach its active site. The value for
bleomycin-treated cells closely followed the control curve
during the Ist 90 min of exposure, then practically leveled
off, suggesting that cells were arrested in G, phase (about
90 min before mitosis) and failed to enter mitosis.

DISCUSSION

In the presence of bleomycin, G, cells entered the DNA-
synthetic phase at the same rate as the untreated control
cells, but the progression of cells from S to G, phase was
delayed considerably (Chart 2). In contrast to our results,
it was reported that bleomycin did not affect the DNA-
synthetic phase of Chinese hamster cells (1, 18). These
results may be specific for the Chinese hamster cell line,
since macromolecular syntheses were less inhibited in
Chinese hamster cells (18) than in other mammalian cells
(11, 21).
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Chart 4. Effect of bleomycin on progression of asynchronous cells into
mitosis. Bleomycin (100 ug/mt) and Colcemid (0.1 ug/ml) were added
to asynchronous cultures of L-cells at zero time. Then, samples were taken
at intervals and prepared for determination of mitotic frequency. Ordi-
nate, accumulation of mitotic cells after addition of Colcemid in terms of
the collection function log (1 + mitotic index) (10).
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In L-cells, the prolongation of DNA-synthetic phase
could be correlated with the remarkable action of bleomy-
cin on the DNA synthesis and DNA molecules of cells.
Suzuki et al. (11) found that the DNA synthesis of HeLa
cells was moderately inhibited by the antibiotic, while pro-
tein synthesis was less affected. This finding was confirmed
again by our study with mouse L-cells (21) in which bleo-
mycin inhibited DNA synthesis most strongly and inhibited
protein and RNA syntheses, in that order, to a lesser ex-
tent. Bleomycin also affected cellular and isolated DNA
molecules, producing single- and double-strand scissions in
DNA (17), decreasing the melting temperature (8), or lib-
erating thymine base from DNA (6). In view of these ac-
tions of bleomycin on DNA, the results presented in Chart 2
can be explained as follows. The beginning of DNA-syn-
thetic phase was not affected by drug-caused strand scission
of, or any other possible damage in, DNA molecules. How-
ever, the processes of genome replication would be delayed
either by the degradation of DNA molecules and subse-
quent repair in cells (17) or by the possible inhibition of
enzymes related to DNA synthesis (7). Thus, the comple-
tion of the DNA-synthetic phase in drug-treated cells was
delayed.

Another site of bleomycin action on the cell cycle trav-
erse of L-cells is at the G, phase. Other investigators (1, 18)
have reported that bleomycin interfered with cell progres-
sion during G, phase. In our observation, more than 90
min before mitosis, the cells failed to reach mitosis in the
presence of bleomycin (Chart 4). This finding would indi-
cate that the early part of G, phase is intrinsically sensi-
tive to bleomycin. In L-cells, the G, block may be related to
the inhibition of protein or RNA synthesis required for cell
division, since gross reduction of these macromolecular
syntheses was shown (21).

It is particularly noted that the great prolongation in G,
phase was also observed when cells were exposed pulse-
wise to bleomycin at G, phase, as shown in Chart 3. This
result is in agreement with our cinematographic observa-
tions on bleomycin-treated cells (4), in which synchronous
culture of L-cells pulse treated with bleomycin at the G,-S
transition phase showed a remarkable cell division delay.
Incidentally, similar division delay has been observed in
cells treated with a DNA-attacking agent during the G,
phase of the cell cycle. Ohara and Terasima (9) reported
that damages produced by mitomycin in the G, phase of
HelLa cells brought about the marked prolongation of the
following S and G, phases. This was assumed to be due to
irreversible damage to DNA of G, cells. In this study, how-
ever, it is less likely that damage to DNA is primarily re-
sponsible for the observed G prolongation, since the DNA-
synthetic phase was minimally affected in G ,-treated cells.
Another possible explanation involves the damages in mi-
totic apparatus. For example, damage to centriole, spin-
dles, or nuclear membranes may have a relation to the
division delay in G-treated cells, More extensive knowl-
edge of the mechanism of cell division, especially of the
division-essential syntheses occurring through the cell
cycle, might aid in elucidating the specific action of bleo-
mycin on G; phase of cells.
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# 13 Possible Regimens of Multiple 2-Shots
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——COMMUNICATION——

[GANN, 65, 559~560; December, 1974]

DEMONSTRATION OF REPAIR OF POTENTIALLY LETHAL DAMAGE IN PLA-
TEAU PHASE CELLS OF EHRLICH ASCITES TUMOR AFTER EXPOSURE TO

BLEOMYCIN

During the course of experimental Bleomycin
chemotherapy of mice bearing Ehrlich ascites
tumor, we have found a remarkable increase in
colony-forming efficiency of the tumor cells as a
~ function of time after single exposure to Bleomycin.
This finding indicates that Bleomycin induced a
potentially lethal damage which could be repaired
under in wvive condition,

Ehrlich ascites tumor cells, kindly given by
Dr. M. Urano (National Institute of Radiological
Sciences, Chiba), were grown by inoculation of
108 cells in the abdominal cavity of ICR/JCL
mice (CLEA Japan, Inc., Tokyo). Most experi-
ments were carried out on the 7th day when tumor
cells were in the early plateau phase.

The ascites tumor cells were able to grow in
suspension in F10 medium?® supplemented with
109, calf serum. For assaying the colony survival,
the tumor cells appropriately diluted with the
growth medium, after counting by the electronic
counter, were mixed into 0.39% soft agar (Special
Noble Agar, Difco) growth medium in plastic
petri dishes (60 15 mm) (Falcon Plastics, Calif.)
and grown in a COjy-chamber for 10 days. The
plating efficiency varied from 40 to 809, depend-
ing on batches of serum.

Bleomycin-complex (Lot £F100AS4) (Nippon
Kayaku Co. Ltd., Tokyo) dissolved in distilled
water was administered to tumor-bearing mice
through a subcutaneous route.

Mice bearing 7-day tumor cells received a single
shot of 30 mg/kg dose at O hr in Fig. 1. At the
indicated time, the ascites was removed and a
colony-forming ability of tumor cells was assayed
by inoculation of a known number of cells. Re-
peated experiments consistently showed the in-
crease of colony-forming efficiency which occurred
rapidly during the first 3 hr, then slowly, and
finally appeared to level off. Roughly 4 times more
colony-forming efficiency than the 1-hr value
was attained at 9 hr.

These results indicate that the damage given
by Bleomycin was not immediately lethal and
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was repaired with time during which the cells
remained in vivo. Therefore, it should be assumed
that the potentially lethal damage was fixed
when cells were brought into the in vitro assay
system.

Little®) has shown that potentially lethal dam-
age was induced in the plateau phase culture
of Chinese hamster cells by ionizing radiation and
a fraction of the damage was repaired with time
if the culture was allowed to remain in the plateau
phase of growth. Recently, similar finding has
been obtained with fibrosarcoma in mice after
K-irradiation.® Our results present three features:
(1) The repair of potentially lethal damage was
demonstrated after exposure to the antibiotic,
Bleomycin, (2) plateau phase cells in the trans-
plantable tumor were found susceptible to the pro-
duction and repair of potentially lethal damage,
and (3) contrary to other studies where the trypsin
dispersion of cultured or tumor cells was always
used for in vilro assay, the present use of ascites
tumor cells did not require any trypsinization
and, therefore, a possible change in trypsin sensi-
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Fig. 1. Change in colony-forming fraction of Ehrlich

ascties tumor cells after Bleomycin treatment
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tivity of drug-treated cells can entirely be excluded.
The observed repair of potentially lethal damage
should concern greatly the rational design of tumor
therapy with Bleomycin. Further detail will be
reported elsewhere.
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OPTIMUM FRACTIONATION REGIMEN FOR BLEOMYCIN TREATMENT

Nobuo Fukupa, Muneyasu Urano, Masahiro Enpo, and Koichi Anpo
Division of Clinical Research, National Institute of Radiological Sciences*

A theoretical analysis was made on the optimum Bleomycin treatment regimen
on the basis of the “binding-saturation model” which was proposed for the
Bleomycin dose—cell survival relation. The surviving fraction of tumor cells
decreased as a function of the number of fractionated treatments up to the op-
timum fractionation number if the tumor was treated with the same total dose.
The effect of cellular sensitivity to the antibiotic, tumor doubling time, treatment
interval, and total doses on the optimum regimen was analyzed. The importance
of treatment interval and of tumor doubling time was emphasized and the short
treatment interval was recommended for the clinical use of this antibiotic. The
optimum number of fractions increased. linearly with the increase of the total
dose while the optimum single dose was independent of the total dose. A concept
of the tumor control probability of tumors treated with the optimum fractionation
regimen was introduced and implications of these analyses in the clinical cancer

chemotherapy were discussed.

Extensive studies have been made on vari-
ous effects of Bleomycin on mammalian cells.
14~16,18 Tt is now well argued that the re-
sponse of mammalian cells to the antibiotic,
either in vitro or in vivo is characterized by an
upward concave survival curve.l.®1%18 The
drug-resistance is interpreted by the hypoth-
esis that anti-Bleomycin activity is intro-
duced into a cell by the addition of the anti-
biotic.**!® In our previous paper, a hypoth-
esis called “‘binding-saturation model” was
proposed on the basis of these experimental
findings.’® A notable feature of this model is
that the dose-response curve is possibly inter-
preted without assuming multi-components
in cellular sensitivity to Bleomycin. The
optimum regimen of fractionated Bleomycin
treatments, which is a conflicting problem in
a clinical tumor chemotherapy, could be
obtained by the use of a model and will be
analyzed theoretically in the present commu-
nication. These analyses might also be useful
for chemotherapeutic agents which possess
the saturation property®?® in their dose—cell
survival curve.

Mathematical Analysis of Dose Fraction-
ation Regimen The binding—saturation
model is based on the assumptions that the
Bleomycin molecule combines with the cri-
tical target in a cell in a rapid reversible
manner and that surviving fraction of the
Bleomycin-treated cell decreases with the
increase of inactivated fraction of the target.
The' resulting expression for the surviving
fraction, S(D,), of tumor cells after a single
dose of D; mg/kg is as follows:

$0) = o (=T )
where the initial sensitivity, ¢, and minimum

survival, Smin, are defined by

1 dS(D1)>

o= Jim (7 “ab; .

Smin = lim S(D,) (3)
D00

The surviving fraction of tumor cells after
equally fractionated v doses of total D mg/kg
given at constant time interval, 7 days, is

1T ovDIn Smin

S0 2) = = D D T i

(4

where assumptions are made that tumor cells

*  Anagawa 4-9-1, Chiba 280 ({RHE5H, MERR, EEEIL, ZHEE-—).
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Dose (mg/kg)

Surviving fraction

0.01

TTTY

Fig. 1. Single Bleomycin dose-cell survival curves
obtained theoretically on the basis of the
“binding-saturation model”

Curves A~F reveal those of mammalian cells with

various Bleomycin sensitivities. Sensitivity parameters

employed are: ¢==1.0 for curves A and D, 5.0 for B

and E, 10.0 for C and F, S,;,=0.1 for A, B, and C,

and 0.01 for E, D, and F.

Ti/Ty=1.0

Surviving fractions

L 1 L

1
0 20 40

Number of fractions

! L t !

1
60 80 100

Fig. 2. Effect of T'j/T 4 on the dose fractionation
regimen, expected when tumor cells
with ¢=5.0 and S ;,=0.1 (thin lines)
or 0.01 (thick lines) were treated with
D=>5.0 mg/kg

Arrows indicate the v,y With the decrease of 7'/ Ty,

S(D, vop;) decreases while gy, increases
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D=2.5
—2r Ti/134=0.3

log (Surviving fractions)
Lo
< =] [*2]
T T T

I
—
oy

T

|
IS

L

L L
40 60 80

Number of fractions

L]
Do
=1

Fig. 3. Effect of ¢ on the dose fractionation
regimen expected for tumor cells treated
with T/T4=0.3 and D=5.0 mg/kg

Smin 18 fixed at 0.1. §(D, vops) decreases exponentially

with ¢ and v, increases linearly with ¢.

log (Surviving fraction)

10.0

—12 s ! ! L ] !

0 20 40 60 80

Number of fractions

100

Fig. 4. Effect of D on the dose fractionation
regimen expected for tumor cells treated

with ¢=5.0 and S, ;,=0.1

With the incresae of D, S(D, vgy) decreases exponen-

tially while v,y increases linearly.
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repopulate exponentially and asynchronously
with tumor doubling time, 74 days, through-
out the treatment period and that equally
fractionated doses are the most effective (see
Appendix). It should be noted that 7y is
assumed independent of Bleomycin dose, and
that the S(D,vy) vs. p relation depends on
four parameters, i.c., ¢, Smin, Zi/7T4, and D.
In Figs. 2~4, many examples of the effect
of each one of these parameters on dose—
fractionation regimen are presented while
other three parameters are fixed. These curves
are based on several model tumor systems in
which tumor cells exhibit a single Bleomycin
dose~—cell survival relation presented in Fig. 1
and clearly demonstrated that S(D, v) de-
creases as a function of y up to the optimum
number of fractions, vopt, which reduces S(D,
v) to the minimum and is indicated by an
arrow in Figs. 2~4.

Effect of Some Factors on Dose-Fraction-
ation Regimen

Effect of Smin and 7T3/T4: The effect of
Smin and T3/Tq on the S(D, v) vs. v curves
is illustrated in Fig. 2, where D and ¢ are
fixed at 5 mg/kg and 5.0, respectively, and
thin and thick lines indicate Smin of 0.1 and
0.01, respectively. It is notable from Eq. (1)
that S(D, v) is reduced proportionally with
the decrease of Swmin. This relation is also
reflected in the S(D, v) vs. v curves, while
the effect of Smin is not so large as that of
Ti| Ta.

As far as T3/ Ty is concerned, the S(D, v)
vs. v relation shown in Fig. 2 indicates that
the smaller the T3i/Tq, the larger the vop is,
and that a fractionation schedule which re-
duces the 73/Tg4 as small as possible would
sterilize tumor cells most effectively. For
instance, if Bleomycin therapy is applied for
a tumor which possesses T of 10 days, I-day
interval schedule (73/74 = 0.1) should be
selected rather than 3-day interval (0.3) or
10-day interval (1.0) schedule. If a tumor
whose 774 is 1 day is concerned, even l-day
interval treatment might not reduce S(D, v)
to the surviving fraction required for the

66(2) 1975

tumor control. The 3-day interval schedule
which is used routinely in clinic would be
applicable for a tumor which possesses T4 of
more than 30 days.

Effect of ¢ and D: Several examples of the
effect of ¢ and D on the S(D, v) vs. v relations
are presented in Figs. 3 and 4, respectively.
These that S(D, v)
decreases with the increase of ¢ or with that
of D, if the same number of fractions is ap-
plied, and suggest an approximate exponen-

curves demonstrate

tial relation between S(D,v) and ¢ or D,
which will be shown in Fig. 7. It is also
notable that yepe increases linearly with the
increase of ¢ or D. These linear relations are
shown in Figs. 5 and 6, and could be inter-
preted by minimizing Eq. (4) with respect to
v, 1.€.,
Yopt = CoD (5)
where,
(TI/ Td) In2 In Smin
+{(T3/ Tq) In 2} #(—In Smin)® 2
(73/7T4q) In 2(In Smin)?

C =

(6)
and  (73/Tq) In 2+4In Smin <0, C>0 (7)
Eq. (5) also indicates that an optimum
single dose is independent of D, e.g., if a
tumor with a fixed sensitivity of ¢ = 5.0,
Smin = 0.1, is treated with a fixed T3/7Tq of
0.3, an optimum single dose is 0.2 mg/kg
without regard to D administered.
TCD;y (BLM, yopt): The 509, tumor con-
trol dose (TCD;,) has been introduced as a
radiation dose which yields a local tumor
control in one-half of irradiated tumors on
the basis of multi-target response law.!l1?
A relevant analysis could be applied to the
Bleomycin dose which yields a tumor control
in one-half of Bleomycin-treated tumors. To
derive the expression for TCD;, (BLM, vopt)
given in the optimum fractionation regimen,
let us redefine S(D, v) in Eq. (4) to be that of
tumor cells at 75 days after the termination
of treatments and insert Eq. (5) into Eq. (4).
Then an approximate exponential relation
as shown in Fig. 7 is obtained between S(D,
vopt) and D as follows:
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1n S(D, voy) = —Co (L In 2
Ty
In Smin
T CTn S )D (@)
——DD, (9)

S(D, vopt) = e=P/Ps (10)

100

80

(=23
<

>
<

Number of fractions

20

0 e
5

Initial sensitivity

Fig. 5. Relation between y,,, and ¢

Linear relation is observed if tumor cells are treated
with a fixed T/ Tq.

Number of fractions

Total dose (mg/kg)

Fig. 6. Relation between y,,, and D

Linear relation is observed if tumor cells are treated
with a fixed T;/7.
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Dy=

(11)
T In Sy
Co( i In 24— 10 i e )
where D, implies a Bleomycin dose which
decreases the surviving fraction from 1 to 1/e
in the exponential portion of the optimum
fractionation dose—cell survival relation, and
is proportional to 1/¢ in the single dose—cell
survival curve.

Provided that a single tumor cell surviving
the treatments could produce a tumor recur-
rence and that the probability of tumor
control, p, obeys the Poisson’s law, the pro-
bability of tumors initially containing a total
of M cells and treated with total D mg/kg of
Bleomycin in an optimum fractionation re-
gimen is defined by

p=eSD,vop) M (12)
and TCDy, (BLM, vept), i.e., Bleomycin dose

which produces the local tumor control with
p=0.5 is expressed as

TCD;, (BLM, vopt) =Dy (In M—In1n2) (13)

Total dose (mg/kg)

0
-1
-2
-3
£
S
< =
& —d
2
g —6
B
@S -7
w —8
=
—9
—10
—11
_12 L i 1 L i 1 L L X
Fig. 7. Relation between S(D, vop) and D

Exponential relation is observed, indicating that the
optimum single dose is independent of D, if tumor
cells are treated with a fixed T'/7 .
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Discussion

Implications of the Model in Human
Cancer Treatment

Many informations on tumor control mech-
anism have been provided by radiation
biology.” !V It is argued that the tumor could
be controlled by a radiation dose after which
several hundred tumor cells might remain
without receiving the lethal damage.® 17
In one of our previous papers,!” it was
proposed that cell population kinetics of non-
treated and sublethally irradiated tumor cells
should be taken into account in the analysis
of tumor control probability, and the division
probability model” was applied for this pur-
pose. Assuming the same procedure for the
tumor control after fractionated Bleomycin

- BCD
ici E] 20/
R ] 10
a E '
§ < F10|
bad 10,7
600+ M
101
L5
st 3
% 300+ a
3 3
E o
E
& 150 2]
2 ] 1
D) 1,
L1 "
- F.7L 5
604 1 . L L . A .
1 2 3 4 5 6780910

Tnitial sensitivity (o)
Fig. 8. TCDy, (BLM, y,p) and ¢

Scales A~F are for tumors containing different number
of tumor cells or with different Pd. M and Pd for scales
A~D are: A, (1) 109 0.55, (2) 108, 1.0; B, (1) 109,
0.505, (2) 108, 0.550, (3) 107, 1.0; C, (1) 108, 0.505,
(2) 107, 0.550, (3) 105, 1.0. Or scales B~D might
be applicable for paliative therapy of tumors of, e.g.,
M =10% and Pd=0.550. Scale E is for patients of 60 kg
body weight and values correspond to scale A. Area
(A) means non-effective, (B) resistant, (C) relatively
sensitive, and (D) sensitive.
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treatments, Eq. (13) could be rewritten as
follows:
TCD,, (BLM, vopt) = D, [In {AM (2Pd — 1)

(2Pd,—1)} —In In 2] (14)
where Pd is the division probability of tumor
cells before treatment and Pd, is that of
tumor cells surviving fractionated treatments.
The fraction of tumor cells which are able to
undergo at least one more division before or
after treatment is represented by (2Pd—1)
or (2Pd,—1), respectively, and the latter
was introduced on the basis of the extinction
probability instead of assuming that one
surviving tumor cell could produce a tumor
recurrence.!”

In Fig. 8, TCD;, (BLM, wop) required
when tumors containing 10° tumor cells were
treated with the optimum fractionation regi-
men are presented as a function of o, pro-
vided that Pd and Pd, are 0.55 and 0.505,
respectively (cf. Ref. 17). There are also
shown other values (scale B-D) useful for
tumors which contain different number of

Table I. Optimum Number of Fractions and
Optimum Single Dose
(A) Optimum number of fractions and 7/ 7Ty
Expected T T,
SF after
treatments 1.0 0.3 0.1 0.03 001 O
5x 1077 24 30 44 73 122 o
5% 10-¢ 20 25 37 62 102 oo
5x 1075 16 20 30 50 83 oo
5% 10~ 12 15 23 38 63 co
SF=Surviving f{raction of tumor cells
(B) Optimum single dose and 773/T,
Ty Ty
¢ 1.0 03 01 003 001! 0
1.0 25 1.0 0,50 0.24¢ 0.13 1/co
2.0 143 050 025 0.12 0067 1/co
3.0 1.0 033 0.16 0.081 0.044 1/oo
5.0 056 0.20 0.096 0.048 0.027 lfecc
7.0 040 0.14 0.069 0.035 0.019 1l/co
100 0.28 0.10 0.048 0.024 0.013 1fco

Values in mg/kg.

Note that the optimum number of fractions is in-
dependent of g, and the optimum single dose is in~
dependent of D. Sy, is fixed at 0.1.
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tumor cells or possess different Pd (cf. legend
for Fig. 8). In this graph, linear relation is
observed between In TCDg, (BLM, vopt) and
In ¢, while yope for TCD,, (BLM, wope) de-
pends only on 7Tj/T4 and is independent of
o, as already shown in Fig. 6 and Eq. (5).
Numerical examples of yope for corresponding
TCD;, (BLM, vepe) are listed in Table I,
together with the optimum single doses which
are independent of D as described above.

The importance of T3/ Tq for tumor control
probability is again demonstrated in I'ig. 8.
For instance, if a tumor with ¢ of 5.0 is
treated with T3/ 7Tq of 1.0, TCD, (BLM, vopt)
would be as high as 14 mg/kg, while it could
be 6.0 or 3.5 mg/kg if treated with 73/Ty of
0.3 or 0.1, respectively. However, it is diflicult
to select an adequate 75 since Tg of tumors,
especially that of tumors under treatment, is
usually unpredictable in human patients.
Human tumors are usually reported® to have
a long T4 and the repopulation capability of
tumor cells during the treatment period is
often neglected in the analysis of fractionated
treatment.” The cell progression throughout
the cell cycle was found to be delayed in G,
phase after Bleomycin.»»'® On the other
hand, some experimental results demonstrat-
ed rather rapid repopulation of treated cells.
Mouse mammary carcinoma cells exhibited
Tq as fast as the cell generation time after a
large single X-ray dose.’® An evidence found
in our previous study was that 4 fractionated
administrations of 25 mg/kg each of Bleo-
mycin delayed the growth of mouse mam-
mary carcinoma for 6 days and this fact also
suggested such rapid repopulation of treated
tumor cclls.'® Therefore, a short 77} should
be recommended for clinical Bleomnycin ther-
apy, while the shortest 75 should allow the
complete excretion of the antibiotic {rom the
treated cells, 1.e., approximately 4 hr in a
cultured mammalian cell line,'? for the re-
duction of Bleomycin resistance.

It is certainly important to treat a cancer
patient without producing a severe side cffect.
Therefore, the optimum treatment regimen
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should mean a regimen which allows the
maximum therapeutic ratio, TR(D). The
TR(D) after total D mg/kg Bleomycin could
be represented by

TR(D) = f{H(D), ¢ M5®rui}  (15)
where H(D) is an approximate measure of
the side eflect.

Let us tentatively assume that the side
effect is lethal and is measured by the follow-
ing surviving fraction of cells in critical nor-
mal tissue, S,(D),

Su(D)=eD/Px (16)
Hence, TR(D)=e D/Pre=MSD,vop>  (17)

Eq. (17) is interpreted as the probability
that the number of surviving tumor cells is
reduced to zero and the critical normal tissue
does not receive any destructive effect after
drug treatments. Then the true optimum
dose, Dopt, of the antibiotic which maximizes
TR(D) is given by

Dopt==Dy In {M(Dy|Dy)} (18)

The corresponding surviving fraction of
tumor cells, S(Dgpt), and of normal tissue
cells, S,,(Dopt), are represented respectively
as follows:

e=MS(Dopy) — o=Do/ Dy, (19)
S,(Dops) = (MD,[Do)~P4/P» (20)

A difficulty to obtain 7R(D) in the clinical
Bleomycin therapy is that the cellular sensi-
tivity to Bleomycin varies from tumor to
tumor and from tissue to tissue.'® It is now
known that a total of 150 mg/kg could be
administered without inducing pulmonary
fibrosis, i.e., the most severe side effect of this.
antibiotic, while a total of 300 mg/kg pro-
duces it in a few percent of the patients.®
In Fig. 8, TCD;y (BLM, vop) 1s divided into
(<150 mg),
relatively sensitive (150~300 mg), resistant
(300~600 mg), and non-effective (>600
mg), and for clinical convenience these values

4 dose ranges, iL.e., sensitive

are indicated in scale E which corresponds
to patients of 60 kg body weight in scale A.
Tt is noted that a total of 300 mg of Bleomycin
might control 509, of tumors which contains
10° tumor cells with ¢ larger than 3.0 and a
total of 150 mg could control tumors con-
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taining 10 tumor cells with ¢ larger than 6.0
if an adequate 73/Tq is selected.

Finally, we would like to point out that the
present analyses were based on some assump-
tions such as that tumor cells repopulate
exponentially with constant 7Ta throughout
the fractionated treatments. Also the age-
dependent Bleomycin sensitivity is not includ-
ed. These assumptions mught constitute a
vulnerable point in this study. However, an
exponential repopulation is likely if the short
treatment intervals are applied. Age-depen-
dent sensitivity of tumor cells has never been
successfully demonstrated in sclid tumors
treated with X-rays which are typical age-
dependent agents, while Ty is shown to be
dose dependent.’” Therefore, more detailed
analysis in which these inevitable factors are
taken into account could follow more precise
experimental or clinical studies, especially
those of experimental animal tumors.

(Received Oclober 23, 1974)
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APPENDIX

Equi-partition

Eq. (4) in the text was based on an assump-
tion that the equi-partition (equally frac-
tionated doses) is the most effective fraction-
ation regimen. This assumption could be
justified if it is proved that the solution of
the following extreme problem

0% o
7975{{{,:1 In S(D1;)}=0 (j=1,2,...,n)

(Al)
with a constraint
S Dyj=D (A2)
j=1
is given by
Dy =Dy=...=Dp=—" (A3)

By using the Lagrangian undetermined
multiplyer, 2, Eq. (Al) and (A2) are rewritten
as

0 (% 1 8(Dy)+ 2(Y Dy—D)} =0
04715 i=1 i=1
(j=1,2,...,n) (A4)
o dinS(Dy)
Hence, —an,; A
(g=1,2,...,n) (A5)

Since the right-hand side of Eq. (A3) is
independent of Dyy (j=I1, 2, ..
can equate the arguments of the left-hand
side as Eq. (A3), providing the single valued-
ness of the function which 1s equivalent to
the following inequality.

d?InS(Dy;) —2(g+In Spin)?

dDh;? (O“Du—hlSmin)S
for In Smin<0

., n), one

=0 (A6)
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Introduction to “Biological Basis of Tumeor Therapy”: T. Terasima (Division of Physiology
and Pathology, National Institute of Radiological Sciences)
Preferential sterilization of tumor cells, a major principle of tumor therapy, constitutes a formidable

problem.

This can not readily be effected by present radio- and chemo-therapy.

However, a

great improvement would be expected through studies on proliferation kinetics in tumor as well

as normal tissues.

One should also look for other possibilities of tumor cure in investigations for control of metastasis
and for immunological, endocrine as well as differentiational control of tumor cells.

Key words : Tumor therapy, Proliferation kinetics
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Cell Sensitivity to Exogenous Agents as a Basis of Tumor Therapy:

T. Terasima*, M. Watanabe, Y. Takabe*** & T. Miyamoto™ (*Division of Physiology and Patho-
logy, **Hospital, National Institute of Radiological Sciences & *¥*First Department of Medicine,
Chiba University School of Medicine)

Dose-survival relationship of mammalian cells to exogenous agents, as determined by in vzitro and
in vivo assays, provides a basis for tumor therapy. The dose-survival response can be altered by
several cellular factors: (1) cell cycle dependence of sensitivity, (2) growth phase dependence of
sensitivity, (3 ) repair of sublethal damage, (4) repair of potentially lethal damage, and (5) cell
-drug interaction.  All these factors involves deeply in a therapeutic design of tumor.

In the present paper, repair of potentially lethal damage and cell-drug interaction, the most recent
development in studies of these factors, were mentioned in relation to bleomycin action on mammal-
ian cells. On the basis of these cellular factors the pros and cons of different therapeutic designs by

bleomycin were discussed.

Cell sensitivity (cell cycle, growth phase) repair (sublethal damage,

Key words: potentially lethal damage) dose-survival response

Jap. J. Cancer Clin., 21(9): 674~680, 1975.
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COMBINED EFFECT OF X-RAY AND BLEOMYCIN ON CULTURED MAMMALIAN

CELLS*!

Toyozo TeErasiMA,*2 Yosinobu Takase,*3 and Mieko Yasurawa*?
Division of Physiology and Pathology, National Institute of Radiological Sciences,™* and First Department of J[edwme,

Chiba University School of Medicine®?

Investigations were carried out with cultured mammalian cell lines to assess
the effect of combination of radiation and Bleomycin. When cells were treated
with the antibiotic before and during exposure to X-rays, a slight potentiating
effect was consistently found. The magnitude of potentiation of the radiation
effect appeared to depend on the concentration of Bleomycin. When the cells

were treated pulsewise at various periods after irradiation,

the potentiating

cffect was found only during the first 2 hr. Simultaneous application of X-rays
and Bleomycin provided the greatest effect.

Using a murine epidermoid carcinoma,
J@rgenson first demonstrated that the com-
bination of X-ray and Bleomycin treatment
produced a synergistic action.® Such a com-
bination is currently being used in clinical
trial.? However, Bleehen et al.¥’ could not
find such a synergism with several bacterial
and mammalian cell lines, except for a par-
ticular strain of E. coli. Present communica-
tion describes results of similar experiments
which showed a definite difference from those
of Blechen et al.

Materials and Methods

Cell Strains and Survival Assay In most of
the present experiments, L5 cells, a clonal deriva-
tive of mouse fibroblast L strain (B929-L2J), were
used. Several particular experiments were carried
out with HeLa S3-9IV cells. All these cell strains
were grown in FIOHI medium supplemented with
1094 calf serum and antibiotics.

Cultures seeded in plastic petri dishes with an
appropriate number of trypsin-dispersed cells were
incubated for 4 hr before initiation of experiments.
The antibiotic treatment was carried out by add-
ing Bleomycin into the culture before and during,

or after, irradiation. The cultures were incubated
for a desired period and then rinsed repeatedly
with F10 medium. Colony survival was assayed
as described previously.®

Sensitivity of cells to X-ray was presented in
terms of Do (mean lethal dose) and » (extrapolation
number); the former is the amount of radiation
needed for reducing survival down to 379 in the
exponential portion of the survival curve, and the
latter is a value on the ordinate to which the
exponential portion of the suvival curve is extra~
polated.
Bleomycin A, and Ay compounds were supplied
by Nippon Kayaku Co., Tokyo. The antibiotics
were dissolved in distilled water and kept in a
freezer as the stock solution. The solution was dilut-
ed with F10 medium just before use.
X-ray Radiations were delivered from an X-ray
therapy unit (Sin-ai, Shimadzu, Kyoto) operated
at 200 kVp, 20 mA, with added filtration (0.3 mm
Cu+1.0 mm Al). Cultures grown in plastic dishes
were irradiated at room temperature at an ex-
posure-rate of 119 R/min.

Results and Discussion

Fig. 1 represents the results of experiments
in which mouse L5 and Hela S3 cells were
treated with 10 pg/ml of Bleomycin 30 min

#1 This study was supported by the Project Grant for Development of Bleomycin from the Science and

Technology Agency.

#2  Anagawa 4-9-1, Chiba 280 (FEEE=, ZLIIZEET).

#3  Inohana 1-8-1, Chiba 280 (& &EH).
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Reprinted by permission of The Japan Cancer Association.
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Fig. 1. Effect of Bleomycin-pretreatment on X-ray survival of cultured

mammalian cells

Cells were treated with 10 pg/ml Bleomycin A, for 30 min, then exposed to X-ray. For
HelLa S3 cells Bleomycin A; compound was used. All survival curves were normalized to
the survival of unirradiated dishes irrespective of treatment with Bleomycin. Curves were
fitted by naked eyes. O Untreated cells, ® Bleomycin-treated cells.

before and during exposure to graded doses
of X-ray. As compared to the survival curves
for both untreated controls, those for treated
two cell lines manifested about 6 and 119
reduction in Do value, respectively. Change
in 7 value was not consistent among several
experiments.

Similar experiments were carried out by
Blechen et al.’ They found no sensitization
when several bacterial and mammalian cell
lines were treated with 0.75 to 2 pg/ml of
Bleomycin for 1 hr before and/or during
irradiation. The difference from our results
might be attributed to the difference in the
concentration of the antibiotic used.

The extent of potentiation was examined
for wvarious concentrations of Bleomycin.
Clutures treated with the antibiotic for 1 hr
were exposed to a single 500 R irradiation im-
mediately thereafter. The ratio of surviving
fraction after antibiotic treatment and X-
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! ! |
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Fig. 2. Relationship between potentiating effect
and concentration of Bleomycin
L5 cells treated with varying concentrations of

Bleomycin for 1 hr were exposed to 500 R X-ray.
Surviving fraction ratio was obtained from the surviving
fraction after Bleomycin -+ X-ray divided by surviving
fraction after X-ray alone.
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COMBINATION OF X~-RAY AND BLEOMYCIN
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Fig. 3.

Effect of post-treatment with Bleomycin
on X-ray survival

After exposure of L5 cells to 400 R X-ray, pulse-
treatment with Bleomycin (20 gg/ml, 1 hr) was given
at the indicated time. O Survivals, @ survival levels
after a single dose of X-ray, B survival after a single
dose of Bleomycin. Additive effect by these two agents
is expected to be a product of surviving fractions to
each agent and is shown by a broken line.

irradiation to surviving fraction of X-irra-
diation alone was determined. The results
illustrated in Fig. 2 showed that the ratio
decreased as a function of concentration
ranging from 1.25 to 25 pg/ml of Bleomycin.
Therefore, the potentiating effect of Bleo-
mycin on radiation effect appears to depend
on its concentration.

Fig. 3 shows results of post-treatment of
X-irradiated L5 cells with Bleomycin. In the
experiments illustrated, cells exposed to 400
R were pulsely treated with Bleomycin (20
pgiml, 1 hr) at the indicated time. The
survival (open circles) increased rapidly for

the first 2 hr and then stayed almost
constant until 6 hr. The final survival level
(0.07) was exactly the one which would be
expected when the effect of two agents was
simply additive, since the surviving fraction
after single doses of X-ray and Bleomycin
was 0.2 and 0.36, respectively. Therefore, it
would be justified that the lower survivals
found during the first 2 hr were a result of
potentiation. Further, it can be noted that
the shorter the interval between the two
administrations, the greater was the potentia-
tion. This may be due to either enhancement
of X-ray damage or inhibition of repair
process after X-ray by Bleomycin.

More pronounced effect of combined
treatment is being found with transplantable
tumor cells,® and this finding, together with
the present results, will be discussed at a later
date.

The authors acknowledge the kind supply of
Bleomycin from Nippon Kayaku Co. throughout
the present studies. Technical assistance of Miss
M. Nishii is greatly appreciated.

(Received August 1, 1975)
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of tumor chemotherapy.
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XBZEDRNEITOL b DTHDEELL, K
OB IIREANDORREY 55 Kl AT v 7 THBD
T, HEORED BHBEA~OBINEIET .
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1 Dose-fractionation (2)

5. FEIWRIE I I A reassortment o

F L&

B & £ OBEIT TN LThOFRECS b L
cell kinetics 23% b, #sEd:{ER# (exogenous agents)
AT 7 DR, BRI b oL ErH 5, BER
DEREX T OZHFOHAIFATRILDE D TARN
RELOEY D TH D, (FRGOEE~ LRI
BESd L, EENRSREES 2 5300 T, BHE
~NOHREEBLCLEE L BEELOMANREYEL D X
S RZAMRATICED LR bE D, I THN
BhB T ENRDREOZAEMFO—, PRk LERD
VARVA, Thd I =KL v ARV ALDWTT
B0, EOADRIFEWR X5BELHBH, T
NOEERFRCMEE S TEBD, TOFEELES S
EVWHRRIZDTH S,

SEEFRIICRERESARE Lie b, BEH O
sterilization % Bfg Licb D TH ok, ToFEEEC
RIEFEESE D el EBEERC L EA D v AR VA
MH bR TL B, fek2 i HROHEEHIOEE (re-
covery), H#EOF 4, #ZF{% (repopulation), reoxyge-
nation, 3 %\ MI{EAEIEFTHIUE cell-drug  inte-
raction 7R K23H D, T HD 1D reassortment &%,
e iRk Snilab SRl iot ok TR By SR RA
THB, CHBRCL HEAGLEREOEEIRES
WHERE oL, BREC L OT—FRET L L
AY,

1. MREEBEFEEL AR X

(age-dependent resp )]
reassortment |30 FHE Z B D, FIUTHSE T
LIMAORZEA MR CRELTRRS AL ThH
B9, EFTE LW, HAHEOBIEMEATH LTk
OEF MR ThOEWIRL D RHAELE 50 5

*HEREERETIRREERERRE

MoK 22, 120-124, 1976
TR R RS HOF T X o CHEAINA,

F B OEPE=T
(selective cell killing), #8521, WA © 1 5 FE 9
(sublethal) 7oiBf a5 5 \ XM IR

TeJIRAPIER (cell progression) s <, &AL

#H|&#E 3 (age-specific progression delay), i 5

W= U CHRBEEE Vv AR VYR b, reassort-

ment DL ILBHLDOTHS,

IR RFEE LV A R v AR E o A A 0E
BTEORLOTHBD, BIIOERMA LS o &8
ez E, RBEERAcScbmbhTar, &L
55 BBOVEBEH TR LOEFHRZCTwHB LS L
WOT,  JEEERE L OBEIC R\ T reassortment %%
2 BEET, MBEHERAOHREYDEC LTRLIDZ &
IR TA B L5 NERS S RETIESRO
Thidhbe UGEREA O MR EFE LV AR VA -
3% v% survival response » progression delay 124y
FTHlRTAHRBD,

B 1 e il b S W FER R, B
B survival response D& v ¢, BE—HREOLE
BOBERELTHIR TS, FhickbE G1-8S &
THE G2-M {iaid o & BEUEL, G1HIHE
S EBIIRPUERIE T & Lot 5, Hela flifaCiE L
RIoZ OO 2 %, § TS Y HEEMET
ZO—BUEPFERERTNED, Fof=2-A -+ 2R
Z—f{ifa7s & G1IHD &hd TR GMIER TIEA G 1
THOEHED VAFE v AR H bbb igh,

PBEFITLRE U5 vRRT L OIEE Zobo
T 7, 7=& ¥ Bleomycin, Actinomycin, Nogala-
mycin, Neocarcinostatin, BONU 7¢ S Ch 5, F O filh
G 1 fifa% — iR E{L3 %5 Mitomycin, # %\ % Ni-

*age ¥ 7ci% cell age. AP O LB RT ¢
T A= =T, SEH M »nborH (7:0L
T, T=HRKHE) ct>TRESRS

**cell cycle period # 7z1% cell cycle stage. DNA
EREEEL LTRSS HREEO &5,
Tibb G, S, Gy, Moz &,
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3 MBRMAoEMcERNL, Xig
iz k 53EfF (cell progression) o
&, RAEXEREORHERT,

trogen mustard 7g & AEANC AT 5 5 2o,

TRIE LTS oM R RINCEIED R L B b
T—HOMBEEHLS B, Tk 21¥ Hydroxyurea(HU)
ZfR#E LT5, FUIR, Camptothecin, Cytosine arabi-
noside, Adriamycin 7¢ 3 C G2-M-Gl E\ - AHER %Y
REHEHEO A% v s, DEREMMTRT LR 2
DrHic Xeray B (A) & HU B (B) LiefHELS
5. BB LTT A% A4k, DNA #EHERTH
D, %I —c phase-specific drugs LFEIEI S B D
<, DNA SRIAEFATIAL V-5, BEERLS
HDOREYE <2 VIO E A O CHRK, MY
Tz ETH 5.

SR AR v A K v AL RMIPRET O T L 2 b
5. K31k Hela fifao& Ml X #RH2T ok
L&, ENEhofIIERN T & v THET OBIE
BRIBZEERLTWAS, ThbDAX vEEYTS
L, O G2k rdhed Ay —vT, G2
BEHPEZ bhicdk 2D T, Thieksroii
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type
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Bl 2 FEo/ME R0 MBHRIEIERCH
T MR EERZEE (LD 5 v

Hieo BRIGBIHC LS RT, () S Hcmst
%517 % & DNA GEERMET L SIIERET 5, (3)
GBI I 0IR LA VRIE LS\ L, Bl&$E S
BSER Ly, Thit Gl By 5l
BEEOBHE T TR BE AR T 5D THS 5,
RETHB, TO X5 CHHRORIINETCET 55
RTEEERNTh D,

B U & 51 Bleomycin 13 G2 i LTCWH LB
L G2 E (G2-block) # #8 &4 b T <,
Gl Lcd G1, SECE S 2 5 i
< G2 EE * FRT A, ThitK L Mitomycin 1%
GlIRC/FA LTS, G2H0Wb U5 LWEERE
3, SHIOERIIEEHL DNA ©HRshikl
ERBT L BDTHAH 5, X-ray BHEH O T4
BEHBLELEMCA DR TW L, EHERRIEXE O
FhCPT G2 e Ll < s 52 7enis, G
DHETFEIBPTZ E2e, T S HICHT 5 B3
FC X oTEEEETHDHE VL B,

HU #ZE#I% Camptothecin %\ C3XT G 1 i
fao SH~OEAZIEL, G1#E~oMao%Eiy
o3 (late Gl-block) D2 THBLD, SO
AREEREEETHZ L5 E2ThnD, WFho
TER ST TH 2T, X-ray BIEH © HEFies35
TERDREGHRTH B D L PR TH 5.

2. FRBESERFIEL XK - X EBETHS -

B OBAME ISR T v & A ias it b
DTHOT, SREERGO 1 B S X b ESk
L, BIRAVRIE(L (selective killing) 2 4F R AGHEFTRIE
(specific progression delay) % 5%:%, “O% b reas-
sortment 2RI D, ThASEEE ¥ 2 Y Lo
ERE BT p bR L e s, ORI IXREGEA
RIS L N 2 bha s, SER S EEERG
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% 1 Possible Schedules of Multiple Z-Shots

I. X-ray type agent alone
1. AX-A X
2. X=X X=X
3. A—X--A~X--
I. Combination of X-ray type and HU type
agents
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. HU type agent alone

1. B—B-*B—B-
CRERGE, — M GH
BB OMBE YR T,

ORHZERS L LTHEFESh LS.

reassortment I L CIEEREYEL L E01 5
1 DOOBEE Y B HI I © recruitment TH %,
Fieh bR IEREARAE (non-cycling state) 225
MRBHAGE T 5RHE 2 22 LT, Todimit
Ay P e = AR BAETE Y R CEE S Wi
FhiE bnwn (ThimonwTikciihs),

WERM 2 LSO THEE o Rk A (gt
X), BEL, EROPDHLELEELOTHD LE
1DTELTHS.

I. 200 X-ray MWoOlEREORBHESY, Mo
EERRZ A & VI A—In O TRk & I S 7o,
LA L, reassortment DFEFEM BEEN AT EL, A
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OFE 1EITHEL L EREEDRDBTHALS L k&
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FETHME LRy, SRS sublethal 7n
BIBOBIEHNFRLTLE > DT, 505 HEHAD
“§% &, therapeutic dose T X§i &> CHlfaDEHES
FRORELETAHEAZEC S EEN» S LRk
V. I T ol BARELRA-X L Bbh
%, fo& 2% Bleomycin |37 0 B—fbi 1o G1
M Ex vwh Us Ly G2-block ##Fiexes & &
MTED, DD ZOMOIEHT conditioning %%
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LA R R 185 X 5w Bbn g, ME TR X
51, Xk G1 fifao SP~OmAZE»TZ L
Lz, SHilao G2 H~0oBfTLELES. FRIL
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systemic 7oA 5 O F Ly,

. zhit phase-specific agents OFFERE#E L
52 ET, ERHIMFEM D sterilization % HiFL T
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2 DPEEACOWCCIFER S h, FRHBCED
DEBBHFREL, Fibo survival response oz
VLRI B TR e 2 DOTC A B Z LM B
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T, FEFICBB MRS MPETCR L, Xgs
BRICHDHRABETIONRCEEND, Thd L b
LSO reassortment 12 ¥4 5 9 A4 v Ok R
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FT 52 LA L wbihiE binw

(1) & DPGRTRRE—R 5 X 5 BEREE v AR Y
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TEICH, &S TR TR E RSN E
kinetics 23 5. fo & 2 WEX O S EIRH 0T
BT, L osublethal 7iBfi o @4, il potentia-
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Bleomycin »% potentially lethal 7efBEa 35 R 3 5 =
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FOTHEMER DT H AR AR Ll hudlie Higys,

(2) ZhETHL BRI cell cycle kinetics & #Hafs
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COMBINED USE OF BLEOMYCIN IN RADIOTHERAPY OF A MOUSE MAMMARY

CARCINOMA

Muneyasu Urano, Koichi Axpo, Sachiko Koike, Kyouko Onara, and Naofumi Nesumt
Division of Clinical Research, National Institule of Radiological Sciences™

Experiments were carried out to determine TCID;, (509, tumor control dose)
of 3rd generation isotransplants of a C3H mouse mammary carcinoma treated
or not treated with Bleomycin. If the antibiotic was injected 30 min before a
single X-ray dose, TCDy, was reduced. This reduction in TCD;, was independent
of Bleomycin dose of more than 15 mg/kg, because of the upward-concave nature
of Bleomycin dose~cell survival curve. The combined eflect, when tested by
TCD;, assays, appeared less than additive. This effect was further examined by
a series of TD;, assays which revealed that these tumor cells were capable of
repairing the potentially lethal damage induced by X-rays and that induced by
Bleomycin. It was also found that the potentially lethal damage after combined
X-ray and Bleomycin treatments was repaired. These findings indicated that
the combined X-ray and Bleomycin treatment resulted in additive effect if the

repair of potentially lethal damage in tumor cells were taken into account.

Many attempts have been made to use
chemotherapeutic agents together with ion-
izing radiation in the treatment of malignant
tumor. Except for some chemicals, such as
halogenated pyrimidines or electron-affinity
compounds which possess radiosensitizing
ability,!: %1629 theoretical basis for these at-
tempts includes the following: Employment
of different age-dependent sensitivities be-
tween chemicals and radiation, the likelihood
for specific agents to reduce the capability
of tumor cells to repair sub-lethal radiation
damage, or a synergistic action of the agent
and X-rays or of two chemical agents which
might occur because of different modes of
action.

Bleomyecin,?® now extensively used in the
clinics as one of eflective anticancer antibi-
otics, 1% 1¥ is reported to have a different ef-
{fectiveness in cultured mammalian cells as a
function of age in the cell cycle.’® It has been
observed also that Bleomycin induces strand
breaks in DNA.'® Its potentiating effect on

X-ray damage has been reported to be very
limited,” e.g., response to X-rays was en-
hanced by only a factor of ~1.1 when HeLa
cells were irradiated in the presence of Bleo-
mycin (T. Terasima, personal communica-
tion).

On the basis of these experimental findings
it seemed desirable to study the efficacy of
this antibiotic in radiotherapy of tumors us-
ing an experimental model tumor system.
Present attempts were made to study the in-
fluence on tumor therapy of age-dependent
sensitivity to Bleomycin and to X-rays; and
the capacity of Bleomycin to inhibit the repair
of sublethal radiation damage in tumor cells.

MATERIAL AND METHOD

Experimental animals were 8- to 10-week-old
C3H/He mice supplied by Funabashi Farm Co.,
Chiba. They were kept in a small animal facility
in our Institute where constant temperature was
maintained. Animals had free access to standard
Purina pellets and chlorinated water. Third gen-
eration isotransplants of a mammary carcinoma

*  Anagawa 4-9-1, Chiba 280 (i¥F5EH%, ZMse—, hsed, KEZST, REER).
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which had arisen spontaneously in a C3H/He
female mouse were used throughout the present
study. The procedure to obtain 3rd generation
isotransplants involved storing the spontaneous
and Ist generation tumors in a liquid nitrogen
refrigerator and proliferating the latter in several
female mice.?®

Tumor cell suspensions were aseptically pre-
pared from 2nd generation tumors in two different
ways. The suspension of monodispersed cells was
obtained as described in a previous paper?”) and
was used for the determination of tumor control
dose. The sccond or enzyme procedure was em-
ployed for TD;, studies. The intact tumor tissue
was removed and roughly minced. The mince was
trypsinized by stirring at 37° for 30 min in a flask
containing the Dulbecco balanced salt solution,
which was {ree of Mg and Ca, and contained 0.2%,
trypsin (Difco 1:250). The flask was placed in the
crushed ice and the suspension was allowed to
settel for 15 min. Then the supernatant was
removed by a syringe, passed through a Swinny
filter, and centrifuged for 5 min at 1600 rpm. The
sediment was resuspended in a sufficient amount
of Hanks’ medium containing 5%, fetal calf serum.
In both procedures, viable tumor cells were count-
cd in a hemocytometer with the aid of Trypan
Blue staining and 10 gl of this suspension was
subcutaneously transplanted into the right thigh
of each recipient mouse.

The method used to irradiate animal tumors was
the same as reported elsewhere.2) Briefly, the
procedure was as follows:  An X-ray machine was
operated at 200 kVp and 25 mA without added
filtration. The half-value layer was 0.8 mm Cu
and target—tumor distance was 15 cm. Two tumors
were irradiated simultaneously through a 2.5x
3.5 cm field and, to give a homogencous dose
distribution in the tumors, the animals were turned
over in the middle of the irradiation. The dose-rate
at the tumor center was ~660 rads/min. Animals
were anesthetized by intraperitoneal injection of
60 mg/kg of Nembutal before irradiation.

Local irradiations were given under two differ-
ent conditions, One was of air-irradiation, i.e.,
tumors were irradiated when animals were breath-
ing normal air without disturbing the local blood
circulation, The other was made under condition
of hypoxia which was obtained by applying a
heavy brass clamp above the tumor 2 min before
and during irradiation.

Two experimental assay methods were em-
ployed. TCD;, assay, dectermination of radiation
dose which yields a local control in 50%, of irradi-
ated tumors, was applied as described elsewhere, 1,
28) Animals were randomly arranged in experi-
mental groups after transplantation. Tumors were
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locally irradiated when they reached 8 mm in
average diameter. After irradiation they were

‘examined for tumor recurrence by palpating the

irradiated area once a weck for at least 120 days.
If a tumor relapsed and regrew to over 10 mm
in average diameter, it was scored as a tumor
recurrence. If the animal died without any pal-
pable tumor before 120 days, it was excluded from
the assay. If the animal died with a small tumor,
the tumor recurrence was examined by autopsy.
Based on the tumor control frequency in 120 days,
TCD;, was calculated by the method of logit anal-
ysis. The second method was TDj;, assay, i.e., an
assay to determine the number of tumor cells to-
transplant a tumor in one-half of the animals.

The enzyme procedure was applied to prepare
a single cell suspension from the treated tumors.
The suspension was serially diluted in 2- to 3-fold
by Hanks’ medium into 6 to 8 doses and each
dilution was transplanted into the right thigh.
The scoring method for tumor take was similar
to that of tumor recurrence in TCD;, assays, and
TD;, was calculated by logit analysis from the tu-
mor-take frequency in 80 days. In both methods,
40~60 animals were used for a single assay and
approximately equal number of male and female
mice were used. Usually 4~5 assays were made
simultaneously in one ecxperiment and all the
TCDy, assays were at least duplicated.

Bleomycin complex (copper free) was kindly
supplied by Nippon Kayaku Co., Tokyo. The
antibiotic was diluted in 0.99, NaCl solution in
order to inject a desired amount in 0.01 ml/g body
weight, This solution was administered intra-
peritoneally,

REesvLTs

In the Ist series of experiments, the effect
of a single Bleomycin dose on the TCD;, was.
examined. Administration of the antibiotic
was followed 30 min later by local tumor ir-
radiation which was given under hypoxic
condition. TCDy;, of tumors pretreated with
Bleomycin was found smaller than that of
untreated tumors, but it did not change with
Bleomycin dose over the dose range tested.
These results are tabulated in the upper half’
of Table I, where the last column on the right,
headed “observed”, lists the surviving frac-
tion of tumor cells after Bleomycin only and
the next-to-last column, headed “expected”,
shows the surviving fraction of tumor cells
calculated on the basis of the Bleomycin

Gann
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dose—cell survival curve obtained in an ear-
lier experiment.?” The “observed” surviving
fractions were obtained as follows:

TCD;, after single X-ray dose can be
expressed as

TCD;,=Dy(In m+In M +In In 2)

where m and D, are extrapolation number
and radiation dose to reduce the surviving
fraction by a factor of 1/e in the straight por-
tion of the survival curve, and M is the num-
ber of tumor cells which should be sterilized
for tumor control.

Hence,

In M=TCD,,/D,—In m-+In In 2.

If M is reduced to M’ by a given amount of
Bleomycin before irradiation, TCD;, of this
tumor, say TCD;, (B), will be

TCD,, (B)=Dy(In m-+In M'—InIn 2)

Then the “observed” surviving fraction after
Bleomycin was obtained as the ratio of M’ to
M.

Present results indicated that “observed”
surviving fractions were larger than the “ex-
pected” ones, and may imply that the com-
bined treatment did not sterilize tumor cells
as effectively as predicted from both the X-
ray and Bleomycin dose-cell survival curves;
that is, the combined effect was less than
additive.

This “less than additive” effect was again
observed in a split-dose study. At 2 min be-

fore the Ist X-ray dose, a heavy brass clamp
was applied above the tumor and then Bleo-
mycin was administered intraperitoneally.
The 2nd X-ray doses were given also under
hypoxic condition 5 hr after the conditioning
dose. As shown in the lower half of Table I,
a large recovery dose, if the recovery dose
is defined as a difference between TCDy, (two
doses) and TCD;, (single dose), was observ-
ed, e, ~1300 (=6870—5560) and ~1500
(=6700—5190) rads without or with Bleo-
mycin, respectively. This suggests that the
antibiotic did not inhibit the capability of
these tumor cells to repair sublethal radiation
damage.

The effect of Bleomycin in the fractionated
X-ray doses was investigated in the next
series of experiments. The Ist to 4th X-ray
doses were 800 rads each, while the 5th ad-
ministration was. carried out with graded
doses to estimate the TCDy, The purpose
was to cxamine the effect of fractionated
treatments and the length of the interval be-
tween Bleomycin and X-ray administration
on the tumor control probability. The TCDy,
of tumors which had received Bleomycin and
X-rays was less than that of tumors treated
with X-ray alone, while it was independent
of time interval between Bleomycin and X-
rays (Table II). Bascd on the radiation dose—
cell survival relations, the effect of combined
treatment was again found to be less than
that anticipated. It is notable that the com-

Table I. TCD;, of C3H Mouse Mammary Carcinoma Treated with Blcomycin and X-rays
Ist treatment Time TCD;, in 120 days Surviving fraction after
X-ray Bleomycin interval (959% confidence limit) Bleomycin
(rads) (mg/kg) (hr) (rads) Expected  Observed
—_ — — 5560 (5430~5690) 1.0 1.0
— 15 0.5 5180 (5050~5300) 0.26 0.38
— 30 0.5 5040 (4840~5240) 0.13 0.26
— 45 0.5 5090 (4830~5360) 0.067 0.30
2500 — 5.0 6870 (6660~7080) 1.0 1.0
2500 22.5 5.0 6700 (6390~7040) 0.20 0.65
22.5 5.0 5190 (5040~5340) 0.20 0.39

All the tumors received 2nd treatment of X-irradiation after a listed time interval. Values employed for
calculation of “surviving fraction after Bleomycin” are m=5.0 and D,=390 rads.?®
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Table II. TCD;, of C3H Mouse Mammary Carcinoma Treated with Fractionated X-rays
and" Bleomycin
Daily treatment TCD;, in 120 days Surviving
Bleomycin  Time XK-ray (95% confidence limit) fraction after
(mg/kg)  interval Dose Condition (rads) Bleomycin
(hr) (rads) (observed)
Day I1~3 Day 1~5 Dayl~4 Day 1~5
— e 800 Air 5950 (5760~6150) 1.0
7.5 0.5 800 Air 5630 (5490~-5770) 0.44
7.5 4.0 800 Alr 5560 (5290~5840) 0.37
7.5 8.0 800 Air 5490 (5240~5750) 0.31
— — 800 Hypoxia 7130 (7010~7250) 1.0
7.5 0.5 800 Hypoxia 7080 (6850~7320) 0.88
7.5 8.0 800 Hypoxia 7050 (6860~7250) 0.81

On day 5, graded X-ray doses were given to determine TCDy,. The “expected” surviving fraction after
5 administrations of 7.5 mg/kg Bleomycin, assuming additivity between divided doses, is 0.044.

Table III. Repair of Potentially Lethal Damage in C3H Mouse Mammary Carcinoma
Cells Treated with X-rays and/or Bleomycin in vivo
Treatment Time interval TDy, (95% Surviving
Bleomycin  X-ray between treatment(s)  confidence limit) fraction
(mg/kg) (rads) and tumor removal(hr)
— e —— 2.9(1.9~4.3) x 108 1.0
— 2000 0 1.1(0.5~2.8) % 108 0.026(0010~0.058)
30 - 0.5 <1.5x 108 <0.02
30 2000 0 4.1(2.6~6.2) x 108 0.00072(0.00047~0.0011)
— 2000 6 1.2(0.9~1.5) x 10* 0.25 (0.19~0.32)
30 —_— 6.5 1.6(1.2~2.3) x 10* 0.18 (0.13~0.24)
30 2000 6 1.5(0.9~2.4) x 10% 0.020(0.012~0.032)=)

a) If combined treatments resulted in an additive effect, surviving fraction should be 0.044 (0.024~0.078),
i.e., 0.25x0.18, which was not significantly different from data presented.
All the irradiations were given under hypoxic conditions and the time interval between Bleomycin and

XK-rays was 30 min,

bined treatment reduced the surviving frac-
tion more eflectively if irradiation was given
under air condition than under hypoxic con-
dition (see the last column of Table II).
The final series of study was designed to
analyse the ““less than additive” effect observ-
ed in all the combined treatments tested
above, Animals were treated with X-ray
alone, Bleomycin alone, or by both when
transplants reached 8~9 mm in average di-
ameter, Tumors were removed immediately
or 6 hr after the treatment(s) and used for
TD,, assays. For convenience, following
abbreviations will be used: SF, or SF; means
surviving fraction of tumor cells excised im-
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mediately or 6 hr after treatment, respective-
ly, and SF(X), SF(B), and SF(BX) indicate
surviving fraction of tumor cells treated with
X-rays, Bleomycin, and both, respectively.
Results are presented in Table IIT together
with surviving fractions calculated as a ratio
of TDg(untreated) to TDg,(treated). The
surviving fraction of tumors exposed to 2000
rads and removed immediately thereafter,
e, SF(X),, was 0.026 and was on the dose—
cell survival curve previously obtained,?®
while that of tumors removed at 6 hr after
2000 rads, ie., SF(X), increased to 0.25,
i.e., approximately 10-fold increase. This
result implies that the potentially lethal radia-

Gann
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tion damage could be repaired in 6 hr after
irradiation. This increase in the surviving
fraction was also observed in tumors treated
with Bleomycin alone or with combined
‘Bleomycin and X-rays, and was more exten-
sive than in tumors treated with X-ray alone.
Comparison of the surviving fraction after
each treatment indicated that the combined
therapy is found additive or slightly more
than additive if SF(X); and SF(B), are used
for comparison with SF(BX),. On the other
hand, it might be analysed as “less than ad-
ditive” if ST(X), and SF(B),, SI'(X); and
SF(B),, or SF(X), and SF(B), are employed
for this comparison, as in the TCD,, assays
mentioned above.

Discussion

It is now established that treatment with
Bleomycin either in vitro or in vivo gives rise
to a dose-cell survival curve which is concave
upwards.? 2020 The initial sensitive portion
of the survival curve appears to be exponen-
tial and is followed by a resistant tail, This
appearance of the resistant component was
interpreted according to the hypothesis term-
ed a “binding-saturation model’” in our pre-
vious paper.?” The finding in the present
study that the surviving fraction after a dose
of 15~45 mg/kg was independent of the
Bleomycin dose might possibly be explained
by the upward-concave nature of the dose-
cell survival curve.

One of the present results clearly indicat-
ed that the capability of tumor cells to repair
potentially lethal damage was important for
the assessment of the combined X-ray and
Bleomycin treatments. It is now argued that
tumor cells irradiated with X-rays are able
to repair the potentially lethal damage if
they were left in plateau phase culture or
ascites, or in a solid tumor for several hours
after irradiation.’!?29 However, this kind
of repair is not involved in the dose~cell sur-
vival curve determined by a routine method,
since tumor cells employed for its determina-
tion are those which had been irradiated in
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vivo and removed immediately thereafter or
those which had been dispersed as a single
cell suspension and then irradiated in wvitro.
Surviving fractions listed in Tables I and II
were calculated by the use of a dose relation
of such tumor cells, and accordingly, the
capability of this kind of repair was not
taken into account for the assessment of the
combined treatment. Not only the potentially
lethal damage induced by X-rays, but also
that induced by Bleomycin is reported to be
repaired in oiwo,*t''” and this finding was
also consistently observed in the present study.
It is also demonstrated that this kind of re-
pair could be accomplished approximately
within 6 hr after either Bleomycin or X-ray
treatment.!?1® These evidences indicate an
important réle of the repair of potentially
lethal damage in the assessment of a given
treatment regimen in vivo. In clinical radio-
or chemo-therapy, tumors are usually treat-
ed with fractionated administrations and left
i sifu until the termination of the treatment.
Therefore, tumor cells may be capable of
repairing the potentially lethal damage
after each treatment. It should be noted that,
as indicated in the present study, collabo-
ration of X-rays and Bleomycin could result
in an additive effect, if the repair of poten-
tially lethal damage is taken into account for
evaluation of the treatment.

Stationary phase cultured cells have been
reported to be less sensitive to some agents
than log phase cells.53% Data so far reported
for Bleomycin are still conflicting.®7 21.22
However, of interest is a finding that tumor
cells in a large tumor or in stationary phase
are able to repair the potentially lethal dam-
age more extensively than those in a small
tumor or in exponential phase. This suggests
that the repair of potentially lethal damage
is one of the important and dominant factors
for sensitivity of tumor cells to a given agent,
in different size of tumors or different phase
of growth. In addition, the combined treat-
ment was found to reduce the surviving frac-
tion more cflectively if irradiation was given
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under air condition than wunder hypoxic
condition. This fact could be interpreted
by an evidence that tumor cells irradiated
under hypoxic condition were capable of re-
pairing the potentially lethal damage more
extensively than those treated under air con-
dition.?® This finding could also be interpret-
ed by this kind of repair.

The mouse mammary carcinoma cells can
accumulate and repair sublethal radiation
damage. In the present study, a large re-
covery dose was observed if a dose of 2500
rads was followed by a 2nd dose 5 hr later.
The recovery dose was independent of the
administration of Bleomycin. This result sug-
gests that the antibiotic did not affect the
capability of the cells to repair sublethal
damage, even though Bleomycin has been
reported to produce strand breaks in cellular
DNA.®

Age-dependent  sensitivity  of
mammalian cells has been reported to be
similar for Bleomycin and X-rays.!® Thus,
the simultaneous administration of X-rays
and the antibiotic might be expected to be
less effective than Bleomycin followed by X-
rays, say, 8 hr later, when the Bleomycin-
resistant cells would have progressed into a
Bleomycin-sensitive age which would also be

cultured

sensitive to X-rays. In contrast to this pre-
diction, the TCDy, of tumors which had re-
ceived Bleomycin and, 8 hr later, X-rays was
only slightly, but not significantly, less than
that of tumors treated with the same modali-
ties 30 min apart. Several interpretations
might be offered to account for this finding.
First, the difference of sensitivity throughout
the cell cycle might not be so great as that
observed in vitro, or the synchronization might
be very limited. Second, tumor cells might
not progress as rapidly after Bleomycin treat-
ment as predicted. Finally, desynchroniza-
tion could take place promptly after each
treatment. Some experimental observations
suggest that cells are able to progress through
the cell cycle rather rapidly after Bleomycin
or X-rays.215:32 After Bleomycin treatment,
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progression through the cell cycle is reported
to be delayed principally in G2 phase,? 3
and X-irradiated tumor cells have been dem-
onstrated to be capable of rapid repopula-
tion in a split-dose study.!® Furthermore, it
is noteworthy that the potentially lethal
damage produced by chemotherapeutic
agents can be repaired in vivo.® This repair,
which might take place during each treat-
ment interval, would reduce the effectiveness
of a scheme designed to take advantage of
age-dependent sensitivity factors.

(Received October 18, 1975)
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PLD oEERE/HEINTERLEY, T O H
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BEL D ERRIIEARFIHRTH B, ¥
5, BLM iz X o THIIC 5 2 b I 7c B 2 BT
TRV bTHH, 2D X 57 PLD DEE
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PLD oE#E4HIETHZ & b 5—2i%, BLM
gh© PLD o[ElfE O F&y & e R b AL

i —

in vitro @ assay



142:932

THZETHD, MiFEC 2Tk, Braunk Hahn
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TS h2 o ExREL DT, Ll
Hwamwma®mm«®@mm&WWKW%&
Hmn g\ o, BLM ok b PLD omE
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FooElEHE, B DON i M98 CiE M
Ihick s, FEoMIEBIncm®EEER
P, Lanl, MlEOREEME 5 B g
LR MR R, RN & EF e h
Li -~ A Lia®, » 51yt endotoxin & X
o THRR L 7o B B e & R o By Fys

FoEBD i X B &, 5-FU 12, Non Proliferating
(NP) #ifiz e, Proliferating (P) #4452
P RIEET 3 2 £ E S hute, £, Hahn
EL, v 20BNy 5-FU 5, 7
Az PLD oEERS A /RT & a L,

BSOS HT B L AR Y AR L HER
WU CEBRY B, il st 5
BUHOBPTHA 5 M i+ 5 7 #lo
B, FT S el ol RER e iR
HERHELE, BHEEO &HCTHED ﬁy&&ﬂé
INEEARELELRLDTH D, JOBECLD,
@ﬁmPTLI¢@*“im&LL&K&Mu
W O/ NA £ Cof SR, TEERICKRE



156 : 1226

T5H T Ehh o ZOBEHEREIELSNT,
Bakd % & 5 HFToOREH N ERL X i,

ST, My ST & e 5-FU o 14564
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-fluorouracil] THEFFL-H30%OEEL D, [E
BRI & FT B 58 O Off /N e I B4
U876 BIDERB IS & THEENA v 2 — Kk

FTBITH D, BT, REEY oA, A~
R, IR S X MEH X
D, FEE OB AR L, Bk S EL
TIEEART AT E U oo B mm® OB T
LN R O I f MG SR B
2. fEH

1) fEG-1 (case-1) : AW T OLET, B
B, T A HARRECHE 7 LRIV v 2
WWARRBRARL, J& k&8l LRy
ko UE#L LA, 0B E e, FT1200mg/ H
AEOEE LA, BIMCESL, W14 A
AT~ C o RIS oM &k & Wi RO
MR OFEEMEY Rice Fllox g & Lciigix
KIEWTHEREOE 7 ROV v SREBITH D,
JES O RS (K1) i EaBnton
b, M7 5 v XL HALE 2 7y DIE
WBORECHEME B - 70 2 ORI HIEEH
KELSIBRDICONTREEEPSBICET5 &

137

AR

GROWTH CURVE OF METASTATIC SKIN TUMOR
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(colon)
10°
L ,
E
i
§wt -
L i
[ag
g VDT (day) 48
D
b_ L —
‘lO A 1 ! i i
0 40 80 120 160
(DAY)

B 3 Case-2 OFRME, SREBMEFEORI VI
0Bl » THIEECHMLBK/N6 r DES
DIENTHOEEERRD, HMEbonbkEn
L ONEFERENTERL 1y OEEOREL L
THELLILELDTH B,

TOTAL DOSE OF FUTRAFUL (gr)

10 10 20 310 40 5‘0 60

T T

08
06

04F

0.2

RELATIVE TUMOR VOLUME

DAYS OF FUToAtii_ TREATMENT

B 4 Case-2 OEHH T RIBEFERE 16+ 4mm
D107 OIFERE HEE OB RLRL T
%o

[EEERITES 16+4mm TH o Ty FTHEHD
BEARE LY 74 FPRICH DL (B4),2D
faahg o Do % 36gr TH b, Dq 1% bgr T,
BEHB 4B L THDEREAL .

3) fEFI-3(Case-3) : BEIL73F DEBE Ok
T, KBNS 02 E2 R TERITERN



158 : 1228

GROWTH CURVE OF METASTATIC LUNG CANCER
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fabhic (®5), 37 OEBEEILGIEAR—
#H1E (VDT =54H) TH8 7 A0, HHBIKM
R Lt oo FT 59 X BIEE O 0%
@, EEER 6. 541 Tmm @ 6 & OEE L
TEE IR, £EEE FT #5%, Biigs
AL, z® Do offiix 23gr Th -
7‘\2 (@6)0

4) fEGl-4 (Case-4) : L 55 Y DHmDOL
T, GILBYIMIE:, 3 FEx &<, R
By vl K7, BRERBRR YKL,
HifsS, ek, A R E L 2o, FT 1200
mg/H & RH &%, BRMCE 7R JOERY v
NBOEEOMNEEE L, FUR G, By
BAMA L THBH30H ¥ ClEEL VDT=28F O
THREBAFMCRE L eh, TR EEE
BRI (W7), FTEEBEINCHM I3 7
DORESE T 18. 342, 6mm Th - T, HEH,
gy 7 2 4 Pk Lie (K8), Do ik
26gr THH, Dq it 4gr T, HEH I AL CES
DFEPIIRD BRI,

5) JEFI-5 (Case-5) : ML 51 F O FE AL
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TOTAL DOSE OF FUTRAFUL (gr)

10 10 20 30

(78]

=

oD

|

Q

o

(@]

=

D

=

]

=

=

_

L

o
D, 0
D, 23

01}

i il i 1 i

0 10 20 30 40 50
DAYS OF FUTRAFUL TREATMENT

B 6 Case-3 OEHEH/ MR, FIIEBER 6.5+1.7
mm 0 6 7 O O PSRN R R L
T\ %,

GROWTH CURVE OF
METASTATIC LUNG CANCER

(BREAST)

10°
T oL
£
w
=
3107+ °
o
>
5 T VDT (day) 28
=
o] - .
=

1 L 1 ]
1075 20 40 60

(DAYS)
7 Case-4 ORE#H

FEOLETH %, TELME, 454 TEM
B NI DEB SRS vk, IO KRE Y
25 B, 3D XP CHE S iz, BEORK
BRI O Cllieh 5 7028, VDT 134y 120
HTHotoo FEIIFT 800mg/ H Df% 1 5.6,
EHICIRBBIBASE & ke L, Dodfiik 106gr
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TOTAL DOSE OF FUTRAFUL (gr)
10 20 30 40 50 60
T T T

10
08
06

04

02 r

01 i
0081 4

RELATIVE TUMOR VOLUME

1 1 i 1
10 20 30 40 50
DAYS OF FUTRAFUL TREATMENT
8 Case-4 DIEEHH/IMIMR, BULIEEERR 15.322.6
mm O3y DT, Vv RERBIEE O
IR TRL TV 5B,

TOTAL DOSE OF FUTRAFUL (er)

w 10 20 30 40 50 60 70
=10 , . 7 T . T
S 08F

Qo6

o

S04l

= D, O

2

0,02 D, 106

=

=

o1 i s :
e 25 50 75

DAYS OF FUTRAFUL TREATMENT

B9 Case-5DMEH/ iR, 1 o OIEEEIEE OIEE
HEPRERL T B,

ThoTo (9),

6) fiEFI-6 (Case-6) : HF11 68 F D BT,
A==V 2ROEETH B, FHCELREBRY
BL CLERT 6 M5 TEA L fcfc b
BOKEZRHATE -, WEBSHMZGML»
RETBDD oD THRERKXOSH & CTE 2k
otchy, MELELS2OHES Y b VDT »
RDDEFI0HTH 570 EHIE 30mm DOFEEIL
FT 1200mg/ B 58, > 7= 4 VRN LT,
Do i 12gr T¢®» Y, Dg 1% 9.6gr T, FT &
FAtAT:, 8 BETIEE O/ IR L o,

7) JEG-T7 (Case-7) : BH&IT 50 F 0 B,
A==V 2BOBHTH S, ERELATRE,
7 HBRET, EESOMmOFEEARE I,
FT 800mg/H 56, BEE MRy /21 ¥
o chEh Ui (K10), Do offiiy 24gr ¢
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TOTAL DOSE OF FUTRAFUL (gr)
10 20 30 40 50 60 70 80
T J T T T T T

D, 24

RELATIVE TUMOR VOLUME

: 1 ' {
20 40 60 80 100
DAYS OF FUTRAFUL TREATMENT

B4 10 Case-7 DiEE#H/ I, 1+ DIFEBEROR
EHENERERL T 5,

Hb, Dq i3 12.5gr C, FTI5%I6AE X b &
P E S T FTHREFICIESOREIEE SR
TV WO THREEIRD SR 5T L
LS e BRIES O R EEE 1 VDT ©I8
HTH-7eDT, ARz bDE LTRALI,

3. ¥ & B

Bl 7 REGL L F DM X D B R AR
o VDT, FTESEROEEEE, Do, Dq kX
OIEEME/INB T CREB LAY T Lo on
F1L2ThD, E2RELHBEORER T
CHENCBIT 5435 A — 2 LR I~10FRE R
TIEEORES OB LI L 5 Th b
NHERE, UTOX5RELnbhd,

D BB IR D BRI AR N IR S B
THHH, EEEF 500~~1000mm? ¥ CTHET
5L, TORERYFTS, BEORERE (VD
T) &, ThEh OEECEHBEOLDOTHY, A

*®1
CASE NAME SEX&AGE | PRIMARY | METASTASIS
CASE-1|T. Maezawa 2 56 |Stomach S%"“J—y.ﬂOde
Liver
-21Y. Sato 2 72 1Colon Lgng,bone
Liver
~3|H. Nemoto % 72 |Breast |Lung
=417, Ishii £ 55 |Breast Skin, Ly node
bone, Lung

-5 | M.Ishigami £ 51 |Uterus |Lung
-6|G. Ishidoya S 64
~71S. Kamagata | & 50

Stomach |Liver

Stomach |Liver




BAGR 7 e, FEGI-1I TR S h
ek o, MK E b LB & BlE
3% % COFTOEGE D) T2 525, vl
AFENDBIAS LD & T DHELEEOKE 2T
BT { A—THh %,

3) WEEO+ 1 REFTEERE, = O D
AT 5 ¥ CiREL EFloR (Dg) & OBk
BRLICONKILITS %, W ORICIRIEDAHES
DEET S, Tibb, B—EE GEM-1 T,
Ro@EEL 5L T ke, BEER 500~
1000mm® A3 720 hs HEEE AR LA T
Dq 7233 %,

) EEomEEE (VDT) LFTex4 5%
#: (Do) ORIREARLUICOMNRI2TH b, o
FICIEIEIE OB FTIEL, B O EIESH
FTws U S A m 3o L vk %o

4 £ &

ANFEORERER & EEEIESRERCTE
b BHE L & TR LEBLPRT —~D—D2>TH
Bo TTCIRESLDPIIREN NEORECET 58
AN 2 Tn DA, CRICE S E AFRIER
BRI BT 5o —05, B ORI
BEELGEIZEIL, ARFLED B CEBHEC L 5D

160 : 1230 AL RE
* 2
CASE |VDT (day) | D, (gr) |Diarmeter (mm)| Volume (mm?®) | Lag time (day)|D,(gr)
A 6 113 0 0
CASE-1| 2 6 B 10 523 3 10
c 15 1767 16 20
-2| 48 36 | 159%39 #2144 4 5
-3 54 23 6517 % 143 0 0
-4 28 26 | 133%26 * 1231 3 4
-5 120 106 105 606 0 0
-6 10 15 30 14137 3 96
-7] (18) 24 80 268082 16 125
* Volume obtained from avearage diameter.
—EGIC 1T 5 8« DIEBIES LA CIRE A T .
M ClRS 5 GER-3), 2o 4
2) FT fr5FCsld M, G 500~ 1or Ve ..
1000mm*l P& i iic kg iBise, = BP0 4 o .=
RULEDB AR 7% 4 FRICHHI o ser ST
ENERDESEFT o LR OB (Do) b AT
B, & ORMEHIA BT EokE S oA Y
10X10% 10Xx10° 10X10* 10x10°

TUMOR VOLUME (mm®)

B 11 Case-1 (O) & Case-2(®), Case-3(A), Case~4
(A) Case-5(V), Case-6 ([J) Case-7(H) & T
FRERRD bR BT (om®) & B AR
i BtA E CIELFTo#R 55 (Dg) L0
o

120

1001 e
8o -

60 //

D, (gr)

401 o

201

! ! 1
40 60 80 100

VOLUME DOUBLING TIME  (day)

B 12 Case-1~7 % COERfEMEERE (VDT) &k
#37% % TH ST bE R FTOR (Do) & oB
2, O Case-1, @ Case-2, A Case-3, A Case-
4, <7 Case-5, [] Case-6, B Case-7

1
120

i EE L B Tfihhic® B9, “ it X %
L, EEN D NE WS ISR AT

1471
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BT, KEldLB#EL, RfopgRil
WA o MRECIOEB AR
BEEEXL, » 54K (500~1000mm?) &9 5
EWECHEEL (EA 1,2, 4), B omig i
Wie &6, 0 X5 REEERITFEERED
HRMEBINICE T —Bll- &b LHEER
hic®, ChbDBEBRLVMERET DL, AE
LAANEBEEORERLFEMMCR—E:F LD
Nb, MEDOHEMFCTARDR DI EOHRIT,
AT B L TR IE R B R R » T BE T
BIF L, NEHEE S TIEOEERME ¢ 8E
LicfedE U bDEELbhde JHXTED
FHEAERLOREHEEYE LS LEER
N5, T, B0grd<=7 AL » T 1gr DIE
X, TTRIEBBRMEERIE T E TEL <M
LicBiTh 54y, 50kgr O AMD 1kgr O
Y35 L xBEZNETHEDPLEETH Do
0 XS EEORERNY, HEAOEERY L
T ERCIERBIEN T Y, EE D DRE
RWCETHEPERHBTALDEE LN D,

$e- T, BEORRENCHET 5P 0L KRR
B, R E T BRI % A O M S
Br ZORENDOHEYEE T HEFETH B,

BB AR OIERBIRR S X v FHA L 7o MiEH O
VDT %, H21RT IS5 2H»HI20HITED,
FDOFHEITA0B TH » foo charbit 170 y330wk
X H #EDE30G D EE O VDT % fE B IS

o THE LI, ZHIT XD E34FOFEFIREDF
¥ VDT 13166 B, 134FI DREEIRE O Z 1188 H
Thote, LL, ThTEhOfcki;s VDT
DAFTYFIKREL, BOLOITE NS OO0
DR BFEL T, DX 37BNV VDT %
DABLED X S L TIRBBIER R LT 5T
BH5 50 *H-TdR & HHNCEEL, BRI
BEO—EAERL TEBRERCA - bToF S
57 4 —{{ER i L Percent labeled Mitosis (P
LM) o#BaRke5 s PLM figsiEoh b,

HELOMBEFIZL T, ABEOD cell population
kinetics DERTIXIZE A E ZDFHETITHNTE
oo TOHETHITENIABEITTRhILH D
%U(Cgé? 5%,‘;18, 19, 20, 21, %@?L&VCK_%L ‘“CPLM
HROEWOBEIHBECHELELES, ZLTZD
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POTHEM (121EM+G,+S B i) ¥ To
BRI RSOREILIIC s X £ 5 2 Ldvb Tz, &
D& LR NERRE S T BB IR <MA+Got+
S #% iy —azE DCell Cycle Time THAT
THILERRL D, LT AME2HIL, 2
ATHECHEB IR, SbRKHEZE > TOh
T PLM DfER—ED & 2 HAIHET 5, Men-
delsohn?®3. C;H = AEL BT BT, Z OYE
A F—EEA D 9% Labeled Cell & v &\ HE RS
ZEHEBRLTC, Cell Cycle i i, T7ch
% Non-Proliferative (NP) gifla D {71453 % FJREM:
#1585 L, Growth Fraction(GF=P/NP+P) 7/ %
MEZRIB LI, & OBRTT 0% NP iz
TAHEER E bbb, PLM i x b
Computer T L - T4 D Cell Cycle Parameter
RO DIDDERWEED—2EL THMA

e »Tce —0F, it v, Cumulative La-
beling #a TN LIc ABED 7 — 222043,
Labeled Cell Wy D & & b ic—F DEIET
ML, B 1006 CET D LERLI, 20
FEakE B, NP AR AR BT D 8 o fofdl
PHELZHE LT, TR b b, T X TOABML
Proliferate (P) LCT\»%, LasL, AMEHISEMN
BRI S« Ofifan G K& T o ¥
FEpofz, PLM iR Clnsg 2 Bl Lig7:
WETBLDTHB, HETHLIEET D2,
NP a0 FEfEcB L CiLd TR L @ g o
WEEBOMHEXZEE T2 L1tk bd, ZORME
DREAY F—BRLPCENDTHS 5,
&C, PLM i % GF £ 0 {EE% 34T Com-
puter % A\ THENT$ 5 5 T4 Cumulative La-
beling ¥ X W& 57 Labeled Cell 0ER g
pHTh, EHMIER O (Population
Doubling Time : PDT) 23k bt s, AMICE
7% PDT B HLOTHHE EFHEIRTH S,
Z OfEESER D VDT X 0k a0y, 2oV
DT & PDT ok &icfHEL, MERE 37T
@500 dkbn b (Cell loss) 2o b k&
WZ LRI > THBENA L IR sTe,  Steel
E23, o Cell loss 0% 1 BiegElsns
Mg s %bh aMlandle s LT, 1-PDT
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/VDT o X bR, Cell loss factor () & LT
PR LTco CoHECI D, S4B
o VDT #4345 AfE 50% Lo Cell loss
BHBHEWE Lo —F5, BEM? 1L Cumulative
Labeling tk# ffi L 7o ASEOKEA X b, TEMKEA
il & & b Label Xh 28 & %Rk, Labeled
100% T 2MMAR>D 5 &,  Z OBMINIE
Cell 28 VDT i=—8 L, R0 FETRDLE
HiifaofE (PDT) & k& AlMBTFnob sz
ERFERL, TofEs Cell loss wh 3<%
DEHTE Lo T DX 5 eHllanBIEREY & -
Te NEDS, FREBIBC R o, SEEMR
£ o Cell Cycle Distribotion 2\—F I {fi >
“> qopulation DfEAHE Y, ZOBET—FEDEH
#C Cell loss 2 b, TR, RHLFTHOE
BAIED LM HfEREND 2 EPRETH S,
DX STV AERBLOORBEAHEL T L

GROWTH CURVE

Stationary
=L Expor‘wen' ClP = NCIP
‘g ~tial {
= LI ] -—--‘——-| )
w -2 e
= 2 CINP NCINP ¢ o
5 5t g
o 2T s
CELL LOSS
-
= NCLP
B CELL LOSS
1 L L ! . L
DAY
P
blood vessels
e NP
./ Necrosis
i / 50-100xm
Necrosis

GROWTH UNIT

B4 183 Growth Unit (GU) {gF3iic { & S EERE =
F o RBLIEE 0 & R B (Exponential &
stationary) (¥t % GU o filfat o
ZEE R /R L T B P Proliferating Cells, N
P:Non-Proliferating Cells, Cl. P:Clonogenic Pr-
otiferating Cells, Cl. NP:Clonogenic Non-Proli-
ferating Cells. FRiL GU oHEEHEF 1,

143

TR ALBAE

B o R/IRERM Y42 i Growth Unit (G
U) LmsThr, ZOBEFEHERI-->OE
MM a2 & b F < 2EFEB0~100pm LA o /NG
LA 5 ([13),

Z = CCell loss oW T X BHImEEL S HiET 5,
Cell loss L3 BARANTIY, DHCEEL Th HHER
THAT HHMOBIERN I, H1bic & 5 Exfolia-
tion, WEE, B, BB X H5BE), FLU CHEK
BBR B, T OREEER, MBEgoykEEr k-
TR DERPHIELEEL LR B LD TH Y, §i
3FxcCell loss 13RI H D& Bhbhbs 7k
b, EECE A 4350, EEAR
DR A CIMEDORENBOGOT R b
b &N b, BEOLGERHC X HHEE DR
BETE L ThbIhd2NTHAL I, 2DOX
5 BB RC E » TR, B i
DOREIWHE LI L EWWRELICE WL,
IR L - TEEORRIEEY L ESEh3
THAH 5, SteelE™NL, HRBIRACHET 5T
WiEE & B ORI AR <, s H
HEMEET, FREh *H-TdR %L A & #5E
oy 51 ¢, PLM s & o8 Labeled Cell o
BRB L RDi, chickse, PLM X
D R 1B S Mg o AR RIS E Tk
EXieh iy, BRI T, 3% Tk Labe-
led Cell iXWRE & b —EDEATHEML, *
11009 Z 2T A DXL T, #3EF Tl 40~50%
SHUWGETHEIML, ZThbET plateau I L 70
T OFREBRAERY, B 0% o R ER T’
BRI L7 b DT E W O BT 2135 55,
Pie < & A IEEORESHEETRIC A 5 & NP #i
a5 2 LR T B, IERBIBIRE S
B CE MBS, hrkE et 5L, $EMm
EOREARD, HEEOYRBETIC L - CE
LAl REREECG S, FOfE, —8opil
farx NP fifimz /e b, NP fifao—3 s
Do TDXSIGRAEIC & - TBBE ORI
BEEZBN D, KISELL R L CEXEED
R DB & MO OB a0 b 5 <KL
LDTHbBo

ZZT, EHER FTHRETCHEShEED
FREBIRRE N L o 7 4 PRGN OBIE OB



F3% H6%E MWHMSIUTEILA
it h 5, EEORBBIEME NG, YEAD
ZIn b3, FHRIT X A RN R G AR 1 e
BETLEZEIA B0, T Tt L
7o & 5 GU R EBIEE NG X » CIREBYH
M ESTEL B LELDbN D, TLT, 0D
GU o#imi, GU %3 53X Tofilg T
<, HOELRET L $E> Clonogenic (Cl) Cell
O & I BE L To Ve & hiE, VDT
ix, GU o, 6k CL Cell oz
E—FTHETThH, FHOMEORF XL
% angiogenetic Factor®® % CL Cell 733 - T\»
BRI NRTE TN E BB AR ST
B, CL Cell BB AR (LS B & &,
FICE 2 o E s SR gk, GU &
{REBAEC AT 5 L B2 b D, TOME,
B AR LB T 2 o dwicd, @
DX5c GU offegxEATII LTl -T,
CL Cell o#hnsR, AL ER OB ME,
AR E BT A EIC -7,
Pllomahc b Lot RI2ZIRasL e l@go
e L FT @i+ 5B 0EE, sIO0M
1R U B AR & B g E T FT o

1) FTwerd 2 EHEz Do) Dk s
L CHEE o E#EE (VDT) ik {Fd 20, VD
T . PDT & Cell loss i LI X o THES
%o Cell loss mErx FTo b b 4 S BGRAoL
DT, Fihca i Do & VDT o BB i,
FT & PDT Lo fiEdT 5 a0l s
o IEBBIHAYBR BT B B B O ST
4T Cell Cycle thpneHELLNEDT, FT
TR R BB AL P FT e X » CHUE
iy Damage# 5 J % P e & o % R4
%o BRI At & P e oEl i
SO EIS Bt VDT ik i+ 5000, B
fEEHIPZ % < O PiliaE T 2 CIkE 2 T
BIESHE DM D BB R T AT N T
FT @ Eia o Ll b,

2) WAk ErH B ZREIDLICETDE, £
DK E XA L TN E T FT o f
B (Dg) 2N 5D e h, K1lie DgT
B EER EcoRl Lag) X, Y

144

163 : 1233

FFE AL 500~1000mme 1B L Th b T &
NBHDT, ZOEKECRD & RFEEEN ES TS
SELELIBRY AV DB D, Tabb,
B35 D REE S DAL, SEEEREI X - THIE
LB NP fifan B LENT 22l T
5, - OMBEERCH HIEET, MEEHTDH
5Pl FTic X - CHERMCIRE A 5 1T pyen-
osis L THRESIN D, T X » Tt
SEREND X 5ot NP filfa, fisdh
= SRR XD recruitment®® R L P IR ZE
Do ZOPHIEE FT off X » THbD I
EhBH, SOk T TPMlaokiao <
B g o S, mE AR L LclE
DOREAREE GUYEHHF SRS, L, D&k
ONPilllans4EE U P AlRa721) & 7ok, Shoulder
D7 NE BB R R BT B B /NEEIIC B\ T

HEhick 5, PHIDIEROHETILET T
M B D BN b, Thie—F LRt GU
DWW % L1 TR, BEEIEHE
HinciihT b, ook s, FT H5EHBCRD
hicy 74 YROBERNDOEF b b <
MBLLeonRI4TH o AEFI-TI M ORER & B
7o b, MEEEREOSmOEE L~ Dg o no
ElENAE LA, THRZOEEORENELL
HASTODIME DFEF LRI, SR NP
Mifao S 58 e AR L T8 (e bicd T
BHBH, THEHLT, VDT OEfE o
I8 GEf-2. 4, 5, 6) 1%, MEOHFLHD
FEMB T, LTSGR OENC TR
o <, NP fifaommi 284 b4
7o, Dg d/hEWHICH D EEZ DD,

FT @ X % I E AR o BB it GU
DIFBBRAR AR, bbb Cl Cell DANELL
RE—FHTHEHELBND, MBROAELIN=
Noe™ S0 D, THiod & LV TE Do N ILARM
ke, No (ZHEERIOMIE, DSIEHIO&RSE
#, KIAEOREERTH Do A Ll
RS AR N OSBRI R 5 D E, CL Cell 7
EER e 3T 50, Do Dlifis L TRkdb

nBKIE, OO CL Cell ® FT x4 58
FUMTLH Do 4, IEHI-L P L B & Do=

6gr & MR DO gy
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DOSE OF FUTRAFUL
10 T T T
wo | ¥ Lag
s
s T
Q  ||lethal’s|; fraction®
‘S | cP 4 NCiP
D I S N
E [ Y
o CINP NCf;{!\hIP i Exponential
= v
E -
3
o,
@
01

E 14 Growth Unit (GU) {R#icd &3 FTHE D
TN T 7 e PHNR BRI BT F TR 1
G S NI HGRBRE (stationary) 14 % BT,
¥ 7 P MM HIER) Damage % 5 1 R#E SR,
Hev T NP Hnfiasd PAic 47 (recruit) %@
L, 0 &ft &FTiw X % Damage % 513 %, NP#I
Fans4 T PHIROIC AT L= D Bk Damage %
S Pl oB-EWIE U T i a RN X
W fE/ e 5,

102 & RE g, 4555 N/No=10"13, > % h 90
%6 A e b O LB FT o5 T
180gr LEtH SN B, R, = OfEGE, FTH

PRI UL Lic, - ciefi L
FToH3100gric i Uico SR i ts LIE A
T BB, FTR SN A B CERR Lk 7 o
FT RIS & 3BT —H CRc D L hf
STl a R Lie 100gr OTFHE O D%, 3L
RS HEREE R 5 & T 108 @R T
Do FBMENIIE & A ETTHRDEIRE X b
B Tt s, B BB O FE 5, BIE o aR e,
R ACIRIE D Vo p I ST M RS2 A D S 08 &
—FKI B PEEMOEIEL Code, & ORI,

FTRSEHITEIHEE 50 FTic X » A L2
SiFtess, PR FTR L TlEL -3
U, FTRRSZVEIRSS & 250U, DV IS hk i B At
BHEEBRTECAHAETHRELCEHBPEIN D,
DL ITREF-LE E OERZIERECLBRY
SR B 1200mg/ HH:5C180A 43 h D H L
PET L, Mo T, KI2Eavt Lo, fE6 2
3, 4, 5, 6, 7 GlILIEF-TCIE~ Do TH7 {5k

745

TEACSHOE

DT, 2 505 354 (180X 5~T) 1L
DU S BRI T A BIETH S 5,
L Eo#EEOHER, FTIC X AHRECYS - ThkD
BEFRUMPRBEN 5,

1) BMEOBGEE, iz kERLOTH
o> CHFTHMBE CHMICEL 2 L3 TE 5 (E
B-1) E D, BEEBEVCHATIIBRESES 5
TRetE b b Do

2) WEOEGEECW, BWEME DI R
W - CHo i TEhiE, Bihcd Em
WHE ZENTE D, L LREY AT 510t
SFERCEDHENLETH D, &b, BEARK
DRENSOX, BEOHENF &% ki
ODFTOHEX NI DT, =Bt FTIe X
BEWEM AW STk & WESCR L T, F
iz & 550, BEHEREOB M GEF-2, 4),
TR A F & U O 47 Mitomycin C19 & o ff
A GEF-6) 7o &4 FRCHEAL, Bl EE
AR &%, Ticbb NP filaofamd X
®, FT 2B < Pifgo % i
%f@ Bo

B, 4%, FT CoBie Y - CiEg-1
TREER U 7o X 5 Ao P IEE O 6 4z, 3o X OV 4
WHED FT 5 X Thich &b iealfE
OWBEOMBEC T D o &k & 7o -
LT mAT o 7ERTL BT ERIEHLIU,

a1 5 ¢, MIEMDOHBCHB 2L

TT & o o FEIREEBE 2L U o &3 DR
BRRl, FRIRPFAEEM, 3 X OCROERCHEE D
T o B HEAT B EEN 72 L 7,

X #|
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Survival response and proliferative kinetics data of tumor and nor-
mal cells after exposure to chemotherapeutic agents have proved to be
useful in constructing the rational design of tumor therapy. In this com-
munication, however, several features of survival kinetics of cultured and
transplantable tumor cells after bleomycin treatment are briefly men-
tioned on the basis of data of our colleagues. In view of these findings
some principles of chemotherapy by bleomycin will be proposed.

1. Dose-Survival Response Relation

The upward-concave nature of the dose-survival response has gener-
ally been found among mammalian cells in culture [1]. Figure 1 re-
presents the survivals obtained after 1 h treatment of four kinds of cultured
cells with various concentrations of bleomycin. The cell lines were
derived from mouse fibroblast (L5), Green monkey kidney (Vero), trans-

PROGRESS IN BIOCHEMICAL PHARMACOLOGY Vol. 11 (Biological Basis of
Clinieal Effect of Bleomycin, Edited by A. Caputo) pp. 68-77,
S.Karger (Basel) 1976  Reprinted by permission of S.Karger AG (Basel).
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Fig. 1. Dose-survival response of cultured mammalian cells [1].
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Fig. 2. Dose-survival response of transplantable tumor cells [2].

plantable mouse melanoma (B16-XI) and mouse lymphatic leukemia
(P388). None of these show sigmoidal inactivation just as found after ra-
diation. Thus, the drug does not appear to produce any sublethal damage
in mammalian cells. The slope of initial portion, which stands for the
sensitivity of cells, as well as the fraction of initial and terminal com-
ponent, are not consistent among cell lines, but B16 melanoma cells,
epithelial origin, appear to have a higher sensitivity than others.
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Figure 2A also shows the upward-concavity of the dose-survival re-
lation of C3H mouse mammary carcinoma cells as determined by TDso
method by UraNo et al. [2] (NIRS). Parallel tumor-bearing mice were
treated with graded doses of bleomycin. The tumor was excised 1 h after
administration and the single cell suspension obtained by trypsinization
was injected into groups of mice after appropriate dilution. Figure 2B
again shows the same type of survival response of squamous cell carcinoma
of mice obtained by the same TDso assay method. The data were com-
municated by K. Sakamoro (University of Tokyo). Comparison of the
doses giving 10 9/, survival in these data reveals that the squamous car-
cinoma cells are roughly 10 times more sensitive than mammary car-
cinoma cells.

Figure 3 is probably the earliest data showing the upward-concave
response which was reported by UMEzAWA et al. [3], then drawn by
Y. TakABE (Chiba University). The solid form of Ehrlich carcinoma was
treated with 10 fractions of graded concentrations and the tumor weight
was measured at day 15.

The upward-concavity cannot be attributed to the presence of re-
sistant mutants in the cell population as well as to the differential
sensitivity of cells during the cell cycle, because the progeny of the
survival at tail portion of the curve gave the identical response to the drug
and the synchronous population of L5 cells. Burkitt lymphoma cells
(Miyamoto, Chiba University) or Chinese hamster cells [4] also exhibited
a similar curve shape. The reason for this particular response is partly due
to the induction of resistance which will be demonstrated in the following

section.

I1. Time-Survival Kinetics

When the survival of mouse L cells was determined as a function of
time after bleomycin addition, the resultant inactivation curve revealed an
involvement of two components. This is shown with four different con-
centrations of the drug in figure 4. The observed bending is not due to a
heat inactivation of the drug, because the renewal of bleomycin-containing
growth medium made at 1 h or later did not improve the inactivation rate
of terminal component of the curve. Thus, it may imply that the cells
acquired the less sensitivity by bleomycin addition. In other words, the
drug may induce a relative resistance to bleomycin per se in cells. If the
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Fig. 6. Decay of induced resistance as revealed by two-dose fractionation [1].

hypothesis is true, the resumption of the original sensitivity could be
expected after removal of the drug. This can be tested by the second
bleomycin treatment [1].

As shown in figure 5, the cultures incubated with 5 pg/ml bleomycin
were washed to remove the drug at 60 min and added with fresh ordinary
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medium. After various incubation times as indicated in the figure, the
same 5 ug/ml bleomycin medium was added for exactly 60 min and the
survivals were examined. Two-dose survivals in the inset scale were de-
creased as a function of time interval between two doses. The results
obtained from repetition of the same type of experiment were summarized
in figure 6 in which each two-dose survival was taken as a fraction of
0 h-interval value.

The figure shows that the two-dose survival reduced with increase of
the time interval and finally reached the level of broken line with shaded
area, which represents the average value of survival and standard de-
viation expected when the reversion to the original sensitivity was com-
pleted. A similar experiment was carried out with two doses of 50 ug/ml.
From figure 6, it can be seen that the reversion of sensitivity, i.e. the decay
of induced resistance, normally completes 2—4 h after removal of the
drug irrespective of the concentrations used. Induction and decay of the
resistance demonstrated here was repeatable for the same culture if ade-
quate intervals were posed between successive doses.

II1. Theoretical Tumor Cell Sterilization

The terminal portions of the time-survival curve shown in figure 4
exhibited the different slopes which appeared to be concentration-de-
pendent. If the inactivation constant of the terminal portions was mea-
sured and plotted as a function of the drug concentration, the upward
convex relation was found. It reveals that higher concentrations are less
efficient or more wasteful than lower concentrations. This can partly
explain why the upward concavity was found in the dose-survival response
curves.

On the basis of these findings, the way of the efficient tumor cell
sterilization can be considered [1, 5]. As shown in figure 7, the time in-
activation of tumor cells is described by two component equation. If the
treatment of hypothetical tumor cells was carried out continuously at 5
and 50 pg/ml concentrations, and if the drug concentration after a single
administration is assumed to be constant only for 1 h and to be nil there-
after, the total amount of drug needed to sterilize 108 cells would be ap-
proximately 300 and 900 ug, respectively. It indicates that the use of
higher concentration is wasteful just as mentioned previously. More ef-
ficient treatment can be effected by the fractionation schedule which
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permits to obviate the induced resistance. If 1 h treatment at 5 ug/ml is
given repeatedly at an adequate interval, the cell sterilization would follow
the broken line and finally reach 10-8with about 509/ amount of the drug
of continuous treatment. Therefore, the present conclusion would be that
as far as the proliferating tumor cells are concerned, the fractional treat-
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ment at the lowest practicable concentration of bleomycin results in the
most efficient sterilization.

This principle was tested by UraNo et al. [2] (NIRS) by using C3H
mammary carcinoma. Figure 8 shows the change in tumor volume with
the time after the initiation of treatment. Curve A represents the control
growth of tumor. A single shot of 100 mg/kg at 0 time produced the delay
of growth as shown by curve C, whereas the same amount fractioned into
four shots at 12- and 24-hour intervals gave an appreciable delay in the
tumor growth. The result is apparently in favor of fractions.

IV. In vivo Studies

In an attempt to extend cell culture findings to an in vivo experimental
system, Ehrlich ascites tumor cells were chosen, because: (1) the cells grow
in dispersed form and, therefore, trypsinization can be skipped for assay of
proliferative potential, and (2) the cells are clonogenic in soft agar medium
with a plating efficiency of 60 %s.

The dose-survival response relation can be obtained by removing
ascites tumor cells exactly 1 h after injection of bleomycin and by assaying
for survival. Tumor cells grown 7 days in the abdominal cavity (i. e. plateau
phase) normally give survivals of 40-50 %/ after a 0.1-mg/kg dose, 20 to

.5~ .
o ] 30 mg/kg

03F
PLATEAU PHASE CELLS

0.1 —

1 1 L 1 '
00 80 1 2 3 4 5 6 7

Time after BLM administration, h

Surviving fraction

Fig.9. Change in survival of Ehrlich ascites tumor cells following single ad-
ministration of bleomycin.
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309/ after a 30-mg/kg dose. However, these survival values remarkably
increased if removal and assay of the tumor cells were made several hours
later [7]. This is presented in figure 9. The drug in amounts of 0.1 and
30 mg/kg was injected at O time. From 1 h onward, tumor cells were re-
moved at intervals and survivals were measured as a function of time
after the drug injection. The result showed about a 2-fold increase in
survival for 0.1 mg/kg, and a 4-fold increase for 30 mg/kg within 7 h. The
increment seemed larger when the cell inactivation was greater. On the
contrary, 3-day grown (log-phase) cells did not seem to exhibit immediate
increase in survival.

Similar findings have been obtained by LITTLE [6] with cultured mam-
malian cells in plateau phase after exposure to radiation, and referred to
as ‘a repair of potentially lethal damage (PLD)’. The present increase of
survival would be explained as follows: The tumor cells are given PLD by
exposure to bleomycin. In plateau phase cells, PLD undergoes repair from
time to time. But if cells were removed from the abdominal cavity and put
to the assay condition, the remaining PLD is converted to lethal damage.
In other words, the damage is fixed.

If PLD repair develops in plateau phase tumor cells, which pre-
sumably constitute a portion of growing and non-growing fraction of
tumor, the therapeutic results would be strikingly detracted. For instance,
the fractional treatment given at 7-hour or 1-day intervals would only give
tumor cells an opportunity for a significant amount of repair to develop.
Then, it follows that the continuous treatment provides the best result in
view of tumor cell sterilization. On the other hand, the resistance induced
by the first dose would not have a chance to decay when the continuous
treatment is given. The final consequence of such contradictory effects
was examined by fractional treatments at different intervals. The result
revealed that the fractional treatment given at 1-hour intervals inactivated
tumor cells at higher rate than does the fraction given at 3-hour intervals.
Extrapolation of the results is that the greatest inacivation rate is effected
by the continuous treatment.

Summary
Tumor is normally composed of cells growing and non-growing and,

therefore, of cells having different responses to exogenous agents. Hence,
it is not possible to treat a tumor with an unitary principle. As far as the
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tumor cell sterilization by bleomycin is concerned, the growing fraction
of tumor should be managed by fractional schedule, while plateau phase
cells by continuous infusion. Based on the cell sterilization kinetics, further
improvement of chemotherapy by bleomycin must be sought. The in-
vestigation will duly involve the studies on the nature of resistance in-
duction and PLD repair.
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ACTION OF BLEOMYCIN ON PROLIFERATIVE
CAPACITY OF MAMMALIAN CELLS

Toyozo TErasiMA,*! Michinori WATANABE,*? Yoshinobu TAKABE,*?
and Tadaaki MivamoTo*?

Division of Physiology and Pathology, National Institute of Radiological
Sciences,*' and First Department of Medicine, Chiba University
School of Medicine*®

Various cellular effects of bleomycin (BLM) were studied with
cultured and transplanted mammalian cells. Cinemicrographic ob-
servation revealed that most cells treated with BLM were killed
transmitotically. The antibiotic induced strand scission in cellular
DNA as evidenced by the sucrose gradient sedimentation method.
The DNA lesion was susceptible to repair reaction as was the
damage resulting from X-ray.

The dose-survival relationship of all mammalian cells showed
an upward concavity. Kinetic analysis of the survival response re-
vealed that the resistance of cells to BLM was induced soon after ad-
dition of the antibiotic and disappeared a few hours after its re-
moval. Consideration of these kinetic findings may provide a prin-
ciple for an efficient therapeutic schedule.

Another remarkable property of BLM action was a production
and repair of potentially lethal damage in plateau phase tumor cells.
The information obtained from the plateau phase cells iz vitro or in
vivo could be relevant to the understanding of the response of the
noncycling, clonogenic fraction of tumors. Also, it can be empha-
sized that the cellular aspect of normal tissue damage will be of great
importance for further improvement of therapeutic efficacy.

Studies on the survival response of tumor cells to exogenous agents in
relation to growth status and cell cycle phases, as well as studies on cell cycle
kinetics following exposure to agents, will provide basic principles for efficient
tumor therapy (44). Recent results of cellular level studies regarding bleomycin
(BLM) action have, in fact, introduced some useful information into the chemo-
therapy field.

The present review will mainly concern our results except for the cell cycle-
related data and will discuss some implications for clinical tumor therapy.

Response of Macromolecular Syntheses to BLM

The effect of BLM on macromolecular syntheses of mammalian cells was

*1 Anagawa 4-9-1, Chiba 280, Japan (& HE=).
*2 Inohana 1-8-1, Chiba 280, Japan (JEVLEM, EEREHE, &4 804).
63
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Fic. 1. Dose-response relationship of macromolecular syntheses of mouse
L5 cells

Incorporation of labeled precursors was examined after incubation of cells
with varying concentrations of BLM for 60 min. O DNA; [J protein; A
RNA. (From Watanabe et al. (55) by permission from the publisher of J.
Antibiot.)

first examined by Kunimoto ef al. (76) and later by Suzuki et al. (33). Their
results showed that the inhibition of DNA precursor incorporation by the anti-
biotic observed in a few mammalian cell lines was moderate and consistent,
whereas the incorporation of labeled uridine and leucine was reduced slightly,
if any, after exposure for several hours. Similar findings have also been obtained
by Tobey for Chinese hamster ovary (CHO) cells (47).

More critical measurements have been undertaken by Watanabe et al.
using precursor-depleted cells (55). The dose-response relationship obtained for
mouse L5 cells is shown in Fig. 1. DNA synthesis was affected most at every
concentrations tested, while protein and RNA syntheses were less affected in
that order. Suppression of DNA and RNA syntheses may be attributed to the
template damage as mentioned in the following section. The inhibition of DNA
synthesis was quickly reversed after removal of the antibiotic. Such inhibition of
cellular syntheses may have some effects on the traversal of the cell cycle (56).
The upward-concave response curve of these syntheses deserves attention and
will be discussed later.

Damage and Repair in Cellular DN A

It was expected that BLM would induce DNA damage in vivo, since a reduc-
tion of melting temperature and a formation of athyminic nucleic acids after
incubation of DNA molecule with BLM have been reported by several workers
(70, 24, 25). This was tested by determining the sedimentation profile in sucrose
gradient of DNA isolated by sodium dodecyl sulfate treatment (SDS-DNA)
(38, 42).

HeLa cells prelabeled with radioactive thymidine were treated with BLM
for 30 min at 37° before isolating DNA. Figure 2 represents the sedimentation

158



ACTION ON PROLIFERATIVE CAPACITY 65

— M
—40
100ug/ml
=20
o j
n—0
z -
;Z_ 20pg/ml
1% -
g W
£ 0 -]
S .
- ™ =20
[} 10 |
3 ng/m
- W 1
g '
N - 0
Untreated
control
20
| s B
5 10 15 20 25 30
bottom top

Fraction number

Fic. 2. Sedimentation profiles of DNA recovered from BLM-treated cells

HelLa cells treated with BLM for 30 min were lysed in 29, SDS layer placed
on top of sucrose gradient. After ultracentrifugation, amount of DNA in
each fraction was determined by radioactivity measurement. (From Terasima
et al. (40) by permission from the publisher of Gann)

profiles of native SDS-DNA obtained after exposure to graded concentrations
of BLM (40). It indicates that 10 pg/ml of BLM was the minimum effective
concentration for producing double-strand breaks of SDS-DNA. Similarly,
single-strand breaks of alkaline SDS-DNA were demonstrated at the concentra-
tions of more than 1 pg/ml. Extensive breaks were produced after 10 pg/ml
treatment as shown in the middle panel of Fig. 3. Similar result has been re-
ported earlier by Suzuki ef al. (34) and later by Fujiwara and Kondo (70) and by
Saito and Andoh (30). The latter authors have proposed that pronase-sensitive
linkage in DNA is preferentially cleaved by low concentrations of the drug.
Further incubation of the culture after removal of BLM allowed the broken
pieces to rejoin as evidenced by reappearance of the prominent peak in the
upper panel of Fig. 3 (40). Although it is not certain whether a full return of the
profile to the original level can be expected after a longer incubation period, it
obviously demonstrates that the rejoining of broken single-strand pieces occurred
just as rapidly as is found in X-ray irradiated cells (48). Hence, it can be assumed
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Fic. 3. Breakdown and repair of DNA of Hel.a cells after BLM treatment
(From Terasima et al. (40) by permission from the publisher of Gann)

that the action of BLM on cellular DNA leads mainly to the development of
clean breaks which are susceptible to the operation of repair enzymes. In this
connection, I'ujiwara and Kondo have demonstrated that the antibiotic provoked
unscheduled incorporation of ®H-thymidine into non-3 phase HelLa cells, indi-
cating that a portion of single-strand breaks were readily repaired (70).

Cinemicrographic Analysis of BLM-treated Individual Cells

Katsumata et al. (74) have carried out experiments in which mouse L5
cells grown synchronously were treated pulsewise (1 hr) with BLM at the G,-S
transition phase and were followed individually by time-lapse cinemicrography.
By analyzing the recorded films the posttreatment behavior of treated individual
cells was classified into five different patterns (A-E) as shown in Table 1. The
fraction of each pattern was determined for cells treated with two different
concentrations of BLM and for those untreated.

Pattern A, in which cells were killed without division, increased depending
on the increase of BLM concentration. Similarly, fraction of cells which were
neither killed nor divided by the termination of observation (Pattern B) increased
with increasing concentration. It implies that the higher concentration of the
antibiotic induced extraordinary delay of division and ultimately caused cells to
die before they reach mitosis (Pattern A). A notable finding was that the majority
of treated cells were killed after the posttreatment division (Patterns C and D).
It indicates that the potential damage either in DNA or in the extra-DNA com-
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TaBLE I. Pattern of Clonal Growth of BLM-treated Cells

Fraction of clones (%)

Pattern of .
clonal growth Untreated BLM concentration (pg/ml)
control 20 100
A — x 0 7 21
B — O 0 0 25
c —C 0 60 45
D ___—I— 0 13 0
X
—
o 100 20 8
L
Number of cells examined 22 15 24

Crosses represent death of individual cells. In pattern B, the cells were neither killed nor
divided within 140 hr of observation. From Katsumata et al. (74).

ponent given at the G,-S transition phase must be transmitted through mitosis
before it becomes lethal (transmitotic death).

The cumulative frequency of division after treatment was determined as a
function of time after mitosis as shown in Fig. 4. The curves represent the first
posttreatment division for treated and untreated cells, since the cultures had
been mitotically synchronized at zero time. The median generation time of
treated cells was 1.5 and 4.3 times greater than the value of untreated control
(22 hr). The growth curve obtained after treatment with 20 zg/ml seems to
indicate that there are two fractions differing in the cumulative frequency dis-
tribution of division, as shown by the steep and less steep slopes. It suggests
that cells sustain two different kinds of damage as related to the division delay.
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Time after mitosis (hr)

Fic. 4. Posttreatment division of synchronous L5 cells treated with BLM

Mitotically synchronous L5 cells at 0 hr were treated with BLM for 1 hr at
G,-S transition (8 hr), then followed by time-lapse cinematography. A un-
treated; @ 20 pg/ml; O 100 pg/ml. (From Katsumata et al. (74) by permis-
sion from the publisher of Gann)
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Fic. 5. Progression of synchronous L35 cells pulsely treated with BLM at G,
phase

O percent of DNA-synthesizing cells; A relative number of cells. OA
control; @A 100 pg/ml. (From Watanabe et al. (56) by permission from the
publisher of Cancer Res.) )

The latter damage leading to severe prolongation and greater distribution of the
generation time predominated after 100 pg/ml treatment.

Watanabe et al. (56) have investigated whether such a considerable delay
can be attributed to the block at a given stage during the cell cycle. Figure 5
shows the result of an experiment in which the total number of cells and fraction
of DNA-synthesizing cells were observed for synchronous L5 cells treated
similarly with 100 zg/ml of BLM. It revealed that the delay of division was
almost entirely due to the prolongation of the G, period. It is noted that a certain
damage given to cells at the G;-S transition is not repaired until it becomes
apparent at G,. Recently, Hittelman and Rao (72) have demonstrated by prem-
ature condensation method that BLM induced chromosomal damage at dif-
ferent cell cycle stages. They have emphasized that unrepaired damage induced
in chromosomes may affect the progression through the cell cycle. It has also
been demonstrated that the progression through DNA synthesis period can be
affected in the presence of the drug (56).

The demonstration of damage in chromosome or in DNA appears to be in
favor of DNA-target theory. However, the role of a possible membrane lesion
in the cell killing by BLM cannot be dismissed. Fujimoto (9) has presented evi-
dence that radioactive BLM molecules are predominantly located at outer vicinity
of the nuclear membrane of C3H mouse ascites tumor cells, although the biologi-
cal significance of this is not known.

A remarkable morphological change of the treated cells was the increase
in size and volume, and the occurrence of perinuclear granules, and marked
cytoplasmic projections (Photo 1). Most of the cells with prolonged generation

time were about 5 times greater in cross section than the untreated control
(74).
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Survival Response Studies

The survival response of various cultured mammalian cells to BLM has
been studied by several investigators (2, 39, 47). The dose-survival relationship
for mouse fibroblast cells (I.5) and mouse lymphatic leukemia cells (P388) is
shown in Fig. 6, where cells were treated with varying concentrations of the
drug for 1 hr. As seen in Fig. 6, the survival response curve shows an upward-
concave curvature which consists of a steep (initial) and less steep (terminal)
portion. Later, this feature has been generally found among various mammalian
cells ranging from cultured or transplantable tumor cells to normal somatic
cells (Table II). The reason for this has been discussed by Terasima et al. (47).
The resistant, terminal component cannot be interpreted either by differential
sensitivity through the cell cycle or by the presence of genetically determined,
resistant cells, since synchronous G, cells (3.5 hr after mitosis; open symbols
in Fig. 6) or a clone derived from a BLM survival again have shown a similar
upward-concave response curve (Katsumata, unpublished). The evidence that
the upward-concave or biphasic survival response curve was exhibited by cells
in all stages of the cell cycle has been reported by Barranco and Humphrey
(2) and by Drewinko et al. (§). This also agrees with the above theory (the cell
cycle dependence of sensitivity will be mentioned in the other review).
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Fic. 6. Dose-survival relationship of BLLM-treated mammalian cells
Different closed symbols denote separate experiments. Open symbols in the
upper panel are survivals of G, population, (Redrawn from Terasima et al. (47))
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TapLe II. Sensitivity of Various Mammalian Cells to BLM

Sensitivity to BLM*

Cells (Dyz: 1g/ml) ' Inflexion

point

Initial Terminal
portion portion

Cultured cells

1 L5 (mouse fibroblast) (47) 2.5 65 ca. 5
2 Vero (green monkey kidney) (47) 4 .67 ca. 8
3 CHO (Chinese hamster ovary) (2) 8 123 ca. 10
4 V79 (Chinese hamster lung) (22) — 16
5  B16-XI (mouse melanoma) (47) 3 70 ca. 5
6 P388 (mouse leukemia) (47) 2.5 49 ca. 3
7 HelLa S3 (human cervical carcinoma) (39) - 45
8  P3HR-1 (Burkitt’s lymphoma)” 2 27 ca. 5
8’ P3HR-1 (Burkitt’s lymphoma)" 6 97
9  EMT6/M/CC (mouse mammary tumor) (50) — 25 ca. 10
9 EMT6/M/CC (mouse mammary tumor) (50) - 42
Transplantable tumors
10 Mammary carcinoma (mouse) (54) 13 mg/kg 85 mg/kg 35 mg/kyg
11  Squamous cell carcinoma (mouse) (29) 0.1mg/kg 2.7mg/kg 0.2, 3mg/kyg
12 Ehrlich ascites carcinoma (mouse)” <0.5 mg/kyg
Normal somatic cells
13 Plaque-forming cells (mouse) (26) Insensitive
14 Lymphoblast (PHA¢“-induced, human) (26) 10
14" Lymphoblast (PHA“-induced, human) (46) <10
15  Bone marrow CFU-S% (mouse) (49) — ca. 180
15’ Bone marrow CFU-S¢ (mouse) (49) — ca. 180 <50

& Sensitivity was determined after 1-hr incubation with BLLM, unless stated in the following
remarks: 3, 30-min incubation; 8, exponential; 8, stationary; 9, exponential, 2-hr incubation ;
9’, stationary, 2-hr incubation; 10 and 11, TD;, assay; 12, agar colony assay; 14 and 14/, in
vitro treatment; 15, noncycling, in wvitro treatment (30 min); 15/, endotoxin-stimulated, in vitro
treatment (30 min).

b 8 and 8 by T. Miyamoto, unpublished ; 12 by Y. Takabe, unpublished.

¢ PHA: phytohemagglutinin.

¢ CFU-S: colony-forming unit in spleen.

Terasima et al. (47) assumed that the resistant tail in the dose-survival curve
resulted from the induction of resistance by the antibiotic. This was demonstrated
by two-dose fractionation in the time-survival curve. The closed circles in Fig.
7 represent the time-survival curve where cultures with BLM added were rinsed
to remove the antibiotic at specified intervals and incubated with the ordinary
growth medium for survival assay. The surviving fraction was reduced quickly
after addition of BLM and then at the slower rate from 30 min onward.
For two-dose fractionation the treatment was terminated at 120 min by replacing
the antibiotic with ordinary growth medium. After incubation of BLM-free
cultures for 60 min, the time-survival curve was again determined by adding
BLM, as shown in the inset of Fig. 7. From the result in which the parallel
reduction of survival level was demonstrated after the second exposure, the
following can be pointed out: (1) The resistance induced by the first treatment
disappeared when the antibiotic was removed, although a complete reversion to
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Fic. 7. Two-dose fractionation experiment

Closed symbols show time-survival curve obtained from incubation of L5
cells with 5 pg/ml BLM. Open symbols represent time-survival obtained from
the second treatment which was carried out 1 hr after removal of the drug.
Broken line is the survival level expected from complete reversion to the origi-
nal sensitivity. (Reprinted from Terasima et al. (47))

100

Percent survival

Time between two treatments (hr)

Fic. 8. Disappearance of induced resistance as a function of time between two
treatments

Decay of induced resistance was followed by two 60-min treatments with 3
and 50 yzg/ml of BLM. Broken line with dotted band represents the average
level and standard deviation of survival of original population to single expo-
sure. (Reprinted from Terasima et al. (47))

the original sensitivity was not obtained during 1 hr, and (2) cells were again
susceptible to resistance induction by the second treatment.

Figure 8 represents the decay of induced resistance as determined by two
60-min dose fractionations at 5 and 50 pig/ml concentrations. The percent of
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two-dose survivals decreased as a function of time between two exposures and
finally reached the level expected from reversion to the original sensitivity.
Hence, it was concluded that the resistance induced by BLM, whatever the
concentration used, disappeared approximately 4 hr after its removal.

No material basis has yet been found for the nature of resistance. How-
ever, the induction and the decay of resistance were similarly observed for the
inhibitory effect of BLM on macromolecular syntheses (55). The general occur-
rence of this particular response leads us to assume that the same mechanism
operates for the induction of resistance in various effects.

BLM-inactivating enzyme has been found in various mammalian tissues
by Umezawa et al. (53). The enzyme in cultured mammalian cells may be ac-
tivated by the addition of BLM, thereby reducing the BLM activity as seen in
the time-survival curve (Fig. 7). Otherwise, activation of DNA polymerase may
be one of the interpretations, since it can repair DNA breaks induced primarily
by the drug. Alteration of permeability by BLM may be another possible mech-
anism. However, as far as a preliminary experiment using C-BLM is concerned,
the association rate of antibiotic with cells as shown by radioactivity measure-
ment was not altered appreciably for 2 hr after addition of BLM (M. Watanabe,
unpublished).

Urano et al. (54) have proposed a “binding-saturation model” by which the
upward-concave response curve was kinetically interpreted. Nevertheless, it could
not specify any mechanism which underlies the response.

Relevance of “resistance induction and decay kinetics’” to tumor therapy
will be mentioned later.

Growth Phase Dependence of Sensitivity

Although the growth phase dependence of sensitivity to cytotoxic agents
has been reported early by Madoc-Jones and Bruce with 5-fluorouracil (79) and
by Shuve and Rauth with phleomycin (32), Barranco et al. (3) were the first to
have shown this with BLM. Later, Mauro et al. (27) studied the response of
plateau-phase cells and obtained results inconsistent with those of former authors.
For Chinese hamster-derived CHO cells used by Barranco et al. the sensitivity
of the plateau phase was 10 times higher than log phase cells, whereas another
hamster-derived cell line (V 79) showed less sensitivity in plateau phase than in
the exponentially growing phase. Similarly, our Burkitt’s lymphoma cells in
exponentially growing phase were 3 to 4 times more sensitive than plateau phase
cells, as shown in Fig. 9. The discrepancy between Barranco’s and others’ data
has not been solved.

With respect to the observed difference in sensitivity, either of several factors
are thought to be responsible; namely, (1) difference in capability of repair of
potentially lethal damage (PLD) given by BLM, (2) difference in membrane
permeability, (3) cell cycle-dependent sensitivity difference exaggerated by a
compartmental shift in the plateau phase population, and (4) difference in target
sensitivity. In the case of Burkitt’s lymphoma cells, it has been found that the
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Fic. 9. Dose-survival curve of log and plateau phase cells

Broken lines with experimental points, Burkitt’s lymphoma P3HR-1 cells
(T. Miyamoto, unpublished); solid lines, Chinese hamster ovary cells (re-
drawn from Barranco et al. (3) by permission from the publisher of Cancer Res.).

plateau phase population was predominantly G, cells which were least sensitive
to the drug (T. Miyamoto, unpublished).

In view of the importance of plateau-phase cells as an #n vitro model for
nongrowing fraction of tumor cells, the observed low sensitivity and its underly-
ing mechanism must be a great concern for those who attempt tumor control.
A clue will be given in the next section.

Production and Repair of PLD

The radiation survival of mammalian cells is greatly influenced by post-
irradiation conditions which favor either the expression of, or the repair of,
PLD induced by radiation (27). A remarkable condition was found by Little
(77, 18) with cultured human cells: If cells were allowed to remain in the plateau
phase of growth for some time after exposure to radiation, the survival measured
after dispersion of the culture increases with time during which PLD is repaired.
The discovery, which had a great relevance to radiotherapy, also had an impact
on the chemotherapy field, and it has been seriously questioned whether similar
type of damage repair develops after drug treatment. In recent years several
groups investigating BLM action have demonstrated the repair of PLD in
plateau-phase cells in culture (4, 28) and in tumor (306, 57) (G. M. Hahn, personal
communication).
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Fic. 10. Repair of potentially lethal damage given by BLM in Ehrlich ascites
tumor cells

Tumor cells grown 7 days in ascites were colony-assayed at intervals after a
single dose (30 mg/kg) of BLM. (From Takabe et al. (36) by permission from
the publisher of Gann)

Figure 10 represents one of PLD repair data now available to us. Mice
bearing 7-day grown Ehrlich ascites tumor cells (early plateau phase) received
a single shot of 30 mg/kg dose of BLM through a subcutaneous route. At in-
tervals the ascites was removed and assayed for the number of clonogenic cells
by plating a known number of cells into soft agar layer. As seen in Fig. 10, the
number of colony formers increased rapidly from 1 to 3 hr, then, slowly from 3 hr
on, and reached the level roughly 4 times greater than 1-hr value at 9 hr. The
increment of survival appeared to be related to the amount of damage given
primarily. The result indicates that the damage was repaired with time during
which the tumor cells remained in @7vo, but the unrepaired cells were converted
to a lethal state when cells were put into the assay condition. Other experiments
revealed that exponentially growing ascites tumor cells were also susceptible to
a production of PLD, but repaired the damage with a delay of several hours.

Based on the demonstration of PLD repair in various biological systems, it
is now obvious that an exact dose-effect relation of noncycling (plateau phase-
like) cells of certain tumors is not readily determined. Using EMT-6 mammary
tumor, Twentyman (57) showed that, in sharp contrast to the dose-survival
relationship determined immediately after drug administration, the 24-hr deter-
mination gave only a negligible response.

Cellular Basis of Tumor Therapy by BLM

Findings obtained from studies mentioned above are extremely useful for
understanding the cellular basis of BLM chemotherapy. This section concerns
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four problems which are thought to be relevant to designing therapeutic sched-
ules.

Survival curve consideration

In view of the generality of the upward-concave response curve among
various mammalian cell systems (see Table II), a consideration of the response
should provide useful principles for tumor therapy.

Firstly, it can be seen from Fig. 6 that the low concentration range of BLM
inactivates cells more efficiently than the higher concentration range. Therefore,
a determination of the inflection point in the dose-survival relationship for each
tumor would be critically important, in order to avoid excess amount of the
antibiotic which may affect normal tissues. Studies on time-survival kinetics by
two-dose fractionation showed that inefficient cell killing in higher concentrations
was possibly due to the induction of resistance by the antibiotic.

The second important finding is that the resistance is induced within 30
min after addition of BLM and entirely disappears 4 hr after its removal (Fig.
8). As shown in Fig. 11, induction and decay of resistance were repeatable if
adequate intervals were posed between repeated exposures to BLM (35, 47).

These findings appear to be greatly relevant to a construction of the ther-
apeutic design. As discussed previously (47, 45), it is obviously profitable (1)
to adopt fractionation scheme by which the disadvantage resulting from a develop-
ment of resistance will be avoided, and (2) to use small doses which fall within
the effective concentration range. The prediction based on survival response
data of cultured cells was beautifully verified by experiments of Urano et al.
(53).

Experiment illustrated in Fig. 12 shows the change in volume of C3H
mouse. mammary tumor with time after initiation of BLM administration. In-
hibition of tumor growth was greater when 100 mg/kg dose was divided into 4
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Fic. 11. Survival response of L5 cells after fractional treatment

One-hr treatment of L5 culture with 5 pzg/ml BLM was repeated at intervals
of 4 hr (O) and 10 hr (A). Closed symbols show survival after continuous
treatment. Broken lines represent the survival response expected when a decay
of resistance was completed during the interval between fractions. (Reprinted
from Terasima et al. (47))
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Fic. 12. Change in volume of C3H mouse mammary carcinoma after BLM
treatment

A, untreated; B, 50 mg/kg x single shot; C, 100 mg/kg x single shot; D, 25
mg/kg x4 fractions at 12-hr intervals; E, 25 mg/kg x4 fractions at 24-hr inter-
vals. (Redrawn from Urano ef al. (54) by permission from the publisher of
Cancer Res.)

shots (E and D) than when the same total dose was given as a single shot (C).
Less effect of 24-hr interval fractionation may be due to a repopulation of tumor
cells. Optimum interval would be shorter than 12 hr, being compatible with the
decay time measured iz vitro. In the meantime, the difference in effect between
50 mg/kg dose (B) and 100 mg/kg dose (C) was disproportionately slight. This
can be expected from the dose-survival curve (not shown here) in which the
effect of both concentrations was beyond the inflection point.

However, a 25 mg/kg dose was small enough to exert more efficient cell kill-
ing than a 50 or 100 mg/kg dose. This may be another reason why the four-
fractionation schedule gave greater inhibition.

The principles for therapy mentioned above would be the case regardless
of whether the tumor cells are cycling or noncycling, although the effect will be
considerably diminished in noncycling, possibly plateau phase-like, cells in
which PLD repair occurs.

The elucidation of the nature of resistance will be of particular importance
since it would improve therapeutic efficacy by providing means to control induc-
tion and decay processes.

Response of noncycling fraction

Noncycling, clonogenic cells are a subject of great interest to chemothera-
pists, since these cells, constituting a significant and sometimes predominant
fraction of tumors, are relatively insensitive to chemotherapeutic agents. In
recent years particular emphasis has been placed on studies of plateau-phase cells
in culture, because it was elucidated that the plateau-phase cells have several
properties in common with noncycling tumor cells (77) and, in addition, they
manifest a remarkable capability of posttreatment repair (77).

BLM is perhaps the first antibiotic which is known to produce PLD in
plateau-phase cells in culture and tumor cells. The repair of PLD sets in soon
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after BLM administration and develops quickly for the first several hours.
Hence, it can be expected that fractional treatment given at shorter intervals
allows smaller amount of PLD to be repaired, resulting in greater cell steriliza-
tion. On the other hand, resistance induced by the first dose will not have a
chance to decay if the antibiotic is continually present. This would give higher
survival. The consequence of such contradictory effects was examined by frac-
tional treatments of Ehrlich ascites tumor cells with different concentrations at
different intervals. The result of limited experiments seems to show that the
greatest inactivation rate is obtained by continuous treatment if the dose is
small enough (45).

Inhibition of cell cycle traverse

The effect of BLM on cell cycle traverse may be referred to the other review
in this volume. The most remarkable hindrance of cell progression caused by this
antibiotic is an accumulation of cells in G, phase (2, 47). In this connection, an
interesting result is that the G, block can be induced even when the cells were
exposed pulsely to BLM in G, phase (56). The blocked population will then be
efficiently inactivated by the second shot of “X-ray type agents’” which specifical-
ly kill G, cells (43). The practicality of the combination schedule would depend
on whether conditioning method which can collect more G, cells and timing for
the second shot can be successfully developed.

It has been reported that BLM induces partial synchrony in proliferating
populations (5). This may give another chance for scheduling combination
therapy.

Determination of normal tissue damage

Clinical studies with BLM have revealed that the antibiotic exerts no im-
portant effect on gastrointestinal tract, hematopoietic, and immune systems
(6, 37, 52, 57). In comparison with severity of damage in proliferative systems
caused by other antitumor agents, this finding was rather unusual. Umezawa
et al. (53) have explained it on the basis of distribution of BLM-inactivating
enzyme which was found among all tissues except for skin and lung.

The sensitivity of bone marrow stem cells in mice was measured by spleen-
colony assay methed (22, 49). Like effects of other cytotoxic agents, noncycling
stem cells were found relatively insensitive to BLM, while stem cells moved into
cell cycle following endotoxin stimulation manifested the dose-survival response
almost equal to those of cultured CHO or mouse leukemia cells (P388).

Most cytotoxic agents studied cause immunosuppression, presumably in-
hibiting proliferating lymphocytes (20). However, BLM appears not to exert a
remarkable alteration of immunocapacity. Response of immunocompetent cells
was studied in mice and man (26, 46). As shown in Fig. 13, plaque-forming cells
(PFC) of C57BL mice were extremely insensitive regardless of the time of
administration of BLM in relation to antigen injection. Phytohemagglutinin
(PHA)-induced blastogenesis of human peripheral lymphocytes was moderately
affected just as found in cultured mammalian cells. Also, cellular immunity
against L1210 leukemia cells and allograft remained essentially unaffected (7, 7).
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Fic. 13. Effect of BLM on immune response in mouse and human lympho-
cytes

Open symbols represent the response of PFC to BLM and closed symbols are
response to daunomycin. The agent was given 24 hr before (Q) and 48 hr
after (A) antigen injection. Crosses represent response of human blood lympho-
cytes in terms of PHA-induced blastogenesis (PIB). Data were obtained from
Ohno et al. (26) by permission from the publisher of Gann. Broken line was
taken from Tisman et al. (46).

Relatively weak action of BLM on immunocapacity, although appreciable by a
certain in vitro test, should be of immense benefit for clinical tumor therapy.
Clinical experience has indicated that the lung and skin are the critical
tissues which limit the therapeutic gain of chemotherapy (73, 73, 23, 37, 57). It
would be necessary to investigate the responses of these tissues in a quantitative
or even in a qualitative manner for further improvement of therapeutic efficacy.
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EXPLANATION OF PHOTO

Proto 1. Morphological change of mouse LS5 cells after BLLM treatment

A: Untreated cells grown in F10HI medium supplemented with 3%, calf serum. B:

Cells 36 hr after treatment with 100 ;,g/ml of BLM for 1 hr.
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£1
First course of treatment Interval
Induction treatment between
o Length Ist & 2nd
Patient | Age Metastatic sites Regi Dose(mg) . of CR | Relepse | .ouree
egimen S e esponse | ( otk (month)
1.Y1 64 | lung B—=M+M+M+-| 70 | 50 CR - 2
2. AN 69 | lungs B=M+M+M+--1 30 26 CR 4 + 4
3.S.0 43 | lung B-M+B-M+--| 175 50 CR 5 + 6
4 KiK. | 39 | lung B~M+B—M+-1 175 50 CR - 3
AK | 55 | e mediastinum B-M+B-M 70| 20 CR 2 +
5 abdominal node
6. N.S. 53 | lungs, (local relapse) B—M+B—-M+--| 140 | 40 CR
7.KaK.| 53 | lungs, bones B—M+B—M+-| 140 | 40 CR 2 + 1
8.Y.M. 49 | lungs, liver, bones B~M+B—=M+--| 175 50 CR
9.1U. 43 | lungs, inguinal node B~M+B-M+-| 105 40 CR >5
pelvic and abdominal nodes, | B=M+B—M 5
10.5Y. 73 bone (Radiotherapy) 00 CR
11.M.L 51 | liver, bone, pelvic node B~M-+B-M+-| 105 30 PR + 1
pelvic and abdominal B—M-+B—M+-
12 KY. 4 nodes, sacrar bone (Radiotherapy ) 105 30 CR
13. HK. 43 | neck node, lungs B—~M-+B-—-M 70 20 NR
4 TN 67 bone, liver, lungs, skin, BoM4+B-M+| 130 0 PR
neck node
15 T8 23 pong, skin, neck and BoM4AB-M+| 140 0 CR
inguinal nodes
16. F.S. 53 | bone, lung, liver B—-M-+B—M 70 20 NR
CR:Z42HA PRIFHSEE NR:EER

FHE12  (fEFI12)
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* 2
Second course of treatment
Consolidation Maintenance )

Doseme) Survival Cause of

) ) ose{mg Radioth Duration | Total dose of
Patient Regimen aciotherapy uratt I\ (month) death

BLM | MMC {rad) (month} CQ (mg)
1 M+M 20 > 30
2 B—-M+M+M | 17.5 18 13 relapse
3 B—M 35 10 4000 4.5 67.5 > 20
4 6.0 90 > 18
5 A oesophageal

perforation
6 3 lung fibrosis
7 B—M 35 10 4000 4.0 32 7 relapse
8 2.0 30 > 11
9 > 5
10 5.0 75 > 12
n 0.5 8.5 4 necrosis of liver
meta, relapse
12 > 3.0 > 45 > 5
FT-207
13 cQ > 5
14 > 4
15 > 3
FT-207 .

16 co 5 progression

CQ:AnEav(hnws s/ 5 /v) FT=207:7F 57—

B2 (EEHI2)
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No. of B—M course
until the symptom and
sign disappear

Patient  Symptom and signs
(CR)  before treatment

cough 1
cough 1
bloody sputum, cough 2
mild dyspnea, 2

2

cough, dysphagia,
umbago

cough, dyspnea 1 -2

bloody sputum, cough,
bone pain

cough
cough
lumbago

paralysis of legs
12 incontinece
leg pain, lumbago

14 lumbago, chest pain
15 leg and thigh pain
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DAYS AFTER BLM~MMC TREATMENT
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DAYS AFTER BLMAMMC TREATMENT
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DAYS AFTER BLM+MMC TREATMENT
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DAYS AFTER BLM+MMC TREATMENT
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% 4 BLEOMYCIN TOXICITY

Patient 1 2 3 4 5 6 7 8 g 10 11 12 13 14 15 16 | Incidence (%)
Total dose of '+ 56 3y 175 175 70 | 140 | 175 | 175 | 105 70 105 140 70 130 105 70 | /\verage dose
bleomycin (mg) 120
fever > 38°C - = = = - + - - - - = = - - - 13
anorexia, L . _ i o 13
neusea
fatigue e A e e i T s 33
stomatitis - = = = = o — + - - - - = = = - 6
pigmentation o _ ) _ . o
(skin and nail) * * - 20
alopecia - - - = = - H - 4 - = - = = - 20
lung fibrosis - - = - +* - ﬂ“ e 13
hepatotoxicity e — — - U — 6
proteinuria - - - = = - - — o= = — - = = - 6
drug eruption - 4 = - = - - s = = = 6

* -+ mid i severe
%= 5. MITOMYCIN-C TOXICITY

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 | Incidence (%)
Totaldose of | 5y 56 59 s 20 40 50 50 40 20 30 40 20 30 20 g0 | Avverage dose
MMC (mg) 37
min. WBC ,

(rom?) 1000 1700 3300 2600 120C 3200 2200 1900 5400 2500 7500 3300 3600 1900 5700 4100 33(3100)
min. platlet -
1 (
(X 10%/mm?) 6.5 6.5 13.5 8.0 3.0 10.5 9.5 11.0 5.5 10.0 22.517.5 20.5 19.5 34.0 41.0 40(16.0)
fatique R e e e . S 33
anorexia - - - - - -+ - - = - = 20
proteinuria - - - - - - - - 4+ + - - - - - -
hepatotoxiciity e e T T
drug eruption + - - - 4+ - - - - - - - - - - - 13
*  evaluated leucopenia <2000 {mm?) thrombocytopenia <1.0X 165 {mm?)
*% £ mid + severe
E&FL, MW”EI&xI&V%#W%LtOﬁ o — AT L L EROE O RTCD < »
B A AR v E8, SV K= vk 15mg/ 7o MMC 1 X BEIEH (GE5) 1, waﬁ
BT 3 MM & a5 & BRI de U e i FETHD, T, PHRAESRN3Tmg &

Fehice BRLIMEBIC LD AR ayo
WAL C & o o den, U CRER T A

Th Do ¥4 2IEMOMMAELEE, £ OJFEBLON,

kR, R T 523, b7, D
i, BECEOMENAMIETH D, FITHif8
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FOENS, fUNMEY0F 235 A 6 Pl L
oo LnL, D7 B-M=z— 20T % Fl
LI DEEEB B D 1 B0 TH - foo HRIGOM
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Stk b U CHlfE I i S huico
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HEEEL L CH ARz ViRl BRER
230. 5mg & B D fosdhy, MEEE X » Tk
T AL FE Dok » et 2 EEFICIREED 1
Bar ¥ 5 R ERBEEOHEE N Blibhic, Bk
DEWERDSMEFamend oL LT, kiR
HOMMHEEYBRLCEEbNS, T TR
NUTEF S OREOEE (FH def g #ff
B b, MEGOEEIERILER Ik, R#
BIEOLD 5 ~DZEFHIT X BOSMELTH » 1o
5). MEAvEhE

Blfe s CRATMRIZAD I B 4 BNITETL 7,
FOBRERNE, WSHEE 161, BEx 26, s
I X AODMELER T BITH D, HMHTERIL2 A
DOP L FINFETE L 7oo £ ORFAL T CIRAEFILLE
LTHA LT WEMD 55, B0 1 HiEE:
JEMEIS TIET L Too MMFEEITPRIAEE, 712 34E%
B RGEY D ANATHERHE TRV, TT)
BB, 1D ERCEFETIEEN 44,
2IELLEDOFN L R0, S8, v e -
IS TRIEEfFOIEE L TE LS Th b,

£ &

T, WHOBROHRE LY, RMITFETUS
R B LR © BRI BRI L e, B-
MBI b o h b ORIERE L ERL 2D
B5Bo

ST A ARV L S T M D BT I A
DT, ©, RP LR RRREE AR,
@, T OERMT X - TEMRY, RS0 1Y
FRiF1E93% (14/15) w3 EWLoTH b, %
DR, SERTEEN80% (12/15) &\ 5 5EkE
LDTH ot DI, @, opfuy, &,
B - vl USRS R ek, @,

Wi & 2 BEO RN, BRMEREYEST L
DERE, BELYEOEHLOFHTELEDLA
%o

TSR RR A BN T 570, 1 ~9
F COMERE O L 0 BEEMI IR Z RS, FEH
DEED G LR L o & OFEEMIERA
AT A &, B-MEJE =2 — R\ TMMCHE
5%, A EE oI R EM 3, 4, 5,
6 AN LIERML, 2,7,8, 9005

oAU SHEE

ZEAHsk S,

TR LREDFENIASES & b ISR AN
L oo 0% ABEFEANMCEEL 72 MMC o# 55
TRDICINOEEOH/PERL, WE = -2AR
BB RO EEEM & ORI IO BN R
Lhithotee THEDEEH/IIE L D, Bl
BRtATE, MEIBMHRN00% ¥ TR/ % ¥ Tl v s

x6
90% VOLUME REDUCTION DOSE
BLEOMYCIN MITOMYCIN-C
Case
(mg) (mg)
1 (70) (50)
2 30 20
3 120 35
4 80 20
5 70 15
6 70 20
7 60 13
8 70 20
9 70 20
average 67 £25 20+ 6

Shi: BLM & MMC 0 #58R%RDBH LE6
L ho FEGIL L MMC o 5 1 BETH
H, OIS NT 2B THB, AFrY o —
A ORI O F F I OfE/NEE & HBIL 7ou
DT, 1 REVC, BLM & MMC 08y
ERERDBE, TRTh, (67£25) mg & (20
+6) mg ThH o7 FHIMMC DL 5 TR D0
0, IEFZEDMBEROETEI0UBETTHD,
F LSO FESIEOSERNRONL, SO
TLIFFHRLEL R L WRETE DL Edvbh
sl HEGI2 & 5 DR OB RIS A MITRL,
I # =2 — A D MMC # 58 OB A O i %
BELTHRBE, 9% EERD, 12—-RADB
~M#ERET09% Ll ED AL B = 2t &
oo HERGIOP, MMC BI-CHE L UVEEER
U ekt Yoo S #E /N d & 0, 90 % (R RHE M BE
THMMCOD B a2 RKed b L #I200mg & 725, B-M
Mk Tk, BLM BB TE & A ETEEH DR IR
7z L, MMCoO Jiffivk, BLM OFiji 5
X 0I0fHEiB s hic LRt s h b, —4,

792
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TR A, MERED o — ADEH A EIET 5
Dk, BLM @ & 5B HEE O ¥4 L MMCIZ & 5
BEMERE M NMEOWA TH B, L, FiffE
AW, BLM & X % [l fEfErk 6 % (1/16) TH
h, BLM o FHgfi JH#120mg O BN\ FEE R
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BEMErF-y 7952 LI DT TaT
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Cie x 2 HHFEEw, s o TS
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LR ENTT L O R A B0, SHIESEGD
TT, @i 3,000rad DL o BYHED &2
TR, WL EoBE L vRD Z bicthkT 5 &
Bbhb, o ToOEEBEICANRD E MMC
I X A4 E s s S e ik 2 B
g\, L EDFIWE M A B U o8, B-M#tk
X b 105 LA L 72 MMC o ik, 0% %
105 DRI BRI bicb 3 o Eiiinhs &L
%, BMEARE, B-MEED 2 — RO &
HET 5o MMC i X 5 BaiHErER ©h
Y, W PR RRATE O FE 4 b o T e 2 Bl E B
THAHZ EFED LT,

fEFI 1, B-M+AM+M-DALFY o — 1 T
6 » AR MMC 70mg % #4551, 307 ALl
TR GBEBRCHBLICE BN AHITH 5,
S4GE ) e FE A L BRR O SEIIN R SZ M e R IR
BEIREL T, Hx THERCES S MMC g
RO B E, £30%DBEELFEITANT,
50~90mg O EiTH I N B, EE, HAFav
THERR R A 61T U 7 EBNE S CHIFE 7o < 4 AF
LT\ b, EFISILAALE v ORI EL D
<, 30mg THHAH, WHE AN T MMC
L 50mg HEIN TR Y, F80mg L7ch, A
AayO i MMC X v Evwz b xEE+ 57k
LY TRBRE RS SR DEEL BN S,
PLEDE X b, MArY .-kt b, B-
MBEED & D SER S oG 2R &, O,
B-M2 2—2 % #T Ulchif (GRIERBEG 1 »
B) T, MEEORZHOREYHET D @),
D B DREGNLMEYE, K7 - ) v IRER
D i 5 % SR D90 96 IEH N B4 5 MMC ©
BEEYEET S, MMC Ofin 20mg LLTD%
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&1k, MMC o548 50~70mg e s L 5
1, 20mg Ll ED & 13 70~90mg Ll Bt ieBd X 5
WERHE L, WAy > CiiFRe»H 32
— AT\, BERX 3B 42— AWTL, 2—-A
HTHE2~3BEMHITCTHALR 2T L DR
R A B, = ORBEFTERIER 2 Bk s g
WML, MEXYHHEL ALOLELT, UREYE
BT HERE L TRE LI, bbAHA, I
B2 Udfbo P Lkt s b ke
THZEITVH ETH IR,

WHENED RSP L BRI RNTH D 2 LT T
T hs,  BERGIC 30T, TSRS, R,
EECTEHTH o710 U, K7k
THALLHFHTHHA S, & @ L5 7 B-M#EE
ORISR, P BRI R RT M b
2 BLM O{EIRET 5 L Bbh b, BHEDOTT,
BLM o#fusiR vy, B, MR, Mikom
LD DIAD L VAR RRONELFEEEH
DEARSFT B ERAE T B0, ARGIOTF
B AHE B OB D B R T AR S T B - T,
CDLH AN DTHE, BLM Ok DiIALK
2% <, NELRETI DB\ & 2, B 7 S Fk
Urclig, BUROERESCL VAR ARRT
TREM IR E CTE Mo\ ¥72, Ak, BLM oX
T A ETHY VA, BAEESTI LY XL
WRERTTHS S, LrL, T TCRPHEEAD
X5, BLM BEIC L BFETUEDO L A4V A
TR E$20~30%Th D, SERE ML TR
B EE SR AHZ b, B-MEGETADL bz
ESE W MEIIBLM & MMC 4§55 7o M {8
Lo TREDLEELDN D, BEMACTE T,
W=z — ACHE L7 v A0S, EE
DREGIL M 4BHITH D, MO+ TOREHH T
H T, #8855 c35mg~T70mg/e ® T, BLM®
T DDA BES T D DL ST H B A4S
BLM BH|CH 5o BBV D 4 b ICRE S
1S e oo TrL A, BLM #5418 b
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ey, BLM 12 X A% 0 BEREH R X
H MMC OREFHNEE 57k, HBHWILFDOW
FHEHLE o Tnb o EnE L bhb, £ICH
HLiL 5, B ilE = — AR, S S
BRI T B & R 2T AR RS
e, TR T 5 IR B dh R 2 T
RBLTHR5 L, HEEMEAL BLM Bitd 44
DU ARV ARTEIEL T e 2 28 5,
ot < BHBIEA AT OB L Tko 4o
DEFEPE2Z b5, O, BETEONTCRT5
BLM & MMC O#RIGEEERT, @, EoH
M35 BLM O RIER & 2230G, dilla
s MMC o 8 BRI GEE $5EE R o M g0
-2, (@, BLM OMEIR S X 5 [EE Mo
G2 bIOCk&: G_2 EHJ\@%E:{& 14, 31, 32, 33) (}2 0:%”5}?%
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B, ERPROFCEEET, R I UREOFHIKBATE o7
PHFAT, HFREFSAEI L ET,

3Bk
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25:1050~-1053, 1971.

4) J.G. Blythe, J.J. Ptacek, H.J. Buchsbaum and
H. B. Latourette. Bone metastasis from carcinoma
of cervix, Cancer 36:4.5-484, 1975.

5) R.B. Livingstone and S.K. Carter, Single agents
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1970, 405pp.
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ComBINED use of X-rays and bleomycin
was initially proposed by Jergensen (1972).
The demonstration of synergism attracted
much attention from clinicians as well as
basic researchers. The question arose
whether the effect can be attributed to a
tissue mechanism or to cellular potentia-
tion. In the mean time, several investiga-
tions have been carried out to see whether
the combination is synergistic in bacterial
and mammalian cell systems (Bleehen,
Gillies and Twentyman, 1974; Terasima,
Takabe and Yasukawa, 1975; Bistrovie,
Marici¢ and Kolarié, 1976). Although the
experimental results were not consistent
among the cell lines used, the synergism
was found to a slight or moderate extent.

The potentiation presented here, with
Ehrlich ascites tumour cells treated with a
combination of X-rays and bleomycin, may
involve an interaction of different types of
damage and repair induced by both agents.

Experiments were carried out with
Ehrlich ascites tumour cells grown in
4-week-old male mice ICR/JCL, weighing
20-25 g (CLEA JAPAN Inc., Tokyo). By
inoculating 106 tumour cells i.p., the early
plateau phase of growth was reached on
the 7th day, when all the experiments were
initiated.

To assay survival of tumour cells, they
were removed from the abdominal cavity
and suspended in F10 medium (Ham, 1963)
with 109, calf serum. The cells were plated
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out in triplicate dishes of soft agar after
they had been counted with electronic
counter (Coulter, Model B) and diluted
appropriately with F10 medium. The agar
colony assay has been described in detail
by Takabe et al. (1977). The plating effi-
ciency (PE) for untreated cells was usually
40-909%,. To estimate the surviving frac-
tion, a portion of ascites was removed
from each animal just before the initial
treatment with either agent and the PE of
untreated tumour cells was assayed for
individual mice. Thus, surviving fraction
was expressed as the PE of tumour cells
treated with agent(s) divided by the PE
of untreated cells from the same animal.

Bleomyecin complex (Lot No. F100841,
Nippon Kayaku Co., Ltd, Tokyo) was
dissolved in distilled water and diluted in
F10 medium at the time of experiments.
Approximately 0-3 ml of drug solution was
injected through an s.c. route in the back
of the mouse. The volume varied slightly
with the body weight of individual tumour-
bearing mice. All irradiations were given as
whole-body doses to unanaesthetized mice
by X-ray generator (Sinai, Shimazu Rad.
Instr. Co., Ltd, Kyoto) operated at
200 KVp, 20mA with added filtration
(HVL: 1-2 mm Cu). Tumour-bearing mice
housed in individual spaces of a round,
lucite box were irradiated on a turntable
at the dose rate of 80 rad/min.

Mice bearing tumour cells were either
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treated with a single dose of 0-1 mg/kg
bleomycin or irradiated with a single dose
of 400 rad X-rays. At times indicated in
Fig. 1A, ascites fluid was removed repeat-
edly from the abdominal cavity of the
same animal and survival of tumour cells
was assayed. Starting from 1 h after ad-
ministration of bleomycin, the survival
increased quickly with time and finally
levelled off at 5 h (open circles), whereas
the X-ray survival increased rather slowly,
and almost attained a plateau at about 7h
(closed circles). The survivals, measured as
a ratio of 7-h value to the value of initial
determination (surviving fraction ratio,
after Evans et al., 1974) were 1-7 and 1-5
respectively. The number of ascites tumour
cells was determined following treatment
with either single agent. The result showed
that cells did not resume their prolifera-
tion within the 7-h observation period.
Therefore, the observed enhancement of
survival represents the repair of damage
which was potentially lethal and reparable
only when cells were in the abdominal
cavity (Belli, Dicus and Nagle, 1970; Little
et al., 1973).

. WATANABE AND T. TERASIMA

Survivals were also determined with
time after both agents were given simul-
taneously, and are shown in Fig. 1A (open
triangles). The surviving fraction ratio was
about 2-5 during the first 7 h, indicating
that repair took place as found after
administration of either single agent. The
survival level was consistently lower
throughout the 7-h period than the level
expected when damage produced by each
agent was independently repaired (broken
line).

A similar experiment was carried out
with single doses of 30 mg/kg bleo-
mycin and of 1000 rad X-rays, as shown in
Fig. 1B. The surviving fraction ratios
given by each agent were much greater
than those in the preceding experiment,
t.e., 41 for bleomycin and 4-2 for X-ray.
In this case, the survivals after simultane-
ous administration of agents (open tri-
angles) were obviously lower than the level
expected from independent (or additive)
effects of each agent (broken line). This
finding indicates that bleomycin potenti-
ated the effect of X-rays, either by inter-
fering with the repair process of, or by

SURVIVING FRACTION

TIME AFTER TREATMENT (h)

TIME AFTER TREATMENT (h)

Fra. 1.—Change in survival of Ehrlich ascites tumour cells after separate or simultaneous administra-
tion of bleomyecin and X-rays. A: open circles—0-1 mg/kg bleomycin alone; closed circles—400 rad
X-ray alone; triangles—simultaneous administration. B: open circles—30 mg/kg bleomycin alone;
closed circles—1000 rad X-rays alone; triangles—simultaneous administration. Broken line was
given by a product of surviving fractions obtained at various times after the single treatment with
bleomycin (open cireles) and X-rays (closed circles). It represents survival level which would be
expected from additive effect of both agents. Survival value with error bar denotes mean 4 s.d.

of 4 separate determinations.
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interacting with, damage induced by
X-rays. In the experiment with lower
doses as shown in ¥ig. 1A, the extent of
potentiation was 20-259%, of survival
expected for the additive effect, whereas it
was 50-85%, in the case of higher doses
(Fig. 1B). This may imply that the more
the amount of damage, the greater the
potentiation.

Fig. 2 shows the result of experiments in
which bleomycin was given to mice at
various times after X-irradiation. A group
of tumour-bearing mice was irradiated
with 400 rad at zero time. Then a single
dose of bleomycin (0-1 mg/kg) was admini-
stered to each mouse at times indicated.
A tumour-bearing mouse was used for a
single determination. Survival of tumour
cells was determined exactly 1h after
injection of bleomyecin and was plotted at
the time of drug administration (closed

1.0
0.8
0.8f
07

06 i X-ray alone

05

04} ’

FRACTION

SURVIVING

TBLM
i

1 ! 1 1 1 1 1
0 1 2 3 4 5 [ 7

TIME AFTER IRRADIATION (h)

Fic. 2.—Effect of post-irradiation exposure to
bleomyecin on survival of Ehrlich ascites
tumour cells. Straight arrows indicate times
when bleomyecin (BLM) was introduced.
Closed symbols: survival for X-rays fol-
lowed by BLM. Bar denotes the range of
determinations. Open symbols: survival for
X-rays alone (from Fig. 1A). Broken line
represents the additive effect obtained as a
product of surviving fraction at various
times after exposure to X-rays alone and
surviving fraction assayed 1h after BLM
(i.e. 0-54 from Fig. 1A).
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circles). Increase of survival after exposure
to X-rays alone (open circles) is taken
from Fig. 1A. If a single dose of bleomyecin
(surviving fraction 0-54 in Fig. 1A)
exerted only an independent effect, the ex-
pected survival level would be given as a
product of surviving fraction of both
agents, as shown by the broken line. The
results showed that the survival deter-
mined was clearly lower than the expected
value at zero time, then increased with
time and reached the level of independent
effect after about 3 h.

The next experiments (Fig. 3) were
carried out in a similar fashion to the
preceding ones, except that bleomycin
was injected at various times before X-ray
exposure. A group of tumour-bearing mice
was treated with a single 0-1-mg/kg dose
of bleomycin at zero time. From 1h on,
each mouse was irradiated with 400 rad at

1.0

0.1
0.8 BLM alone
0.7
0img/kg
ost-d
0.5F
z
©
=
(8] -
. 0.4
@
N
0.3
O
z
>
>
[+ 4
2
0.21-
sx—ray
i 1 ] ) 1 1 1 1
0 1 2 3 4 5 6 7
TIME AFTER BLEOMYCIN ADMINISTRATION (h)
Fra. 3.—Effect of pre-irradiation exposure to

bleomyein on survival of Ehrlich ascites
tumour cells. Closed symbols: survival for
X-ray with BLM pretreatment. Bar denotes
the range of determinations. Open symbols:
survival for BLM alone (from Fig. 1A).
Broken line represents the expected level of
additive effect; obtained as a product of
surviving fraction at various times after
administration of BLM and surviving frac-
tion after 400 rad X-rays (z.e. 0-495 from
Fig. 1A).
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specified times. Immediately afterwards,
the ascites fluid was removed and the
surviving fraction of tumour cells assayed.
Therefore, one animal served for a single
determination. Enhancement of survival
after administration of bleomycin alone
(open circles) is as shown in Fig. 1A. If the
effect of each agent were independent, the
expected survival would follow the broken
line, which is a product of survivals of both
agents. Experimental points were obvi-
ously lower than the broken line over the
first 3 h, and then became close to the level
of independent or additive effect. These
results revealed that (i) more than additive
effect can be obtained only when the inter-
val between two agents was less than 3 h,
whatever the order of administration, and
(ii) the potentiation is greater if two agents
are given at closer intervals.

Recently, the induction and repair of
potentially lethal damage was demon-
strated in tumour cells treated with bleo-
mycin (Takabe et al., 1974; Barranco,
Novak and Humphrey, 1975; Twentyman
and Bleehen, 1975). Nevertheless, the
antibiotic does not induce sublethal dam-
age and repair, as the simple exponential
nature of the survival curve suggested
(Terasima et al., 1972; Barranco et al.,
1975).

To effect maximal sterilization of tu-
mour cells treated with an agent inducing
potentially lethal damage, the repair must
be controlled, either by inhibiting enzy-
matic repair reactions or by fixing potenti-
ally lethal damage per se. The potentiation
found after the simultaneous administra-
tion of both agents (Fig. 1) suggests that
at least portions of the damage, either
potentially lethal or sublethal, induced by
the two agents interacted each other and
were converted to lethal damage. The
limited period of potentiation found in
Fig. 2 may suggest that the potentiation
involves X-ray-induced sublethal damage,
the repair of which normally completes
approximately 3h after X-irradiation.
Similarly, the combined effect of bleomycin
administered before X-rays may be also
related to repair of bleomycin-induced

Y. TAKABE, T. MIYAMOTO, M. WATANABE AND T. TERASIMA

damage (Fig. 3). The fact that both agents
induce reparable damage of cellular DNA
(Tsuboi and Terasima, 1970; Terasima,
Yasukawa and Umezawa, 1970; Fujiwara
and Kondo, 1973; Saito and Andoh, 1973)
may be a basis for part of the potentiation.

The observed interaction between dam-
ages due to X-ray and bleomycin may
provide practicable means to control
repair. Using transplantable mouse tu-
mour, Jorgensen (1972) demonstrated that
simultaneous administration resulted in
greater reduction in tumour weight than
alternating administration. The result
may be understood on the basis of the
damage-interaction hypothesis suggested
here.

The present study was supported by
a grant from the Japanese Ministry of
Education under the auspices of Prof. M.
Sakka, Tohoku University.
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Bleomycin: Mammalian Cell Lethality and Cellular Basis of Optimal Schedule * 2

Y. Takabe, * 4 T. Miyamoto,® M. Watanabe, ® and T. Terasima 5 ¢

ABSTRACT—Experiments on the dose- and time-dependent
changes in the survival of Ehrlich ascites tumor cells exposed to
bleomycin were done to determine a useful regimen for the effec-
tive inactivation of the tumor cells. The experimental results on
time-dependent changes in survival of bleomycin-treated cells in-
dicated that two phenomena were involved in the survival in-
crease observed after single bleomycin treatment: 1) The
bleomycin-treated cells were resistant to the second injection
when the interval between the two successive doses was within 2
hours (induced resistance), and 2) the survival was increased as a
function of time when the interval between treatments was pro-
longed (repair of potentially lethal damage). The effect of the frac-
tionated treatments was then investigated for the regimen that
minimized the induced resistance and repair of potentially lethal
damage. The results indicated that administration of a lower dose
of bleomycin at shorter intervals was more effective than other
fractionation schedules, and, on the basis of the same dose rate,
the continuous infusion regimen was more effective than frac-
tionation regimens for the sterilization of Ehrlich ascites tumor
cells.—J Nati Cancer Inst 59: 1251-1255, 1977.

Since the discovery of bleomycin by Umezawa et al. (1, 2),
the cell biology basis of tumor therapy by this drug has been
studied extensively by the use of cultured mammalian cells
(3-7) and mouse transplantable tumors (8, 9). In clinical
tumor therapy, this drug is highly effective for the control of
squamous cell carcinomas and malignant lymphomas and
has a low bone marrow toxicity (10-13). The optimal
schedule of bleomycin therapy, however, has not yet been
well established.

The dose-survival relationship between bleomycin and
cultured mammalian cells was characterized by the upward
concavity of survival curves (3-5); cells were more sensitive
at lower concentrations of the drug than at higher concen-
trations. In time-survival experiments, bleomycin induced
the resistance of cells as the time of incubation elapsed (5).
The induced resistance disappeared within 4 hours after
removal of the antibiotic, as demonstrated by a two-dose
fractionation experiment (5). We showed that fractionated
treatment given at adequate intervals sterilized cultured
mammalian cells more effectively than did continuous treat-
ment (6).

Recently, the repair of PLD induced by bleomycin has
been demonstrated in in vitro and in vivo systems (14-16).
We also reported that the repair of PLD occurs in Ehrlich
ascites tumor cells after the sc administration of bleomycin
to tumor-bearing mice (17). These results stimulated us to
seek the most effective schedule of bleomycin treatment. In
the present study, bleomycin was tested with Ehrlich ascites
tumor cells, grown in mice, for its antitumor activity,
resistance induction, and therapeutic effectiveness depen-
dent on the treatment schedule.

MATERIALS AND METHODS

Experimental animals and cells. —The experiments were
performed with 4-week-old male ICR/JCL inbred mice
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weighing 20-25 g (CLEA Japan Inc., Tokyo, Japan). They
were kept under standard conditions, 5 per cage, with pellet
food and water ad libitum. Ehrlich ascites tumor cells were
maintained by weekly ip transplantation into mice. After
the ip inoculation of 10° tumnor cells, the cells multiplied ex-
ponentially until day 4, with a mean generation time of 12
hours. The experiments were all done on day 7 after cell in-
oculation, when tumor cells were in the early plateau phase.

Test agent.—The test agent was bleomycin complex
(copper-free; Nippon Kayaku Co., Tokyo, Japan). The
agent was dissolved in distilled water and stored at —20° C.
Immediately before use, the solution was thawed and
diluted with F10 medium (18). In all experiments except
those with continuous infusion treatment, 0.01 ml drug
solution per g body weight was administered sc in the backs
of mice.

Continuous sc infusion.—The mice with 7-day tumors
were anesthetized by ip administration of 10% Nembutal.
The catheter (intravenous catheter for cut down; external
diameter, 1 mm; Atom Co., Tokyo, Japan) was inserted in-
to the subcutis of the back through the root of the tail.
Bleomycin, diluted with F10 medium, was then infused
through the catheter for 6 hours by a motor-driven infusion
pump at the rate of 0.035 ml/hour.

In witro survival assay.—The ascites tumor cells were
aspirated and suspended in F10 medium supplemented with
10% calf serum. The number of cells was measured by
Coulter electronic counter. The surviving fraction was
assayed by the soft agar technique (19). The cultures con-
sisted of two layers of agar medium (Noble Agar; Difco
Laboratories, Detroit, Mich.) that were prepared in plastic
60x15-mm petri dishes. In the top layer, an appropriate
number of cells was suspended in 3 ml soft agar medium
containing 80% F10 medium, 20% calf serum, and 0.3%
agar. The bottom layer was composed of 90% F10 medium,
10% calf serum, and 0.5% agar. This mixture was usually
prepared in 6-ml amounts and incubated in a CO, chamber

ABBREVIATIONS USED: PLD = potentially lethal damage; PE= plating effi-
ciency.
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at 37° C 1 day before use. Penicillin (100 U/ml) and strep-
tomycin (100 ug/ml) were always added to the F10 medium.
The cultures were incubated for 10 days in a CO, chamber.
The number of colonies containing more than 100 cells
was counted by an inverted microscope. PE for untreated
cells ranged from 40 to 90% under these assay conditions.
The surviving fraction of drug-treated tumor cells was ex-
pressed as the ratio of PE (drug-treated cells) to PE (non-
treated cells).

RESULTS

Text-figure 1 shows the dose-survival response of Ehrlich
ascites tumor cells after a single administration of bleo-
mycin. The lower curve determined from cells obtained 1
hour after treatment showed a rapid initial and a subse-
quent gradual fall. The upper curve represents the surviving
fraction of ascites tumor cells removed 6 hours after bleo-
mycin injection. The general shape was essentially similar to
the 1-hour survival curve. However, the survival values ob-
tained by 6-hour exposure were much higher than those ob-
tained by 1-hour exposure.

The change in survivals was examined as a function of
time after bleomycin administration (text-fig. 2). Several
repeated experiments with two different doses consistently
showed an increase of the surviving fraction. The increase
was rapid during the first 3 hours and finally appeared to
level off. The enhancement ratio of the surviving fraction
between 1 hour and 7 hours was 1.5 for 0.1 mg/kg and 3.5
for 30 mg/kg. This ratio appears related to the amount of
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TEXT-FIGURE 1.—Dose-response curve of Ehrlich ascites tumor cells ex-
posed to bleomycin in vivo. Mice with 7-day Ehrlich ascites tumor
received single doses of bleomycin at different concentrations. We
determined surviving fraction 1 hr (solid symbols) and 6 hr (open
symbols) after sc injection of the drug by removing ascitic fluid and
assaying colony survival as described in “Materials and Methods.” Limit
shown is the standard deviation of the mean obtained from 3 repeated
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TeXT-FIGURE 2.—Change in surviving fractions of Ehrlich ascites tumor
cells after exposure to bleomycin. Ehrlich ascites tumor cells were treated
with single doses of 0.1 (open symbols) and 30 (solid symbols) mg
bleomycin/kg. Ascitic fluid was aspirated at indicated times, and sur-
viving fraction of tumor cells was determined. A series of determinations
over a 7-hour period was done with the same animals. Limit shown is the
standard deviation of the mean obtained from several repeated expts.

initial damage. This enhancement of the surviving fraction
cannot be explained on the basis of either selective loss of
dead cells from the abdominal cavities of mice or preferen-
tial proliferation of viable cells during the post-treatment in-
terval, because no significant change was found in total cell
number and number of dye-stained cells until 7 hours after
administration of doses of 0.1 and 30 mg bleomycin/kg
(data not shown). In addition, the mean generation time of
the ascites tumor cells on day 7 after inoculation was ap-
proximately 50 hours. A possible increase in cell number
due to post-treatment proliferation would be approximately
one-seventh of the tumor cell population during the 7-hour
period even if the growth was not delayed. Therefore, the
observed enhancement of survival with time indicated that
the bleomycin-induced damage could be repaired in vivo.

In earlier reports (5), we described that cell resistance to
bleomycin was reversibly induced when cultured L5 cells
were incubated with the drug. To see whether a similar kind
of resistance was induced in in vivo tumor cells, we did two-
dose (in vivo-in vitro) fractionation experiments with
Ehrlich ascites tumor cells (see legend to text-fig. 3). The
lower curve of text-figure 3A represents the two-dose sur-
vivals. The broken line indicates the two-dose survival level
expected on the assumption that the resistance of cells to
bleomycin was not induced by the first administration of the
drug. The two-dose survival level at 1 hour after injection
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mice at 0 hour. At the indicated times after injection, the ascitic fluid
was aspirated from each mouse and diluted. Cells (10%) were then in-
cubated with growth medium containing 50 ug bleomycin/ml for 1 hour
(test dose) in a COp chamber at 87° C. When the treatment was ter-
minated, the cells were removed from the chamber and rinsed three
times with F10 medium; a known number of cells was plated to triplicate
soft agar dishes for survival assay. Dotted line is the time-survival curve
obtained from single shot of 0.1 (A) and 30 (B) mg bleomycin/kg
(redrawn from text-fig. 2). Solid square represents surviving fraction of
50 ug bleomycin/ml, 1-hour treatment of tumor cells aspirated from
untreated control mouse. Broken line is obtained from the product of the
surviving fractions shown by dotted line and survival shown by solid
square (0.15). Limit shown 1s standard deviation of the mean obtained
from 3 repeated expts.

was higher than expected, whereas survival at the other
points from 2 to 7 hours were slightly lower than expected.
The results indicated that the resistance was induced 1 hour
after injection of 0.1 mg bleomycin/kg but disappeared
within the next 1 hour. The survival increase from 2 hours
onward appeared due to the repair of PLD. Similar ex-
periments were repeated with a single dose of 30 mg
bleomycin/kg. Resistance greater than that with 0.1 mg
bleomycin/kg was induced 1 hour after injection but disap-
peared within 2 hours (text-fig. 3B).

Text-figure 4 shows the results of the fractionated
treatments with bleomycin on Ehrlich ascites tumor cells.
The two groups of tumor-bearing mice were treated
repeatedly with 0.1 or 30 mg bleomycin/kg. The interval
was 1 and 3 hours for each group. The survival curves were
biphasic for all four regimens. In the upper two curves with
0.1 mg bleomycin/kg, the cell inactivation rate of the ter-
minal portion by the 1-hour interval was greater than that
by the 3-hour interval. In the lower two curves obtained
from 30 mg bleomycin/kg fractions, the results were con-
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TEXT-FIGURE 4.~— Tumor cell survival curve after fractionated treatment
according to different schedules. Upper two curves show surviving
fraction of Ehrlich ascites tumor cells after treatment .with 0.1 mg
bleomycin/kg dose fractions given at 1-hour (open symbols) and 3-hour
(solid symbols) intervals. Lower two curves show results of similar expt
except that 30 mg bleomycin/kg dose fractions were used. Survivals were
determined by the removal of ascitic fluid for colony assay 1 hour after
every administration of bleomycin. The values were plotted as a function
of total amount of bleomycin used.

trary to those with the low dose, i.e., the cell inactivation
rate was greater for the $-hour interval than for the 1-hour
interval.

From the results shown in text-figure 4, we expected that
the continuous infusion of bleomycin might be most effi-
cient for the inactivation of ascites tumor cells when a dose
rate equivalent to 0.1 mg/kg fractions at a 1-hour interval
was used. To confirm this, bleomycin was continuously in-
fused to a mouse with a 7-day tumor at the dose rate of 0.1
mg/kg/hour during 6 hours (text-fig. 5). The survival
curve, drawn by the method of least-square regression,
showed a slight upward concavity, and the extrapolation of
the terminal component to zero dose was 0.87. The inactiva-
tion rate by fractionated treatments (text-fig. 4) and con-
tinuous infusion (text-fig. 5) is given in table 1. The result
shows that the terminal slope obtained from continuous in-
fusion was greater by a factor of 1.5 than that of the frac-
tionated treatment at the comparable dose rate.
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TEXT-FIGURE 5.— Tumor cell survival curve after infusion of bleomycin.
Ehrlich ascites tumor cells were treated with bleomycin infused at the
dose rate of 0.1 mg/kg/hr. Surviving fraction was assayed every hour
from the beginning of infusion. Each value is the mean survival % sp.
Solid line represents the regression line based on data of three separate
expts. Broken line shows the survival curve by treatment with 0.1 mg
bleomycin/kg at 1-hour intervals (redrawn from text-fig. 4).

TABLE 1.—Inactivation rate of Ehrlich ascites tumor cells by dif-
ferent regimens

Inactivation constant

Treatment regimens unit dose-!
0.1 mg bleomycin/kg

1-hr interval 0.862

3-hrinterval 0.363
30 mg bleomycinfkg

1-hr interval 0.006

3-hrinterval 0.013
0.1 mg/kglhr

(continuous infusion) 1.270
DISCUSSION

Repair of PLD in bleomycin-treated cells has been shown
by several investigators (14-17). These experimental results
strongly suggest that the repair of PLD by bleomycin also
develops in human tumor cells and affects the therapeutic
results. Therefore, the rational treatment schedule should
be based on cell repair kinetics to improve therapeutic
results.

Firstly, the results shown in text-figure 1 indicated that
the dose-response curve of Ehrlich ascites tumor cells was
biphasic, with the inflection point at the region of 0.25-0.5
mg bleomycin/kg. The D377 doses of initial and final slopes
were 0.15 and 23 mg/kg, respectively. This indicates that in
fractional use of the drug, doses below the inflection point
are far more efficient to inactivate Ehrlich ascites tumor
cells than are doses beyond the inflection point. Secondly,
we must discuss the particular time-survival relationship.
There may be two factors, i.e., resistance induction and
PLD repair, both of which affect the time-survival relation-

7 Concentration needed to yield 37% survival in the exponential region
of the survival curve.
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ship of treated Ehrlich ascites tumor cells. Text-figure 3 in-
dicates that 1) the induction of resistance was demonstrated
1 hour after injection of bleomycin and then disappeared
within 2 hours, and 2) the extent of resistance induced after
a dose of 0.1 mg bleomycin/kg was distinctly smaller than
that induced after 30 mg bleomycin/kg. If induction and
disappearance of the resistance alone were taken into ac-
count, the most effective schedule of bleomycin administra-
tion in this tumor system would be a fractionated treatment
at 2-hour intervals. However, the time-survival curve of
Ehrlich ascites tumor cells was also characterized by PLD
repair (text-figs. 1, 2). The amount of repair becomes
greater as the time of interval between fractions increases.
This finally results in the higher rate of survival of tumor
cells. The ultimate consequence of the two contradictory ef-
fects was examined by fractionated treatments of Ehrlich
ascites tumor cells with 0.1 and 30 mg bleomycin/kg (doses
below and above the inflection point) at 1- and 3-hour inter-
vals (text-fig. 4). To compare the effectiveness of the four
fractionation regimens, we determined the inactivation con-
stant of terminal slopes by assuming that these slopes are ex-
ponential (table 1). From the data, it is clear that the
greatest cell inactivation rate is obtained with 0.1 mg
bleomycin/kg given at 1-hour intervals. The low inactiva-
tion constant obtained with the same dose at 3-hour inter-
vals may be attributed to the PLD repair developed during
the interval.

The results with 0.1 mg bleomycin/kg dose fractions sug-
gest that the drug administration at the shortest interval can
minimize PLD repair which normally develops between
fractions. This was demonstrated by the continuous infusion
experiment. The inactivation constant determined from the
terminal slope of the survival curve was 1.270, which was 1.5
times greater than the value obtained from administration
of drug at 1-hour intervals (see table 1). This finding implies
that infusion is more efficient than fractionation in steriliz-
ing Ehrlich ascites tumor cells, if the dose rate (mg/kg/hr) is
comparable.

A question arises whether a treatment schedule so optimal
in this particular tumor system can be applied to other ex-
perimental tumors or human cancers. Recently, experimen-
tal results have been obtained with transplantable mam-
mary carcinoma of C3H mice, demonstrating that tumor
growth was significantly more affected by continuous infu-
sion than by fractionated treatment with the same total dose
(Urano M: Personal communication). Cvitkovic et al. (20)
reported the therapeutic results of treatment of squamous
cancer of the cervix and of head and neck areas with con-
tinuous iv infusion of bleomycin. They obtained the high
response rate of 53% in a small series of 17 patients. Fur-
thermore, Samuels et al. (21) reported the high rate of com-
plete response in patients with stage III testicular neoplasia
to infusion of bleomycin with the combined use of
vinblastine. The present studies strongly suggest that the
PLD repair is minimized by infusion and that similar
kinetics may underlie several successful clinical trials.

Finally, in view of the lethal side effects of bleomycin, a
possibility cannot be disregarded that continuous infusion of
the drug at a low concentration may reduce the total
amount consumed and, thereby, the occurrence of lung
fibrosis (10-13, 22).
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CELL CYCLE DEPENDENT RESPONSE AND COMBINED TREATMENT OF TUMOR

T. Terasima, H. Onara, T. Mivamoto*, M, WATANABE,
Y. Takape and [. WATANABE

Division of Physiology & Pathology, and Hospital*,
National Institute of Radiological Sciences,
Chiba, Japan

Tumor growth is affected in a number of ways, e.g., endocrine function, immune capacity and
general nutritional state of host as well as direct and indirect action of exogenous agents administered.
To understand the response of tumor to various agents, we would usually envisage a simple scheme of
tumor structure shown in Fig. 1. It represents that growing fraction of tumor is nourished through well
developed blood vessel and as it grows, a part of the fraction shifts toward non-growing fraction the
cells of which are, in turn, subjected either to differentiation, exfoliation or to necrosis as indicated by
thick arrows. When exogenous agents are adminis-

Fig. 1. Schematic illustration of tumor structure
tered, each fraction in a tumor responds differently

as shown by thin arrows. Blood vessel may also be Blood Vessel
affected directly by the treatment or indirectly

through parenchymal response. In general, a re- ¢y Fraction

sponse of tumor to a given treatment can be ascribed Growing pifferentiation
. , I Fraction g lonogenic | gxfoliati
to three major factors, Le., tumor cell sensitivity, Taction | Cifeliation
Removal

tumor cell kinetics and stromal reaction.

Making use of cultured mammalian cells, a sensitivity of tumor cells was studied extensively by
radiobiologists, and it was well known that a sensitivity depends on cell cycle stages, growth phases,
extent of oxygenation, tissue origin and even extent of differentiation, of tumor cells. In a recent decade,
more and more information has been obtained regarding mechanisms which involve in a sensitivity of
tumor cells. Capacity of cells to repair sublethal or potentially lethal damages given by various
exogenous agents essentially determines a sensitivity of cells. As we have demonstrated with bleomycin,
the cell-drug interaction greatly modifies cell’s sensitivity". All these processes would be worth con-
sidering, if a rational basis should be obtained for an enhancement of therapeutic efficacy which may be
produced either by combined use of, or even by scheduled administration of, two or more agents. In this
communication, however, we would like to confine the subject area to the cell cycle dependence of
sensitivity.

I. Cell Cycle Dependence of Radiation Response

It has long been assumed that a target for mammalian cell killing by radiation appears to be DNA
molecule and its associated structures. Many, either strong or suggestive, evidences in favor of the
theory have been occasionally reviewed*®. Assuming the genome theory it would be expected that
mammalian cells change their sensitivity to radiation as they progress through the cell cycle. This was
first demonstrated by Terasiva & Towmacn*® in 1961 by virtue of synchrony technique of cultured
mammalian cells developed by themselves®. Fig. 2 schematically illustrates the change in colony sur-
vival obtained after a single dose of X-rays given at each age of the HeLa cell cycle. The single dose
survival pattern revealed that the G1-S transition point and the G2-M period were found more sensitive
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than the remainder of the cell cycle whereas the Fig. 2. Change in X-ray survival during mammalian

. . 1l cycle
early G1 and the late S perio e ce - ,
~y ) t ) p ds wer ‘relatlvely M: mitosis, G1: pre DNA-synthetic period, G1':
resistant, mainly reflecting the change in a slope pre DNA-synthetic period lacking early G1 portion,
(or Do value: mean lethal dose) of the dose- St DNA-synthetic period, G2: post DNA-synthetic
period.

survival curve. The basis of the change cannot be

. X-RAY SURVIVAL RESPONSE VS CELL CYCLE
attributed only to the amount of DNA as ex-

pected initially, and will be discussed elsewhere. K————— HelLa Cells ———3
Since then, various mammalian cell lines & Chinese Hamster Cells —)

were tested for cell cycle dependence of

radiosensitivity and found to be essentially

FRACTION

identical in the pattern of response, although a
resistant peak of the early G1 was not discernible
for some strains of Chinese hamster cells

SURVIVING

phenotypically defective in such cells as

probably because the early Gl property was
7] o

characterized by their extraordinary short Gl

eriod (designated asG1)”. . e
p ( & Gl) Fig. 3. Radiation-induced progression delay of HeLa

Another remarkable action of radiation on S3 cells resolved into cell cycle periods
cells, as demonstrated by the synchrony 61 G2 M
technique, concerns the progression (or traverse) | N\\\\\\\\\\\} !\
of cells through the cell cycle. This was also cell ’ X\\\\\\\\N X B
cycle dependent, as shown in Fig. 3 where the R
response of HelLa cells to 300 rad X-rays was I E\ \\\ \\ q T
schematically given. If G2 cells are irradiated the [ f\\\\ \\] ‘

next mitosis delays remarkably (G2 arrest). If a

5
radiation is given to S cells, the S period prolongs l AN \\\\§ ]
by a slowing-down of DNA synthesis. This is due to damage in the machinery of replication which can

be ultimately repaired®. G1 cells are relatively insensitive to radiation. Irradiation of G1 cells does not
produce any appreciable prolongation of cell cycle periods except for G2. In this connection, it may be
important to note that the G1 period of normal cells tends to be prolonged by irradiation. It may suggest
a possible difference in proliferation machinery between normal and tumor cells”. Damage given at M ~
period does not become apparent until the cells reach the S and G2 period. As a whole, a damage
responsible for G2 prolongation is induced commonly in cells whatever the period they were. It seems
that such particular damage is maintained as a form of chromosome aberration as revealed by
premature chromosome condensation technique'®. Above findings in relation to cell cycle dependence
may be of great importance in understanding the kinetics of tumor cell population affected by

exogenous agents as well as radiation.

II. Data for Cell Cycle Response to Antitumor Agents

Since the demonstration of cell cycle dependent radiation response by Terasima & ToLmach and
other researchers, similar sort of information has accumulated for various antitumor agents including
cytotoxic drugs and anti-metabolites. Most studies have concerned effect of agents on cell progression,
especially on DNA synthesis period. With regard to survival response pattern during the cell cycle,
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relatively small number of reports have been Fig. 4. Survival response during the cell cycle of
available since the middle of 1960s, except for a various cultured mammalian cells to single doses of
bleomycin and mitomycin

Bleomycin: o LS5 mouse fibroblast cells (20
In an attempt to find a general pattern of pg/ml, 1 hour)*”, » T1 human lymphatic leukemia
cells (50 pg/ml, 1 hour)'™, o CHO Chinese hamster
cells (100 ug/ml, 0.5 hour)', e Hela S3 human

few extensive investigations'' ¥,

cellular response in relation to the cell cycle, we

have selected data which clearly indicate a cell cervical carcinoma cells (20 wg/ml, 1 hour)'”, a

survival response over the entire cell cycle, and P3HR-1 Burkitt lymphoma cells (20 wg/mi, 1
. , hour)', Mitomycin: e Hela S3 cells (0.5 ug/ml, 1

tried to conform our and others’ data to constant hour)™™.

cell cycle parameters in rather schematical way, It 1.0

was also expected that the attempt may permit us [
to compare action mechanism of various agents. ~

Among data was apparent inconsistence in i
various respects, e.g., dosage of agents, cell
strains used and method of synchronizing cells.

For the first approximation, a normalization of

e

DNA cycle parameters was made on a basis of

SURVIVING FRACTION

adequate assumption and, in some cases, ar-

bitrarily. However, survival data were not able to 3

normalize to a given level since a dose-survival Gl GV PSS AG2 M

relationship was not generally known.

Fig. 4 shows the bleomycin survival during the cell cycle of several cultured mammalian cells'*'®,
Survival level is different among cell lines, depending upon their sensitivity and the dosage given. A
consistent finding was that the early G1 and the S period appeared to be less sensitive than the remainder
of the cell cycle, although human lymphoma T1 cells did not show a G1 resistance since the G1 period
was extremely short (G17) as compared to those of other cell lines, presumably lacking its early portion.
From the figure we can readily see that various mammalian cells respond in essentially similar way to
bleomycin over their cell cycle, just as found in X-ray response.

Mitomycin response given in the same figure revealed a particular single peak pattern where G2-M-
G1 consecutive periods were more sensitive than S period'®.

The data for survival response of two Chinese hamster cell lines and of HeLa cells to several other
antitumor agents are put together in Fig, 5''22°20_ Ag indicated typically with some mustards, all the
drugs showed sensitive troughs at G1-S transition and G2-M period, and the patterns were practically
consistent with those of bleomycin and X-rays. Although G1 survival peak was not always remarkable
with Chinese hamster cells, response of Hel a cells to actinomycin and nogalamycin-(data not shown)
could supplement it'". It has also been reported that relatively high concentration of inhibitors for
protein synthesis appears to give the similar pattern to those in this figure'"’.

Contrary to preceding agents, there are a group of agents showing entirely different pattern of
response'''##223:2% = Ag shown in Fig. 6, DNA synthesis inhibitors like hydroxyurea affected S cells
exclusively. Cytosine arabinoside, 5-fluorodeoxyuridine, adriamycin and others belonged to this group.
Therefore, the response pattern represents a single sensitive trough in S period and a relatively resistant
period for the rest of the cell cycle. Interesting was that a few mitotic inhibitors, such as colchicine and
vincristin, exerted the similar effect.

As roughly depicted in Fig. 7, several antitumor agents examined appear to fall into two types, i.e.,
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Fig. 5. Survival response during the cell cycle of

mammalian cells to various antitumor agents (I)
BCNU: e Don Chinese hamster cells (2 pg/ml, 1
hour)'®
Neocarzinostatin: @ Don cells (1 ug/ml, 1 hour)'?
Actinomycin D:
a Don cells (0.2 ug/ml, 1 hour)'®
A---V79 Chinese hamster cells (1.4 pg/ml, 0.5
hour)*”
Nogalamycin:
o Don cells (2 ug/ml, 1 hour)'®
o- - -HeLa S3 cells (1 ug/ml, 3 hours)'"
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Fig. 6. Survival response during the cell cycle of

mammalian cells to various antitumor agents (11)
Hydroxyurea:
m Hela S3 cells (10 mM, 4 hours)*?
|- - -V79 cells (1 mM, 1.2 hours)*”
5-FUdR: X Don cells (20 ug/ml, 1 hour)'®
5-Azacytidine:e Don cells (100 ug/ml, 2 hours)'*
Adriamycin: a Hela S3 cells (0.3 ug/ml, 1 hour)’®
Cytosine arabinoside: o Don cells (100 pg/ml, 2
hours)'?
Camptothecin: 0 Don cells (2 ug/ml, 1 hour)'®
Colchicine: a HeLa S3 cells (0.5 ug/ml, 3 hours)'"

Nitrogen mustard: 0 Hela S3 cells (0.5 pg/ml, 0.5 Vincristine: v HeLa S3 cells (0.1 ug/ml, 3 hours)'"’

hwr )
Uracil mustard: ¢ HeLa S3 cells (7.5 ug/ml, 0.5 o
hOUl')]” N
Sulfur mustard: a V79 cells (0.18 pg/ml)*"
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X-ray type (designated as R) and hydroxyurea type (designated as H), in terms of response pattern
through the cell cycle. Only exception appears to be mitomycin as shown by dotted line. Notable find-
ings are that (i) the agents ‘“R’’ are usually known to be radiomimetic, alkylating or DNA-attacking
agents, whereas “H”’ are grouped as DNA synthesis inhibitors and mitotic poisons, (ii) the patterns are
grossly reciprocal; therefore, their effects may be complementary. Some of other agents studied as yet
may be classified into either group and some others, which were not shown, may be rather dissimilar.
The complete grouping of drugs awaits further detailed investigation.

Not only a lethal effect of agents but an effect on cell progression appear to be clearly different
between above two categories of agents. Among R agents mitomycin and bleomycin have been known to
manifest cell cycle dependent progression delay which were qualitatively similar to those induced by X-
rays, as summarized in Fig. 8'*?%?%_ In addition to the effect on G1 and S period, BCNU is also known
to induce considerable G2 prolongation®”. However, the relative response of each cell cycle period may
be quantitatively different from one agent to another.

Hydroxyurea and other H agents normally prevent the entry of G1 cells into S period as long as the
agents are present in the medium. Exceptional may be camptothecin which does not prevent the entry?®.
It has also been known that hydroxyurea affected G2 progression*”’ and adriamycin produced the
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Fig. 7. Pattern of cell cycle dependent sensitivity of
mammalian cells to antitumor agents
Dotted line represents the mitomycin survival.

Type of Category Age response
response of drugs patiern

X-Roy type R /-\/\
HU type H W

Fig. 8. Drug-induced progression delay resolved into

cell cycle periods
BLM: bleomycin, MC: mitomycin

G1 S G2 M

lmc \ \f

progression delay at all stages of the cell cycle, especiallyin late S and G2 period***"’. In general, it can be

noted that R agents affect cell progression even after a pulse treatment, while the effect of H agents on

DNA synthesis or DNA-synthesizing cells seems likely to be reversible with some exceptions.

III. Designing of Tumor Therapy Based on Cell Cycle Dependent Response

As mentioned in foregoing sections, antitumor agents sterilize, or delay progression of, tumor cells

at specific stage(s) more effectively than those in the rest of cell cycle. Accordingly, a combined use of

two or more agents would enhance the tumor cell sterilization, if combination and timing of ad-

ministration were adequately fixed.

Possible basic schemes are listed in Table 1,
where dot, bar and broken line denote
simultaneous use of two agents, timed ad-
ministration of agents and interval between unit
treatment, respectively.

Scheme la may be useful only when R
potentiates effect of R’. In that case, an in-
teraction between damages given by each agent or
a repair inhibition by either agent would be in-
volved®*3**%_ In scheme Ib the synchrony in-
duced by the first agent may be taken as ad-
vantage. For instance, bleomycin causes cells to
arrest in G2 period*>®. Fig. 9 illustrates the
direct demonstration of G2 accumulation

Table 1. Possible combination of agents for
tumor cell sterilization

Ia  R-R ---R-R -
I R-R'---R-R -

a R-H --—-R-H -
ilb R-H --—-R-H -

I HH - HH -

Fig. 9. Distribution of cellular DNA contents in un-

NUMBER OF CELLS

treated and bleomycin-treated HeLa S3 cells

Cells grown 40 hours after trypsinization were
treated with 5 pug/ml of bleomycin for 10 and 24
hours. Cells were stained with propionium iodide
solution and the DNA content was determined in
aliquots of 10° cells with a flow cytofluorometry. As
compared with untreated control shown in the upper
panel, the profile of treated cell populations in the
lower panel indicates a remarkable accumulation of
G2 cells.
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developed in bleomycin-treated HeLa S3 cells. It would then become possible to sterilize the G2
population by the second agent. Based on the reciprocal pattern shown in Fig. 7, one would expect that
the scheme Ila exerts a complementary effect. A verification by well-designed experiments is awaited.
The scheme IIb also seems promising. Experiment carried out by one of the authors (I.W.) demon-
strated that single 1 krad dose of X-rays induced cultured mouse leukemic cell population a remarkable
retention (almost 90 %) in the S period after 4 hours. The resultant surviving S population may be ef-
fectively managed by H agents. Scheme Il was suggested previously by Buuyan ef al.?®. In either
scheme the interval between unit treatments constitutes an essential problem for the present therapeutic
design. The solution must be left to further investigation of tumor cell kinetics.

IV. New Clinical Trial: Bleomycin-Mitomycin Combination

Since 1974 one of us (T.M.) has initiated the combination chemotherapy of lung metastasis of
cervical carcinoma’®®. The remarkable results so far obtained will be briefly touched on in the final
section.

Primary tumors of squamous cell type at stage II or III had been treated by radiation in NIRS. No
local recurrence was recognized when the chemotherapy was given. The unit treatment was 5 mg
bleomycin per day infused i.v. for consecutive 5 to 7 days followed by single i.v. administration of 10
mg mitomycin (as shown by Ib in Table 1). Usually 4 to 5 courses of the unit treatment given at a week
interval were carried out as the induction therapy and followed by the additional treatment for main-
tenance. Out of 15 patients treated until the end of 1976, 12 (80 %) showed complete remission and only
1 did not respond. In most cases, metastatic tumors in lung and other organs (bone and liver) disap-
peared after 2 to 3 courses. Fig. 10 indicates a change in tumor volume as measured on chest X-ray films
which were taken at intervals after initiation of the treatment. Response in terms of tumor volume to the
treatment appeared to lag for approximately a week and, then, the volume began to decrease at an
exponential fashion. The volume reduction rate

Fig. 10. Change of volume of metastatic lung tumors
ranged from 3 % to 11 % per day. Average 90 % during the course of B-M therapy

volume reduction dose determined from response

of 9 cases was 67 mg bleomy¢in and 20 mg
DAYS OF TREATMENT
30 40 50 60

y T

mitomycin, being equivalent to the dosage of two

courses of the unit treatment. It would be con-
cluded that bleomycin pretreatment evidently

potentiated the effect of mitomycin by a factor of w
about 10, since the treatment of lung cancer with §
mitomycin alone required approximately 200 mg :
for the 90 % volume reduction. g
The reason for the remarkable potentiation g
may not be answered immediately. However, our z o,
assumption based on cell cycle dependent ’2‘
response data is that the consecutive bleomycin &

. 0.05
treatment arrests most tumor cells in the G2

period, allowing a portion of them to move into

.. 35 70 108 BLM(mg/body)
the early next cycle and makes surviving tumor e
10 20 30  MMC(mg/body)

cell population more susceptible to the action of (Miyamoto et al. 1977)
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mitomycin as a G2-G1 attacking agent. Also, synergistic effect on non-proliferative fraction of tumor as
well as on stromal component may not be disregarded.

Y. Summary

Attempt was made to summarize data indicating cell cycle dependence of survival response to
various antitumor agents. Normalized patterns of survival response permitted us to group agents into
two major ;ategories. It was known that effect of agents on cell progression was not only related to
respective periods of the cell cycle but also rather specific for each category of agents. The extent of
progression inhibition was not compared on a quantitative basis. On the basis of above findings a
rational combination and a scheduled administration of agents for effective sterilization of tumor célls
were considered.
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EFFECTIVENESS OF A SEQUENTIAL COMBINATION OF
BLEOMYCIN AND MITOMYCIN-C ON AN ADVANCED
CERVICAL CANCER

Tapaaki MivaMoTo, MD,* YOSHINOBU TAKABE, MD," MICHINORI WATANABE, MD,’

anND Tovozo TERASIMA, MD!

Fifteen patients with squamous type of metastatic cervical cancer were treated
with a sequential combination of bleomycin (BLM) and mitomycin-C(MMC)
as follows: 5 mg of BLM daily for 7 days followed by a single injection of 10 mg
of MMC. After 1 week of rest, this course was repeated two to five times
depending on the responses or adverse effects. Fourteen out of 15 patients
(93%) responded, with a complete remission in 12(80%) and a partial remission
in two (13%). During the courses one patient died of lung fibrosis. Four of 12
complete responders had reccurrence after 4.5 months; and three of them died
of relapse with a median survival of 7 months, but the fourth one is living. After
the treatment one patient who received a booster shot of MMC and five patients
with maintenance therapy of Carboquon, all are alive without relapse at an
average of over 17 months. These results offer a hopeful prospect for the control

of metastatic solid cancers of the squamous cell type.
Cancer 41:403-414, 1978.

rromycin-C(MMC)  aAND  BLEOMYCIN

(BLLM) were discovered by Hata e/ a/. in
1950'" and Umezawa ¢ al. in 1966,* respec-
tively. After extensive studies of these antibiotics
over many years, they have come to assume an
important position in cancer chemotherapy.
BLM is effective for lymphomas, testicular can-
cer and various types of squamous carcinoma.
The remarkable effect of this drug on squamous
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cancer, together with the low bone marrow tox-
icity, makes it an unique agent. After the initial
observation of Ichikawa ef al.,'* there have been
a number of reports demonstrating the moder-
ate sensitivity of all types of squamous cancer to’
BLM. However, this drug, if used singly, was
more effective for well-differentiated types, and
there has been an attempt to enhance its effect
by combining it with other agents such as x-ray
or other drugs.™”

Following Ichikawa’s first proposal of the pro-
tocol for BLM therapy, this drug has generally
been given in a dose of 15 mg twice a week. The
rationale of this protocol remains questionable,
however. During the last several vears we have
investigated a principle for BLM therapy based
on cell inactivation kinetics.? Our conclusion
has been that fractionated treatment with BLM
at the lowest practicable dose inactivates cells
most efficiently.” Based on this, we usually gave
BLM at a dose of below 5 mg every day.

In Japan MMC is now considered as one of
the most reliable anti-cancer agents. This drug
has chemotherapeutic effects against various
kinds of solid tumor such as cancers of the gas-
trointestinal tract, ovary, breast and lung. The
long-term clinical trials with MMC have dis-
closed that the drug should be administered in a
larger dose at a longer interval rather than at a
smaller dose at a shorter interval. This empirical
schedule agrees with the experimental one sug-

0008-543X-78-0200-0403-0115 © American Cancer Society

CANCER 41, 403-414, 1978
Reprinted by permission of J.B.Lippincott Co. (Philadelphia).
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Fic. 1. An illustrated protocol of bleomycin and Mitomy-
cin-C (B-M) therapy.

gested by the dose response curve of MMC with
a shoulder,®* which implied that the drug
killed the cells more efficiently as the dose ex-
ceeded the shoulder region of the curves. Con-
sidering the hematopoietic damage and recov-
ery, we usually adopt a dose of 6 to 16 mg for
MMC depending upon the patient’s weight.
As discussed later, the effect of BLM and
MMC in single and systemic use on metastatic
cervical cancer was about 20 to 30% in response
rate without complete remission. In contrast, a
combination chemotherapy using BLM and
MMC in a sequential manner resulted in a com-
plete remission rate of 80% without increasing
adverse effects of any significance in patients
with squamous cancer. This unique combina-
tion, for which the first hint was provided by one
of the authors (T.M.), was based on the (in vitro)
information of the specific effect of MMC on

TasLe 1.
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the cells at G2 synchronized by successive
treatment with BLM. The clinical results ob-
tained with our protocol using this combina-
tion will be presented.

MATERIALS AND METHODS

Since July 1974, 16 patients with uterine car-
cinoma were treated with BLM and MMC
given in a sequential manner at the Hospital of
the National Institute of Radiological Sciences,
Chiba. Fifteen of them had cervical cancer of the
non-keratinizing squamous type. Only one had
endometrial cancer with adenocarcinoma. All
except one (case 2) were in stage II or III at the
time of radiotherapy but had distant metastases
in the lungs and elsewhere at the time of chemo-
therapy. Case 2 was thought to be in stage IV
because the lungs were involved when the pri-
mary lesion was found.

Drug Regimens

The protocol for therapy (abbreviated as B-M
therapy) is illustrated in Fig. 1. BLM in a dose
of 5 mg dissolved in 500 ml of 5% glucose was
given intravenously every day for one week fol-
lowed by the injection of MMC at a dose of 10
mg dissolved in a 20 ml of 20% glucose on day 8.
The course was usually repeated five times with

Patient and Initial Treatment

Initial treatment

No.of  Dose (mg)
B-M - Re- Lengthof Re-
Patient Age Sites of metastases Regimen courses BLM MMC sponse CR (mos) lapse
1YL 64 Lung (B-M)Y+ M+ M +.. 1 70 50 CR > 30 -
2. AN. 69 Lung (B-M)+ M+ M +.. 1 30 26 CR 4 +
3.5.0. 43 Lung (B-M) + (B-M) +.. 5 175 50 CR 5 +
4. Ki.K 39 Lungs (B-M) + (B-M) +.. 5 175 50 CR > 18 -
5. A K. 55 Lung, mediastinum (B-M) + (B-M) 2 70 20 CR 4 +
* abdominal node
6. N.S. 53 Lungs, (local relapse) (B-M) + (B-M) +.. 4 140 40 CR -
7. Ka. K. 53 Lungs, bones (B-M) + (B-M) +.. 5 140 40 CR 2 +
8. Y.M. 49 Lungs, liver, bones (B-M) + (B-M) +.. 5 175 50 CR > 11 -
9.1.U. 43 Lungs, inguinal node (B-M) + (B-M) +.. 3 105 40 CR >5 -
10.S.Y. 73 Pelvic and abdominal (B-M) + (B-M) 2 "0 20 >12 -
nodes, bone (Radiotherapy)
11.M.L 51 Liver, bone, pelvic node  (B-M) + (B-M) +.. 3 105 30 PR +
12.K.Y. 41 Pelvic and abdominal (B-M) + (B-M) +.. 4 105 40 CR >5 -
nodes, sacral bone (Radiotherapy)
13. H.K. 43 Neck node, lungs (B-M) -+ (B-M) 2 70 20 NR
14. T.N. 67 Bone, liver, lungs, skin,  (B-M) + (B-M) +.. 4 130 40 PR +
neck node
15. T.B. 43 Bone, skin, neck and (B-M) + (B-M) +.. 4 140 40 CR >3 -
inguinal nodes
16. F.S. 53 Bone, lung, liver (B-M) + (B-M) 2 70 20 NR

CR: Complete Remission, PR: Partial Remission, NR: No Remission,

(B-M): one course of B-M therapy.
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Retreatment, Maintenance and Survival

Retreatment

Chemotherapy

Maintenance

Dose (mg) Kadio- Total dose
e therapy Duration of Survival
Patient Regimen BLM  MMC  (rad) {month) CQ (mg) {mos) Cause of death

i N+ M 20 > 30

z (B-My A N+ M 18 13 Relapse

5 (B-M 10 4000 4.5 67.5 > 20

4 6.0 90 > 18 _

5 4 Esophageal perforation
G % Lung fibrosis

7 (BN 35 10 4000 4.0 32 7 Relapse

& 2.0 3¢ > 11

Q >
1o 5.0 75 > 12
I 0.5 5 4 Necrosis of liver meta..

relapse
12 3.0 45 >5
13 FT.207% >5
CQr
14 >4
15 >3
16 FT-207* 5 Progression
cQr

* Froraful: N-(2'furanidyl)-5-fluerouracil

intervals of 1 week’s rest period. When retreat-
ment for relapse was necessary, another course
was given followed by single dose of MMC and/
or irradiation. In case 1 MMC in a dose of 10
mg was injected twice for consolidation 2 and 3
months after complete remission had been
achieved. In order to prevent recurrence, main-
tenance therapy with a daily oral dose of 0.5 mg
of Carboquon (CQ)) was given. This medication
starting 2 or 3 weeks after complete remission
was planned to last for 6 months.

Evaluation of Responses

Complete remission (CR) was defined as the
disappearance of all clinical evidence of tumor.
Some tumors that received B-M therapy were
apt to change into scarlike on roentogenogram.
Therefore, complete remission for the patients
with these tumors was carefully identified by
confirming no tumor regrowth of over 3 months.
Partial remission (PR) was defined as a 50% or
greater decrease in tumor volume. Other re-
sponses were classified as no remission (NR),

REsuLTs

The overall clinical data in this study are
summarized in Tables 1 and 2.

+CQ: Carboquon (Carbazilguinone)

Response to Initial Treatment

Of the 15 patients with cervical cancer, 14
(93%) had remission, CR in 12 patients (80%)
and PR in two (13%). One patient with endome-
trial cancer did not respond. Table 3 shows the
signs and symptoms of the responders before
therapy and the number of B-M courses to
achieve complete remission. All the signs and
symptoms disappeared within two courses on
the average, and in three courses at the longest.
Case 12 in Table 3 is described because she is a
representative patient.

She was a 40-year-old housewife. In Septem-
ber 1975, she first had genital bleeding which
was found to be from a cervical cancer stage I11.
She immediately received radiotherapy in our
hospital with good response. In March 1976,
however, bilateral leg pain and numbness devel-
oped and she could not walk. On readmission,
she had urinary and fecal incontinence. Bone
roentogenogram showed destruction of the 5th
lumbar spine and sacral bone. and scintigram
(Fig. 2, upper left) also exhibited a lack of up-
take of *™Tc pyrophosphate in the sacrum.
Soon after hospitalization, she was given 4,000
rads to the involved bones with no improvement
in the complaints. Thereafter, she received B-M
therapy. Pains were relieved completely after the
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Tasre 3. Signs and Symptoms and Their Response

No. of B-M

courses
Case No. before
(with disappearance
complete  Symptoms and signs before  of symptoms
remission) treatment and signs

1 Cough 1

2 Cough 1

3 Bloody sputum. cough 2

4 Mild dyspnea 2

5 Cough, dysphagia, lumbago 2

0 Cough, dyspnea 2

7 Bloody sputum, cough, bone 3

pain

8 Cough 1

9 Cough 1

10 Lumbago 2

12 Leg pain, lumbago paralysis 3

of legs incontinence

14 Lumbago, chest pain 2

15 Leg and thigh pain 3

Average 2

first course. After the second course there was no
more incontinence. After the third course, she
started walking. The bone scintigram at the end
of the fourth course showed an uptake of the
isotope by the involved bone equal to that by the
surrounding bones (Fig. 2, upper right), but re-
ossification did not occur (Fig. 2, lower left). In
December, three months after discharge, re-ossi-
fication appeared in the involved sacral bone
(Fig. 2, lower right).

In each patient with lung metastasis (cases 1
to 9) in which complete remission was obtained,
drastic tumor regression occurred in chest roen-
togenograms (Figs. 3 to 11). In addition to lung
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metastasis, cases 7 and 8 had bone and liver
metastases, respectively. Case 7 complained of
severe bone pain caused by metastasis to the left
scapula and the third proximal phalanx, which
also produced swelling (Fig. 9, lower upper).
After three courses the bone pain was relieved
with disappearance of swelling; there was no
more dyspnea or hemoptysis. After the fourth
course, the finger became shorter, and the
roentogenogram demonstrated shortening of the
involved bone because of tumor 1egremon Case
8 had liver metastases (Fig. 10, lower left). After
the third course, there was no more space occu-
pying lesion (Fig. 10, lower right). In case 10,
the flank mass with lumbosacral pain dis-
appeared after the second course of B-M ther-
apy. In case 15 the multiple metastases in the
skin and lymphnodes of the neck and groins
disappeared after the third course, together with
the relief of the pain caused by a tumor involving
the third lumbar vertebra.

Cases 11 “md 14 had PR. Case 14, a 68-year-
old female, had a relapse of cervical cancer oc-
curring in the skin, liver, lungs and bones and
lymy )hnodcs A skin metastasis grew as large as
an adult hand in size. After the third course of
treatment, this lesion completely disappcared
with relief of the pain, but lung and lymphnode
tumors remained, although they were reduced
by over 50% in volume. The bone and liver
scintigrams still showed some changes and the
response was evaluated as PR.

Only one out of 15 patients (case 13) with
squamous cell type of cervical cancer failed to
respond to B-M therapy. Two courses brought

about only cessation of tumor growth. In case 16

B

Fic. 2. A ddeyear-old woman
with sacral bone metastasis of cer-
vical cancer (case 12). Upper pho-
tographs are the scintigrams of the
pelvis. Before treatment, a round
area of negative uptake of isotope is
evident in the sacral bone (left). Af-
ter four courses. the defect dis-
appeared  (right).  Re-ossification
had not as vet occurred. as shown
in the bone roentogenogram (left
below). but it did occur three
months  after the fourth course
(right. below).



Fic. 3. A O4-year-old woman
with lung metastases of cervical
cancer {case 1), Upper photo-
graphs show the simple chest
roentogenograms before treatment
(left), after fifth dose of MMC
(middle). and one¢-and-a-half years
after the final administration of
MAMC (right). Lower photographs
show the tomogram of the lung be-
fore treatment (left). and one-and-
a-half years after treatment (right).

with endometrial cancer, no regression of meta-
static tumors occurred.

Relapse and Re-treatment

There were four patients with relapse after 4.5
months on the average following the achieve-
ment of CR. In case 2, lung tumors re-appeared
4 months later with inguinal pain caused by
ischial bone metastasis. Upon re-admission, one
course of B-M therapy in a reduced dose of 2.5
mg of BLM and 6 mg of MMC was given,
followed by intermittent administration of 6 mg
of MMC at intervals of 2 weeks. The lung tu-
mors regressed remarkably at the second treat-
ment as they did at the first treatment with
disappearance of bone pain. Further treatment
could not be instituted because of a severe drug
eruption caused by BLLM. Nine months after the
re-treatment, she died of general weakness with
ascites. In case 3, tumor re-appeared on the
chest roentogenogram 5 months after CR. After
re-admission, she received one course of B-M
therapy followed by irradiation of 4,000 rads,
and had remission again.

BrLeomycIN aND Mirtomycin-C CHEMOTHERAPY  ©
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Case 5, a 55-year-old women, had successive
recurrence in Virchow’s lymphnode, medias-
tinum and esophagus (in this order) 3 years
after receiving radiotherapy to the primary.
These metastatic lesions were controlled suc-
cessfully by irradiation. But finally metastases
appeared in the lungs with complaints of severe
lumbago and dysphagia. Two courses of the B-
M therapy relieved these complaints with com-
plete disappearance of lung tumors (Fig. 7, up-
per, left to right). Further therapy, however, was
impossible because of thrombocytopenia. Re-
lapse occurred 4 months later. The relapse in
these three patients was attributed mainly to an
inadequate number of B-M courses for initial
treatment or to the lack of further therapy. In
case 7, in contrast, three tumors re-appeared
immediately after the fifth course at the same
sites in the lungs where there were many tumors
that had once disappeared completely during
the fourth course. These tumors were clearly
resistant to therapy. She eventually died of gen-
eral weakness due to relapse, despite other treat-
ments.
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Fic. 4. A 69-year-old woman
with multiple lung metastases of
cervical cancer (case 2). Left upper
and lower chest films are before
treatment  and right upper and
lower chest films are after the sec-
ond shot of NMC.

Maintenance Therapy Toxicity

Seven patients had received or are receiving The effect of the therapy on the nutritional
maintenance therapy. Only orie was able to con-  state of the patients receiving more than four
tinue the medication of CQ for 6 months with-  courses was evaluated by the changes of body
out trouble. The others had to give up the sched-  weight, serum total protein and cholesterol. As
uled medication due to such complications as  shown in Fig. 12, no consistent changes were
lung fibrosis, severe herpes zoster, acute cho-  noted.

lecystitis and severe anemia. None of the pa- Other adverse effects are listed in Table 4
tients had relapse after or during maintenance  which indicates that they are infrequent and
therapy, however. mild. This seems to be due mainly to the low

Fie. 5. A 43-year-old woman
with lung metastasis of cervical
cancer {case 3}. From left to right,
the chest roentogenograms before
treatment. after the first course, afl-
ter third and afrer fifth.
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FiG. 6. A 39-year-old woman with lung metastases of cervical cancer (case 4). The chest roentogeno-
grams before treatment {left), after the second course (middle} and after the fifth {right).

doses of BLM and MMC which were used for
initial treatment in a total of 120 mg and 37 mg
on the average, respectively. However, two pa-
tients developed lung fibrosis during and after
induction treatment, respectively. On re-admis-
sion, case 6, a 53-year-old woman, complained
of cough and dyspnea which were caused by
lymphangitis carcinomatosa (Fig. 8, upper left).
Combined with the radiotherapy to the relapsed
primary lesion, B-M therapy was given for lung
metastases. After the second course, the com-
plaints and lung tumors disappeared completely

(Fig. 8, upper right). During the third course,

Fio. 7. A Sd-year-
woman with lung &
mediastimum  met
tases involved esophas
of cervical cancer {¢
5). Upper photograj
are the tomograms
fore treatment (left).
ter  the first  cou
(middleY and after
second (right). l.o
photographs show
involved  esophag
From left to right, be
irradiation. after the
radiation of 6,000
about 1 month after
end of two courses ar
months later.

however, lung fibrosis began to appear (Fig. 8,
lower left), was exaggerated during the fourth
course, and finally proved fatal. The other pa-
tient was a 49-vear-old woman (case 8). Lung
fibrosis occurred during maintenance therapy 2
months after the fifth course. Immediate medi-
cation with prednisolone and antibiotics saved
her. Both patients with lung fibrosis also had
skin side effects such as hyperpigmentaion,
keratosis and alopecia as shown in Table 4.
Myelosuppression is also noted. Throm-
bocytopenia under 1.0 X 10°/mm? occurring in
six patients in spite of the relatively small dose of
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MMC, is particularly noteworthy. In general,
an adverse effect was intensified by re-treatment
compared to the initial treatment.

As an unexpected adverse effect, a radiation
ulcer was induced by B-M therapy. In case 5,
the esophagus involved with tumor (already
mentioned) had been irradiated and cured ra-
diographically (Fig. 7, lower, second from left).
One month after B-M therapy of the newly
formed lung tumors, the radiographic defect of
the esophagus suddenly re-appeared (Fig. 2,
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Fic. 8. A 53-year-old woman with lymphoa-
ngitis carcinomatosa in lungs of cervical can-
cer (case 6). Upper photographs show the
chest films before treatment (left) and after
the second course (right). Lower photographs
show one after the third course (left) and after
the fourth course (right).

lower, third from left) and enlarged gradually
(Fig. 7, lower, right). She finally died of peri-
carditis following esophageal perforation, as
revealed by autopsy.

Survival

Of four patients with CR who died from lung
fibrosis, two relapsed and one had pericarditis.
One of two patients with PR died of general
weakness and tumor necrosis in the liver. One of
the two non-responders succumbed to carci-

FiG. 9A. A 53-year-old
woman with lung and
bone metastases of cer-
vical cancer (case 7).
Upper  photographs
show the chest films be-
fore treatment (left), af-
ter the second course
(middle) and after the
fourth (right).
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expectation based on the potential anti-tumor
effect of BLM on squamous cancer, several re-
ports described an overall response rate of about
20 to 30% with no complete remission when
BLM was used singly.

As a next step, combinations of these drugs
have been designed. Recently, methotrexate and
Adriamycin have been tested in connection with
BLM. Methotrexate alone brought about ap-
proximately the same response rate as BLM,
but no cross resistance was demonstrated to the
drug.® In single use of Adriamycin, three of five
patients responded including one with complete
remission, but there was no enhancement in
response rate when combined with BLM." Con-
roy ¢l al.,” however, reported that by a combina-
tion treatment with BLLM and methotrexate, 12
out of 20(60%) had a greater than 50% shrink-
age of measurable tumor masses, lasting a me-
dian remission period of 7.5 months. Ota e/ al."”
also reported that 43 patients with metastatic
lung tumors from the cervix had a response rate
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Fic. 100 A 49-year-old woman
with lung and liver metastases of
cervical cancer (case 8). Upper
photographs show the chest films
before treatment (left). after the
second course (middle) and after
the fifth (right). Lower photo-
graphs show the liver scans with
#MTe phytate before treatment
(lefty and after the fifth course
(right).

WL b

of 35% including 16% with tumor shrinkage in
diameter of over 50% with multi-agent chemo-
therapy which included MMC, Cytoxan, thio-
tepa, Toyomycin, and others; the response
lasted 4.0 months.

In contrast to these reports, our results ob-
tained by B-M therapy have been remarkable in
all clinical aspects. Above all the remission ef-
fects are characterized by the high response rate
(93%) and high complete response rate (80%)
which were obtained irrespective of the tissues
involved with metastatic cancer. The rapid dis-
appearance of signs and symptoms (Table 3)
and tumor regression observed in the patients
with CR make it possible to determine if a tu-
mor was responsive to the therapy or not before
significant side effects would appear on unre-
sponsive patients. The patients not receiving fur-
ther therapy after the achievement of CR had
relapse. The medication of CQ) for maintenance,
however, seems to prevent the relapse success-
fully and contribute to the improvement of sur-

Fie. 11 A 43-vear-old
woman with lung metas-
tases of cervical cancer
(case 9). The chest
roentogenograms before
treatment (left), after the
second course {middle)
and alter the fourth
(right). A remaining
coin lesion in the left up-
per lung in the film
(right) had no thickness
in a lateral film.
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vival, though the problem of the dose and time of
CQ treatment remains to be solve.

The dose-limiting toxicity of the therapy was
lung fibrosis for BLM and myelosuppression for
MMC, respectively. The frequency of lung fi-
brosis throughout the treatment was 12%(2/16).
From the small number of patients it is difficult
to conclude that the above value was signifi-
cantly higher than that in single use.** Myelo-
suppression appeared consistently as the dose of
MMC increased. Frequent thrombocytopenia
with an average dose of 37 mg of MMC seemed
to be due to the past irradiation of over 3,000
rads to the entire pelvis of these patients.

Our recent clinical trials for cancers of the
lung, head and neck, and esophagus are reveal-
ing that these drastic effects seem to be specific
for squamous cell carcinoma, which has the ca-
pability to take up BLM efficiently without in-
activating the drug.?®

As mentioned in the introduction, BLLM alone
gave a response rate of 20 to 30%, and, in fact, in
the present regimen none of the patients showed
regression of tumor before the administration of
MMC. The enhanced effect of MMC after treat-
ment with BLM clearly suggested that there was
certain potential damage induced by BLM in
the tumor. The possible explanations for the
enhanced response are that: (1) MMC may ex-
ert preferential killing effect on cells® which
were blocked at G2 by successive treatment of
proliferating tumor cells with BLM,»*** or (2)
tumor cells may be precipitated by an unknown
combined action of the two drugs on cellular
DNA, which is broken by BLM?® and cross-
linked by MMG,® respectively. In addition, a
preferential lethal effect of BLM®** and
MMC B~ * on non-proliferating cells may not be
dismissed. Studies on the cell biological basis of
the present modality are now under way.
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