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Abstract—A lethal dose of the cytotoxic agent dimethyl-myleran (DMM) is survived by
75-100% of mice reinfused with autologous bone marrow. In mice inoculated before-
hand with a syngeneic Moloney lymphoma and then treated with lethal DMM,
hemopoietic restoration and survival are compromised. With subcutaneous tumour
challenge, in the face of substantial early toxicity, a therapeutic effect of DMM prevails.
With intravenous or intraperitoneal tumour challenge the restorative potency of the
autograft and thus the therapeutic drug effect are lost since practically all animals die
from DMM. The reduced tolerance of mice carrying the Moloney lymphoma applies
more generally to cytotoxic measures. The toxicity from sublethal doses of DMM,
cyclophosphamide (CY) and total-body irradiation (TBI) is increased in mice in-
oculated subcutaneously shortly before with the lymphoma cells. The LDso of the three
agents is reduced by up to 710% according to the number of injected tumour cells or the
time allowed for their multiplication. The effect is also provided by a cell-free tumour
filtrate. Since the fltrate reduces bone marrow cellularity, the decreased tolerance could
be due to the impairment of hemopoiesis by a tumour factor. Two human cancers
growing as xenografts in immunosuppressed mice did not increase the sensitivity to

DMM.

INTRODUCTION

IN PREVIOUS experiments, a substantial propor-
tion of CBA mice carrying subcutaneous grafts
of the syngeneic YBA Moloney lymphoma
were cured by therapy with a lethal dose of
dimethyl-myleran (DMM) followed by the in-
fusion of either normal syngeneic [1] or
autologous bone marrow cells [2]. However, in
the latter experiments, which were designed to
mimic more closely the clinical situation, the
occurrence of an excessive DMM toxicity not
amenable to hemopoietic compensation poin-
ted to the possibility of a decreased tolerance of
tumour-bearing animals to cytotoxic agents.
The present work was devoted to a more
thorough study of this potentially important
phenomenon.

MATERIALS AND METHODS

Animals
Female CBA or male C3H mice (Gl. Bom-
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holtgard, 8680 Ry, Denmark) weighing 18-24 g
were used. They received Nafag pellets and
sterile water ad libitum.

Tumours

The syngeneic YBA Moloney lymphoma was
obtained from Prof. George Klein (Karolinska
Institutet, Stockholm) and maintained serially
by intraperitoneal injections in CBA mice.
Graded tumour cell doses suspended in tissue
culture medium TC 199 were made up for the
experiments and injected in aliquots of 0.05 ml
(subcutaneously) or 0.5 ml (intraperitoneally)
per mouse.

The cell-free tumour filtrate was prepared as
follows. Suspensions of YBA cells were made
up in TC 199, allowing injections of 1.5 X 10,
15x10° or 50% 10° cells in 0.5 ml per mouse.
The suspensions were frozen at —70°C and
thawed in a water bath at 20°C three times,
then passed through a 0.45-um Millipore filter.
The cell-free equivalents of the indicated
numbers of YBA cells were injected in 0.5 ml
intraperitoneally in the mice.

The Ewing sarcoma and the colon carcinoma
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were derived from human biopsy specimens
[3]. They had been passaged serially in nude
mice (Iffa Credo, Lyon, France).

Drugs

Dimethyl-myleran (DMM; 1,4-dimethanesul-
fonoxy-1,4-dimethylbutane; dimethylbusul-
phan; NSC No. 23980) was kindly provided by
Dr. Harry B. Wood, Division of Cancer
Treatment, NCI, National Institute of Health,
Bethesda, MD (U.S.A.). It was dissolved in 94%
ethanol, to which warm sterile saline was added
to make up for applying the desired dose in
0.2 ml per 10 g body weight. DMM was injected
within five minutes after the preparation by the
intraperitoneal route. The toxicity of DMM was
similar in normal and anesthesized mice.

Cyclophosphamide (CY; Endoxan®; gift of
Max Ritter AG, Zirich) was dissolved in dis-
tilled water and injected subcutaneously in
0.1 ml/10 g body weight.

For the human tumour xenografts, male
C3H mice were prepared by the following
immunosuppressive protocol. On days —3 and
— 1 before tumour inoculation (day 0), the mice
received 135 mg/kg procarbazine hydrochloride
(PCH; gift of Dr. W. Bollag, F. Hoffmann—La
Roche & Co AG, Basel) and 45 mg/kg CY by
two separate injections in a volume of
0.1 ml/10g body weight. On days —2 and 0,
antithymocyte serum (ATS; Microbiological
Associates, U.S.A.) at the dosage of 0.15ml/10 g
body weight was injected subcutaneously [3, 4].
Tumours were grafted on day 0 about 6 hr
after the last dose of ATS. No postgraft im-
munosuppressive treatment was used.

Irradiation

Irradiation of the mice was performed with a
Linac-8 X-ray machine with dosage ranging
from 100 to 1000rads at a dose rate of
220 rad/min.

Preparation of bone marrow cells

Mice treated with lethal doses of DMM were
reconstituted with autologous bone marrow. It
had been obtained by amputation of one hind
leg, performed approximately 2-3 hr before
the administration of DMM. For the am-
putation, intraperitoneal nembutal anesthesia
supplemented locally with 1% lidocaine was
applied. The leg was amputated at the ilio-
femoral joint, blood vessels were ligated or
cauterized and skin closure performed with
Michel clamps. The amputation was supported
well and did not affect the mobility of the mice.

Bone marrow cells (20-30 x 10°%) were harves-
ted from each CBA mouse. The cells from each

mouse were stored individually in 15-ml plastic
tubes (Corning) in TC 199 with 2% fetal calf
serum at 4°C. Viability after overnight storage
was estimated with the trypan blue exclusion
method and amounted to 80-90%. After about
14 hr, the autologous bone marrow cells were
returned intravenously in 0.5ml of TC 199.
The controls received only TC 199.

Bone marrow cellularity and CFU

CBA mice were injected by the in-
traperitoneal route with 0.5 ml cell-free filtrate
equivalent to 5, 15 or 50x 10° YBA cells. The
controls received only 0.5ml TC199. One,
four, seven and twelve days later, groups of
mice were sacrificed and the nucleated cells
obtained from the four large bones of both
hind legs were counted in a hemocytometer.
The mean value of each group was used to
draw Fig. 7.

Colony-forming units (CFU) were deter-
mined in four groups of CBA mice of which
two had been treated similarly with the cell-free
equivalent of 15X%10° YBA cells, injected in-
traperitoneally at one or four days before the
bone marrow cells were harvested. Aliquots of
10°, 5x10% 10° and 5x10° nucleated bone
marrow cells from individual mice of these two
donor groups and of a TC 199-treated control
group were then injected intravenously after
overnight storage in TC 199 at 4°C to groups of
6 CBA recipients irradiated 2 hr before with
800 rads. Surface spleen colonies [5] were
counted seven days later and the average
number determined.

Statistical analysis
The significance of the results was deter-
mined by the two-sided chi-square test.

RESULTS

Compromised autologous rescue after therapy with
lethal DMM in tumour-bearing mice

We have previously shown that DMM fol-
lowed by autologous marrow displays a
significant curative potency against two
experimental mouse tumours, namely the YBA
Moloney lymphoma and the Meth A sarcoma
[2]. However, the therapeutic efficacy of DMM
against the Moloney lymphoma was com-
promised by the impaired survival after lethal
DMM followed by autologous bone marrow
transplantation in tumour-bearing mice. While
only 11% of control mice treated with
18.5 mg/kg DMM and reinjected with autolo-
gous marrow succumbed, thus demonstrating
the functional capacity of reinfused autologous
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marrow cells, 44% of mice subjected to this
protocol but previously challenged sub-
cutaneously with 10° Moloney lymphoma cells
died within 20 days after chemotherapy and
autologous transplantation. If the tumours
were not treated with DMM, the mice died only
between 30 and 50 days.

This observation prompted us to investigate
the enhanced sensitivity of lymphoma-bearing
mice to chemotherapy more closely. First, we
found that the enhancement of DMM toxicity
in tumour-bearing animals was more
pronounced when the tumour cells were in-
oculated by the intraperitoneal or intravenous
route. In the experiment presented in Table 1,
76% of normal CBA mice survived a lethal dose
of DMM f{ollowed by autologous marrow
(group 2) as compared to only 10% of mice
(group 5) injected intravenously one day prior
to the DMM with 10° Moloney lymphoma cells.
The difference was statistically significant
before the occurrence of tumour fatalities after
day 30. Since death in mice challenged in-
travenously with 10° tumour cells but not
treated with DMM occurs only after day 30
(groups 3 and 4), the early fatalities are clearly
not due to tumour dissemination. The lethality
of this LD, tumour challenge is not influenced
by the reinfusion of the autologous bone mar-
row (group 4). In mice challenged in-
travenously or intraperitoneally with 10° lym-
phoma cells, a similar acceleration of death
after DMM is seen in spite of autologous rein-
fusion (groups 7 vs 6, 9 vs 8 and 11 vs 10).

The fate of mice challenged with 10° YBA
cells by the intraperitoneal route is illustrated
by the experiment presented in Fig. 1. The
animals receiving no DMM survived on average
for 30-40 days irrespective of whether the
marrow from the amputated leg was reinfused
or not. All mice treated with DMM and rein-
fused with autologous marrow died within 12
days in a similar fashion to mice treated only
with DMM. This failure of marrow rescue in
tumour-bearing mice after DMM was in clear
contrast to the 100% survival of mice carrying
no tumour but subjected to the same treatment
consisting of amputation, injection of lethal
DMM and reinfusion of marrow. In the mice
injected with lymphoma cells by the in-
traperitoneal route and treated with DMM and
autologous cells, no evidence of ascites was
observed with the early deaths occurring
before day 15. Thus, it must be concluded that
mice inoculated intraperitoneally with the
Moloney lymphoma are not readily amenable
to marrow rescue after lethal DMM.

In contrast to experiments (1,2) with sub-

cutaneous tumour challenge, the observed
excessive susceptibility to the cytotoxic agent
prevented curative effects of lethal DMM in
mice inoculated with lymphoma cells by the
intravenous or intraperitoneal route.

Decreased tolerance to sublethal doses of DMM in
tumour-bearing mice

Normally, CBA mice tolerate the dose of
12 mg/kg DMM. However, this dose is lethal to
mice challenged one day before with 1.5X%
10° YBA cells. With subcutaneous challenge,
median survival time amounted then to 17.3 +
2.1 days (Fig. 2). This is only slightly more than
the survival time of mice receiving a lethal dose
of DMM (Table 1; Fig. 1). The survival time of
mice which did not received DMM was 65.0 +
22.2 days.
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Fig. 1. Panels consisted of 10-20 female CBA mice. They were

challenged intraperitoneally with 10° YBA cells on day 0. The

amputations were carried out on day 1. DMM was administered

a few hours later. Reinfusions were performed 14 hr after the

amputation and survival was followed. All mice in the control

group which had been amputated, treated with DMM and rein-
fused but not challenged with tumour cells survived.
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Fig. 2. Panels of 8 mice were inoculated with 1.5X%10° or
1.5 X 10° YBA cells and treated or not treated one day later with
the sublethal dose of 12 mg/kg DMM. Survival was followed.



01 SA [{ PUE g SA 6 ‘9 SA [ ‘F sA G sdnoid :smofjo] se paredwod sem WNQ Suiatadal 10u 10 SurAdal
sdnou3 paBus|ieyd-1nouns Jo [BAIAING ‘(100 > d «s ‘500 > d») PAIEIPUI USYM JURDYIUSIS A[[EINISIIELS 219M SN SNOLIBA 1B SIIBI [BAIAINS IY] JO SIDUIIIJPIP Y I,
‘09 Aep I31j€ PaAIasqo 21am sanEIE] ON ‘(5 PuE ¢ sdnoid) og Aep 1a1je S[[90 VA O[ PIM PAIINIDO UOHEUIUWIISSIP Inoumn) 0} anp sanieey ([ dnois) g Aep
310§2q paqunddns mollew snoFojoine Yum panINSuod3l 10U INq WNQ Y parean pue aZuajjeyd Inowni Jnoyim M ‘INod snoudsenul Y1 4q uoneindwe
Y 13je JY p] paalular pue YSIULIA0 PIIOIS IIIM S[[3D MOLIEW UG SNoJojoINy "EISIYISIUE Y] WOIJ PIIsa0Ial pey 301w Iy usysm uonemndure oy
o1y sanoy may e paydafut sem (d'1 Sy/8wi g'g]) WINQ ' 10 | Aep uo parendure pue s[> ewoydwd] ygA yns ¢ Aep uo pasusjeyd aiam W g Iewaq

o1 L3 L3 208 ) L6 0 1 3 £ "d1 g1 11

g g 0§ 9 001 001 001 02 - - - d101 01
...M «0 »e0 #2008 q8 02 14 € S AT0T 6
2 4 | 3 st 001 001 02 b - £ LRI 8
3 0 s +5§ 001 03 4 I I A0l L
= 0 g 4 b L 001 03 4 — I AT01 9
j 0T 40l »0F 09 0L 001 o1 4 I I AT01 g
3 g5 001 001 001 001 001 6 3 - I £ v
W 001 001 001 001 001 6 — — I AT01 €
9L 9L 9L 8L 6 001 19 3 I I - 2
0 06 001 o1 — I I - I

09 0§ 0z S1 01 9 aotw ;%Mwecwo :Aep uo ‘Aep uo mwwwm_mw ‘°N

:Aep 1e Buramains adtw jo s8eIuadIag JoON uotsnjuIdy paydde WNa uopendury pue aso(q dnoig

vuwoyquk) v A 241 yim pauanoys s ut W 19Y13) ynm Kdviayy 4afv anasas mosivw snoSojomo fo juswarndwy 1 2)qv ]

780



Tumour-increased Sensitivity to Radiation and Cytotoxic Agents 781

A subcutaneous challenge with the smaller
tumour dose of 1.5 X 10° YBA cells also caused
early death in 50% of the mice treated with
12 mg/kg DMM (Fig. 2). In an experiment with
intraperitoneal inoculation of 1.5X10° YBA
cells (not shown), a modest therapeutic effect
against this LDy tumour dose prevailed since
the mice escaping the initial DMM toxicity
survived longer than the controls receiving
only tumour cells. Also, with doses of 8.5 or
5mg/kg of DMM in mice challenged sub-
cutaneously with YBA cells, a moderate initial
lethality occurred which was compensated by a
slight therapeutic effect in the animals surviv-
ing drug toxicity.

Toxicity of DMM, CY and radiation in normal and
tumour-bearing mice

As shown in Fig. 3, the Lp;; of DMM was
reduced by about 55% in mice challenged
subcutaneously one day before with 10° YBA
cells and by approximately 20% in mice chal-
lenged with 10° YBA cells.

Similar results were obtained with CY and
total body irradiation (TBI). The Lps of CY
was reduced by about 30% when 1.5 X 10° YBA
cells had been injected one day before and by
about 70% with inoculation of this tumour dose
three days earlier (Fig. 4).

With TBI, the Lb;, was reduced from ~ 900
to ~550rad after subcutaneous challenge one
day before with 1.5X 10° YBA cells and to ~
350 rad with the challenge of 1.5 x 10° YBA cells
(Fig. 5).

Effect of cell-free tumour filtrate on the susceptibility
to DMM

As with suspensions of YBA cells, cell-free
tumour filtrates increased the susceptibility to
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Fig. 3. Doses of 5, 8.5, 12, 15, 18.5 and 21 mg/kg DMM were
administered to three panels of 8-16 CBA mice. Two panels had
been inoculated subcutancously one day before with either 10° or
10° YBA cells, while the third panel and received no tumour cells.

DMM. The equivalents of 1.5x10° or 15X
10° YBA cells, applied by the subcutaneous route
four days earlier, reduced the Lbs of DMM by
38% and 50% respectively (Fig. 6).

Bone marrow cellularity and stem cells after cell-free
tumour filtrate

In order to identify the mechanism by which
tumour-bearing mice become less tolerant to
cytotoxic treatments, bone marrow cellularity
was determined in normal mice after challenge
with the cell-free tumour fltrate. Figure 7
shows that bone marrow cellularity was
reduced by approximately 50% at four days
after the injection of the filtrate. The effect was
time-, but not dose- dependent within the tested
range.

CFUs were determined in four groups of
mice. Two were pretreated on day -1 (group 1)

s CONTROLS
- YBA 15x 10° day -3
et YBA 15 x 10° day -1

% SURVIVAL

100 200 300 400 500 600

mag/kg CY
Fig. 4. Panels of 7 mice were injected intraperitoneally with
cyclophosphamide at the dosages of 100, 200, 300, 400, 500 and
600 mg/kg. Two panels had been challenged subcutaneously either

one or three days before with 1.5 % 10° YBA cells. The third panel
was not challenged with YBA cells.
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Fig. 5. Panels of 8-16 mice received total-body irradiation with
doses ranging from 200 to 1000rads. Two panels had been
injected 24 hr earlier by the subcutaneous route with either 1.5 X
10° or 1.5 X 10° YBA cells. The control panel did not receive YBA
cells.
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Fig. 6. Panels of 16 mice were injected with 5, 8.5, 12, 15, 18.5
and 21 mg/kg DMM. Four days earlier, two groups had been
pretreated with 0.5 ml cell-free filtrate, corresponding to the
equivalent of 1.5% 10° or 15X 10° YBA cells. The control group
had not been pretreated.
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Fig. 7. Cell-free filtrates (0.5 ml) equivalent to 5, 15 or 50 %

10° YBA cells were injected intraperitoneally to groups of six

female CBA mice. They were killed after one, four, seven or

twelve days and the nucleated cells recovered from two tibiae and

two femora were counted. Groups of six control mice received

0.5ml TC 199 intraperitoneally. Their four bones yielded ~
44 x 10° nucleated cells.

olf —4 (group 2) before cell harvesting with the
cell-free equivalent of 15X 10° YBA cells. The
other two groups were treated on day —1
(group 3) or -4 (group 4) with medium TC 199
(controls). This experiment showed that the
donor mice of each group yielded similar
counts of CFUs per number of injected bone
marrow cells. For instance, per 10° bone mar-
row cells we found 23 (group 1), 21.7 (group 2),
22.5 (group 3) and 22.0 (group 4) CFUs. The
average cellularity of two bones (femur and
tibia) of one leg of these mice amounted to
26.5x 10°, 15.1x10°, 29.8 X 10° and 30.2 x 10°
cells. Accordingly, the absolute CFUs count per

organ (femur and tibia) was diminished pro-
portionally to the reduced cellularity of the
organ, e.g. by approximately 50% in the mice
pretreated at day —4 with the cell-free filtrate
(group 2).

No decreased tolerance to DMM in mice carrying
human tumour xenografts

Male C3H mice subjected to a four-day
pregraft immunosuppressive protocol consis-
ting of procarbazine, CY and ATS [3, 4], and
grafted with human tumour xenografts (Ewing
sarcoma and colonic carcinoma), displayed the
same sensitivity to doses of DMM ranging from
5 to 21 mg/kg administered one day postgraft
as controls which had been immunosup-
pressed but not transplanted. However, the
immunosuppressive pretreatment reduced the
LD, of DMM in C3H mice from ~13 to
~ 10 mg/kg.

DISCUSSION

The reduced tolerance to DMM in mice car-
rying subcutaneous lymphomas leads, in spite
of marrow restoration, in a substantial propor-
tion of the animals, to an early death through
hemopoietic failure which can be likened to the
fatalities occurring one or two weeks after ad-
ministration of lethal DMM without hemopoietic
reconstitution. If the tumour challenge is ap-
plied intravenously or intraperitoneally, the
survival after DMM and autologous restoration
is more drastically curtailed. Fatalities occur as
early as in non-restored DMM-treated mice
(Fig. 1) without evidence of tumour, and clearly
earlier than in mice killed by the tumour.

Since in some experiments with sublethal
doses of DMM the antitumor effect of the
drug was curtailed by fatalities due to hemo-
poietic failure, it was also investigated whether
the tolerance to sublethal doses of DMM, CY
and X-rays were decreased. This was indeed
the case with all three cytotoxic measures (Figs
3-5). The increased susceptibility was not only
seen in mice inoculated with intact tumour cells
but also, as shown with DMM, by a cell-free
tumour fltrate (Fig. 6).

We could find no report designed to study
whether tumour-bearing animals display an
altered tolerance to cytotoxic agents. However,
incidental evidence was brought forward in
experiments involving cancer-bearing animals
subjected to agressive cytoreductive radio-
therapy or chemotherapy. Excessive acute gas-
trointestinal toxicity and failure of hemopoietic
recovery occurred in dogs with spontaneous
malignancies treated with total body irradiation
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and marrow grafts [6-8). In dogs with spon-
taneous lymphoma, treated with lethal DMM
and autologous marrow, severe toxicity was
observed at one half of the dose of DMM
required to produce comparable toxicity in
normal dogs [9]. Gastrointestinal toxicity as a
cause of early death can be ruled out in our
experiments since mice will then die within
4-6days and not, as we observed, within 8-
15 days.

As an explanation, one might invoke im-
paired biotransformation of cytotoxic agents
because of liver damage from cancerous
metastatic infiltration. Indeed, impaired bio-
transformation of drugs such as zoxazolamine
[10] or of CY and 6-mercaptopurine [11] has
been demonstrated in carcinoma-bearing rats
at 16 days after the tumour transplantation.
However, liver metastasis is not likely to be
contributory in our experiments at only one
day after inoculation of such relatively small
tumour loads as 10°-10° cells. Moreover, the
effect was also provided by a cell-free tumour
filtrate, and the survival after X-rays was
similarly reduced.

One might relate the increased toxicity to an
effect of the tumour cells on the hemopoietic
potential of the bone marrow. Some support
for tumour-induced marrow damage is pro-
vided by the treatment of syngeneic donors
with cell-free filtrate (Fig. 7). It was associated
with a 50% decrease of marrow cellularity,
paralleled by a proportional absolute stem cell
reduction. In addition, the functional capacity
of the remaining stem cells may have been
impaired. In the experiments involving rein-
fusion of autologous marrow removed after
tumour inoculation, the possible contamination
of the marrow with tumour cells [2] fails to
explain the early DMM-type of death occurring
much before the death to full tumour chal-
lenge (Table 1; Figs 1, 2). Moreover, the objec-
tion of reinfusing tumour-contaminated mar-
row is excluded in the experiments involving
the administration of sublethal cytotoxic
treatments (Figs 3-6).

Since TBI, DMM and CY cause death by
hemopoietic failure, sublethal doses of these
agents must spare suflicient marrow elements

to ensure survival. Our experiments suggest
that the Moloney lymphoma cells release a fac-
tor which impairs the residual compensatory
potential of the marrow reserve persisting after
sublethal damage to an extent which is not
compatible any more with life. The fact that
fatalities after sublethal doses of TBI, DMM
and CY in tumour-bearing mice occurred
overwhelmingly between 7 and 15 days strongly
indicates a marrow death.

Inhibition of normal marrow growth in agar
in diffusion chambers by leukemia cells, con-
ditioned media or extracts of these cells has
been reported [12-19]. In these studies, in-
hibition has been shown to be directed against
both committed granulopoietic and pluripotent
stem cells. A recent biochemical characteriza-
tion of this leukemia-associated inhibitor (LAI)
from human leukemic cells is consistent with
LAI being an acidic isoferritin [17]. This factor
may explain the suppression of normal hemo-
poiesis in leukemic patients resulting in serious
clinical problems from granulocytopenia,
thrombocytopenia and anemia. However, our
study does not permit us to exclude that the
observed effect is virus-mediated rather than
mediated by a soluble substance from the
tumour cells.

The present work provides circumstantial
evidence for this effect in the Moloney lym-
phoma, in addition to mice infected with the
Abelson [20] and Friend virus [21]. Further, it
raises the possiblility that leukemic individuals
may display a decreased tolerance to X-rays
and cytotoxic agents.

Further studies must elucidate whether other
tumours cause this effect too. The negative
results obtained with the human tumours or
the Meth A sarcoma [13] are not sufficient to
answer this question. They are, on the other
hand and in the face of the observations of
Weiden et al. [9], reassuring with regard to the
possibility of treating human tumours with lethal
doses of DMM and autologous bone marrow

[4].
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