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Summary. Treosulfan (L-threitol-1,4-bismethanesul-
fonate, Ovastat) is a bifunctional alkylating agent that
shows a formal structural similarity to busulfan and is
applied clinically to patients suffering from ovarian cancer.
The present study demonstrated the pronounced antitumor
activity of this drug against three of five human breast
carcinomas xenografted to athymic mice. It was shown that
treosulfan is capable of inducing irreversible and complete
remission of the heterotransplanted human breast carci-
nomas MDA-MB-436 and MX-1 within 14 days after drug
application and of effecting growth inhibition by more than
90% in the MDA-MB-435S xenograft. In all three carci-
nomas, treosulfan caused more pronounced growth reduc-
tion than did equitoxic doses of the alkylator cyclo-
phosphamide. Adriamycin, an intercalating cytostatic
agent that is an important component of clinical nonhor-
monal chemotherapy of breast carcinomas, induced only
partial remission of these three xenografts and inhibited the
tumor growth by 80%—90% (MDA-MB-436, MX-1) and
by 70%—-80% (MDA-MB-435S), respectively. In the M 3
xenograft, treosulfan just led to a retardation and stagna-
tion of tumor growth; it was again more effective than
Adriamycin but was clearly less active than cyclo-
phosphamide. The FM 2 breast carcinoma, finally, was the
only xenograft whose growth was not influenced by treo-
sulfan at doses up to that which was lethal to 50% of the
treated mice (LDsg value). These results confirm that treo-
sulfan is effective against human breast carcinomas. Be-
cause of this activity as well as the known low toxicity and
good clinical compatibility of treosulfan, it should be con-
sidered for introduction into nonendocrine chemotherapeu-
tic regimens against human breast carcinomas and inves-
tigation in clinical trials.

Introduction

With the exception of a few tumor types, the therapy of
solid human carcinomas is rarely sufficient. Since numer-
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ous carcinomas have metastasized by the time they are
detected and identified, surgery is of only limited value in
such cases and is incapable of curing patients who suffer
from progressive disease. Radiotherapy and chemothera-
py, which are usually given to these patients, may then
truly cause stagnation of tumor growth or induce transient,
partial, or complete remission. With respect to the long-
lasting survival of the patients, however, these strategies
mostly fail to cure the patients and to treat their malignant,
disseminated disease effectively. Even when patients re-
spond to chemotherapy, a prolongation of the life span is
usually achieved at the cost of severe side effects, which
often profoundly burden the patients and reduce their qual-
ity of life during the remaining survival period. This con-
flict has induced a deep pessimism during past years and
has led to the demand that chemotherapeutic regimens be
applied only to patients with progressive cancer if the toxic
side effects evoked by the cytostatic drugs can be justified
with respect to the expected therapeutic success.
Moreover, the search continues for cytostatically active
drugs of only minor toxicity that would not reduce the
patients’ quality of life in such a drastic manner.

Treosulfan is an alkylating agent that inhibits the
growth of human ovarian carcinomas without affecting the
general condition of the patients to a mentionable extent [1,
8, 24]. When it is given to patients suffering from ovarian
cancer, it is usually combined with cisplatin and exerts
antitumor activity similar to that of cyclophosphamide.
However, in comparison with the latter drug, the tolerabil-
ity of treosulfan is markedly better, mainly because it pro-
duces much less alopecia and only slight gastrointestinal
irritation and its use results in a good general condition of
the patients during and after therapy [1, 3, 14, 21].

In the present study, we investigated the antitumor ac-
tivity of treosulfan against human breast carcinomas, a
type of gynecological tumor that represents the most
frequent cancer occurring in women in the industrial West-
ern world. Although quite different approaches exist for
the therapy of disseminated breast carcinomas, such as
radiotherapy, endocrine therapy, and polychemotherapy,
none of these approaches has thus far fundamentally im-
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proved the prognosis or definitively prolonged the survival
of women with advanced breast cancer [20].

Materials and methods

Antitumor agents. Treosulfan (L-threitol-1,4-bismethanesulfonate, Ova-
stat; Medac, Hamburg), cyclophosphamide (Endoxan, Asta-Werke,
Bielefeld), and Adriamycin (doxorubicin hydrochloride, Adriblastin;
Farmitalia Carlo Erba, Freiburg) were obtained from the suppliers men-
tioned above and were handled according to the instructions of the
manufacturers.

Animals. Male athymic mice (NMRI, nu/nu) purchased from the Bom-
holtgard Breeding and Research Centre Ltd. (Ry, Denmark) were kept
under a humidified atmosphere at elevated room temperature (25°—
27°C) in Jaminar air-flow benches. Bedding, food (Altromin), and water
were autoclaved before being placed in contact with the animals, The
drinking water was adjusted to pH 2.5 by the addition of hydrochloric
acid to prevent gastrointestinal infections. Antibiotics were not applied.
At the time of tumor transplantation, the animals were about 8 - 12 weeks
old and weighed 18-22 g.

Tumors. Five human breast carcinomas that had been serially hetero-
transplanted into athymic mice were investigated in the present study.
The MDA-MB-435S and MDA-MB-436 tumors were gratefully obtain-
ed in 1990 from Mr. H. Lohrke (Tumorbank, Deutsches Krebsfor-
schungszentrum, Heidelberg). Both tumors had been primarily estab-
lished as cell lines growing in vitro at the M. D. Anderson Hospital and
Tumor Institute [4, 5], and both derived from pleural effusions, 1. e., from
metastases of human breast carcinomas. MDA-MB-435S is a cell line
that proliferates rapidly in vitro, its approximate doubling time being
1-1.5 days [4, 16]. The doubling time of MDA-MB-436 is much longer,
amounting to 6~8 days in vitro [4]. Studies on the hormone receptor
status of MDA-MB-436, which had not responded to clinical hormonal
therapy [4, 6], revealed only low levels of the nuclear and cytoplasmic
17-B estradiol receptor; the progesterone receptor was not detectable [6].
After we had transferred the MDA-MB-435S and MDA-MB-436 cell
lines to our laboratory and grown them as monolayers, we inoculated
them subcutaneously into athymic mice and transplanted them serially;
the investigations described in the present report were done between
passages 4 and 7 and passages 2 and 4, respectively.

The MX-1 carcinoma represents a human breast cancer xenograft
that is part of the new sceening panel of the National Cancer Institute
(NCI, USA), which is used to evaluate the antitumor activity of newly
developed cytostatic drugs [10, 23]. This tumor, which has been shown
to be quite sensitive to many established cytostatics [23], was obtained
from the NCI (Frederick, Md., USA) in 1988. The experiments described
in the present report were performed between passages 34 and 39 after
shipment of the tumor.

The human breast cancer xenografts M 3 and FM 2 were generously
donated by Dr. J. Mattern (Deutsches Krebsforschungszentrum, Heidel-
berg). The M 3 xenograft is a rapidly proliferating tumor that was inves-
tigated in the present study between its 38th and 41st passage in athymic
mice. The FM 2 tumor, which proliferates much more slowly, was tested
between its 18th and 20th passage. Both tumors had previously been
sporadically used in drug-testing trials [13, 15].

For tumor propagation and substance testing, the tumors were remov-
ed from donor animals when they had reached a size of about 3 -5 cm3,
They were minced mechanically, pressed through injection needles, and
suspended in equal volumes of Hanks’ balanced salt solution. Volumes
of 0.3 ml tumor suspension were then injected subcutaneously into the
right flank of athymic mice. Thereafter, the animals were randomized
into control and treated groups, each group consisting of 3—5 animals.
The day of tumor inoculation was defined as day 0 of the experiment.

Testing procedure. Substance application was done when the tumors had
reached a size of 0.6—0.8 cm?; this volume was attained on day 10
(MDA-MB-435S, MX-1, M 3), day 12 (FM 2), or day 19 (MDA-MB-

436), depending on the rate of growth of the tumors. The cytostatic
agents treosulfan, cyclophosphamide, and Adriamycin were injected in-
trapetitoneally as single doses immediately after they had been dissolved
in distilled water such that volumes of 0.4 — 0.5 ml/mouse, corresponding
t0 0.02 ml/g body weight, were given. Control animals received 0.4 ml of
the vehicle fluid only.

The animals were weighed on days 3, 7, 10, 14, 21, and 28 after
treatment. At the same time, two perpendicular diameters (length, a;
breadth, b) of the tumors were measured with a graduated caliper. Abso-
lute tumor volumes were calculated according to the formula
V = axb?/2. Thereafter, relative tumor volumes, expressing the changes
in the volume of individual tumors after substance application, were
calculated by relating the absolute tumor volumes measured on certain
days after treatment to those determined on the day of drug injection.
Within all experimental and control groups, mean values for the relative
tumor volume and standard deviations were then calculated for the differ-
ent days. Treated/control (I/C) values were obtained using the equation

Mean relative tumor volume of treated tumors
x100%.

Mean relative tumor volume of control tumors

Growth inhibition, expressed as a percentage of control tumor size, was
calculated as 100%—T/C.

Results

The human breast cancer xenografts MDA-MB-435S,
MDA-MB-436, MX-1, M 3, and FM 2 were serially trans-
planted into athymic mice, in which they grew at a mean
doubling time of 4.4, 6.3, 3.2, 2.8, and 6.2 days, respec-
tively, as determined during the experimental growth phase
of the heterotransplanted tumors. When the animals bear-
ing these xenografts were treated with equitoxic doses of
the cytostatic agents treosulfan, cyclophosphamide, and
Adriamycin, they responded in a clearly graduated manner.
All applied doses of the cytostatics were sublethal, the
highest one being about 20% smaller then the dose that was
lethal to 20% of the treated mice (LD20), which amounted
to 40 mgkg for treosulfan, 300 mg/kg for cyclo-
phosphamide, and 10 mg/kg for Adriamycin. The results
obtained are summarized in Table 1 and illustrated in
Figs. 1-4.

The MDA-MB-435S carcinoma responded to treosul-
fan in a marked and pronounced way, diminishing in size
in a clearly dose-dependent manner by 60% —95% in rela-
tion to untreated control tumors (Table 1, Fig. 1). The two
comparative compounds, the alkylating agent cyclo-
phosphamide and the intercalating drug Adriamycin, both
of which belong to the standard regimen used for the clini-
cal nonhormonal chemotherapy of human breast carci-
nomas, were markedly less effctive than treosulfan. They
inhibited tumor growth by only 40% --58% and 50% —79%,
respectively, and induced growth delays of about 10 days
at the highest dose levels, whereas treosulfan caused
growth delays of more than 25 days at the higher doses of
3000 and 3500 mg/kg.

In the case of the more slowly proliferating carcinoma
MDA-MB-436, treosulfan provoked a tremendous thera-
peutic effect and induced complete and irreversible regres-
sion of tumors that were treated with the two higher, non-
lethal doses of 3000 and 3500 mg/kg within 1421 days
after drug applicaton. Even the lower doses of 2000 and
2500 mg/kg gave rise to growth inhibition of 92%—-98%,
which nonetheless slightly surpassed the pronounced ther-
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apeutic effects of cyclophosphamide and markedly
exceeded those of adriamycin (Table 1, Fig. 2).

The NCI standard breast carcinoma MX-1 was also
more sensitive to treosulfan than to cyclophosphamide or
Adriamycin (Table 1, Fig. 3). After the administration of
single doses of 2500, 3000, and 3500 mg/kg, three of four

on the day of drug administration

xenografts in the treated groups regressed totally and irre-
versibly. The corresponding mean values for growth inhib-
iton amounted to 93%-98%. After application of cyclo-
phosphamide and Adriamycin, no complete remission was
observed. The size of tumors treated with cyclo-
phosphamide decreased below the initial value in a clearly
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dose-dependent manner, the growth-inhibition values
amounting to 92%-95%. Adriamycin only slowed the
growth of these tumors, producing growth-inhibition
values of 65% and 85% after the administration of 6 and

8 mg/kg, respectively.

w—p- Gay after transplantation

athymic mice,

Fig. 2. Growth behavior of the
human breast cancer xenograft
MDA-MB-436 after the applica-
tion of treosulfan, cyclo-
phosphamide, and Adriamycin
on day 19 after tumor transplan-
tation (for further explanations,
cf. legend to Fig. 1). +, Death
of an animal on day 42

When the M3 carcinoma, which proliferated rapidly in
was treated with treosulfan,
phosphamide, and Adriamycin, marked differences in the
response to therapy were detected. Whereas treosulfan in-

cyclo-

duced only growth retardation and, at the highest dose
given (3500 mg/kg), stagnation of tumor development,



107

Table 1. Growth inhibition effected by treosulfan, cyclophosphamide, and Adriamycin in five human breast carcinomas xenografted into athymic mice?

Drug Dose MDA-MB-4355b MDA-MB-436° MX-1b M 3b FM 2b
(mglkg)
Day 14  Day 2! Day 14 Day 21 Day 14 Day21 Day 14 Day21 Day 14  Day 21
Treo- 2000 45% 34% 92% 96 % 96% 97 % 52% 49% 5% 0%
sulfan 2500 65% 63% 94% 98% 93% 93% 84% 82% 32% 15%
3000 85% 96 % 94% 100% 97% 94% 80% 79 % 0% 0%
3500 94% 90% 100% 100% 96 % 98% 97% 98% 0% 0%
Cyclo- 100 36% 34% 90% 94% 90% 93% 71% 17% 38% 32%
phosphamide 150 46% 42% 93% 97% 86% 86 % 81% 32% 61% 52%
200 48% 42% 90% 98 % 92% 95% 99% 97 % 65% 55%
250 58% 58% 90% 96 % 92% 95% 92% 88% 67% 65%
Adria- 4 18% 0% 34% 25% 58% 64% 0% 0% 51% 25%
mycin 6 55% 53% 76% 81% 64% 68% 10% 8% 48% 26%
8 79% 70% 80% - 81% 85% 3% 0% 56 % 9%
10¢ 62% - 83% - —d ~d —e —e 60% —e

2 The parameter evaluated is tumor growth inhibition expressed as a
percentage of control tumor size and calculated as 100% —T/C

b Tumor growth inhibition as determined on days 14 and 21 after drug
application (values exceeding 50% are shown in boldface)

cyclophosphamide caused absolute diminution of the
tumor size and pronounced, albeit transient, inhibition of
growth by 92%-99% at the higher doses of 200 and
250 mg/kg (Table 1, Fig. 4). Adriamycin was inactive
against the M 3 xenografts and failed to induce any change
in the growth behavior of the tumors.

The FM 2 xenograft, the fifth human breast carcinoma
investigated, was the tumor that proved to be least respon-
sive to the cytostatic drugs tested in the present study. The
compound most effective against this xenograft was cyclo-
phosphamide, which caused growth retardation and inhib-
ited tumor growth by 50%-67% (Table 1). Adriamycin
exerted marginal activity, suppressing growth by 50%—
60%, whereas treosulfan was totally inactive and incapable
of altering the growth behavior or of reducing the size of
the xenografts.

Discussion

Treosulfan is a bifunctional alkylating agent that shows a
formal structural similarity to busulfan (Fig. 5) and was
introduced into clinical chemotherapy more than 30 years
ago. In contrast to busulfan, treosulfan is converted in vivo
nonenzymatically to a diepoxide derivative (Fig. 5) that
obviously effects alkylation at the nucleophilic centers of
biological molecules such as proteins and nucleic acids [7].
Experimental studies have revealed that treosulfan is active
against Dunning leukemia [11] and the L.2C lymphoblastic
tumor [18] and has only a slight inhibitory effect on sarco-
ma 180 and carcinoma 755, whereas leunkemia 1210 does
not respond to the drug (Feit, personal communication).
Investigations in vitro have confirmed that the sensitivity
of human ovarian tumors to treosulfan is similar to their
sensitivity to cyclophosphamide and cisplatin [24].
Clinical trials, which have been performed since the
1970s, have actually proved treosulfan to be active against
human ovarian carcinomas [1, 8]. Only minor side effects

¢ This regimen corresponds to an LD2—LDso regimen
¢ Not determined
¢ More than 50% of the animals had died by the day of investigation

such as slight depressions of the counts of leukocytes,
erythrocytes, and thrombocytes in the peripheral blood and
a negligible impairment of the general condition of the
patients have accompanied the clinical administration of
treosulfan [1, 14]. As a consequence, combination therapy
of ovarian carcinomas with cisplatin, the most potent cyto-
static drug presently known against this tumor, and treosul-
fan as its alkylating partner has proved to be an effective
chemotherapeutic regimen, producing only limited subjec-
tive side effects [3, 14, 21]. Because of its higher tolerabil-
ity and its similar antitumor efficacy, this combination is
obviously superior to other combinations containing Adri-
amycin and/or cyclophosphamide as partners of cisplatin
[3, 14, 21].

Besides these data, only little information is available
on the pharmacological and pharmacokinetic behavior of
treosulfan in animals and humans. Moreover, it is not yet
known whether treosulfan additionally exerts antitumor
activity against other types of human carcinomas, since
clinical phase II trials of treosulfan have thus far been
carried out and completed only in ovarian carcinomas [1, 3,
8, 14, 21]. In the present study, we observed remarkable
antitumor activity for treosulfan against three of five
human breast carcinomas that had been heterotransplanted
into athymic mice. In general, xenografts are known to
retain the pattern of drug sensitivity shown by the primary
tumors throughout many passages in athymic mice [2, 9,
22). In most of the tumors that were investigated in the
present study, including the NCI standard tumor MX-1, the
antitumor activity of treosulfan was more pronounced than
were the growth-inhibitory effects of cyclophosphamide
and Adriamycin. Both of the latter compounds are the main
components of clinical nonendocrine chemotherapy of
breast cancer and are known to be active against estrogen-
receptor-positive and estrogen-receptor-poor mammary
carcinomas [12, 17, 19]. The observation that treosulfan
was more effective against most of the breast xenografts
investigated than was the alkylating agent cyclo-
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phosphamide or the intercalating drug Adriamycin should
stimulate clinicians to introduce treosulfan into poly-
chemotherapeutic regimens against human breast carci-

nomas as a substitute for cyclophosphamide.

The doses of treosulfan (2000-3500 mg/kg) that are
necessary to induce pronounced cytostatic effects in

to Fig. 10). +, Death of an ani-
mal on day 36

human breast cancer xenografts are remarkably high in
comparison with the effective doses of cyclophosphamide,
Adriamycin, or other cytostatic agents, usually ranging
between 1 and 500 or 800 mg/kg. Despite this pronounced
numerical difference, treosulfan doses of 2000, 2500, and
3000 mg/kg neither reduced the general condition of the
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animals nor induced any apparent toxic effect. Only at the
dose level of 3500 mg/kg did the animals lose 5% —10% of
their body weight. After the application of 4000 mg/kg,
about 8% —10% of the animals died due to substance toxic-

ity.
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Fig. 5. Comparison of treosulfan
(L isomer, left) with busulfan
(right), showing the formulae for
both compounds (upper row), their
molecular structures (middle row),
and their main metabolites active
in vivo (lower row). Modified
according to Feit [7]
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In recent pilot experiments, we examined the cytotoxic
activity of treosulfan in organoid cultures of the five
human breast carcinomas investigated in the present study
and observed a graduated pattern of response by the five
tumors similar to that seen in vivo. Interestingly, the effec-
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tive cytotoxic concentrations (ICso values) ranged in vitro
between 10-7 and 10-4 mol/l and were comparable with
those found for established cytostatics such as cyclo-
phosphamide, cisplatin, carboplatin, Adriamycin, and 5-
fluorouracil. This was analogously confirmed in a former
in vitro study using monolayer cultures of human ovarian
carcinoma cells [18]. This means that the discrepancy in
the effective dose levels of treosulfan and other cytostatic
drugs observed in nude, athymic mice is not reflected by a
similar discrepancy in vitro. Particular conditions of the in
vivo situation must be responsible for the unusually high
doses of treosulfan that are required to induce growth inhi-
bition in xenografted human breast carcinomas in vivo.
Possible reasons could be a highly incomplete absorption
of the drug from the peritoneal cavity, an unusually high
degree of drug binding to plasma proteins, or an extremely
rapid elimination of the drug or its active metabolites from
the body. Experimental studies are under way to elucidate
the situation and to explore the causes for the unusual in
vivo/in vitro discrepancy. On the other hand, the extremely
high doses of treosulfan that can be given to athymic mice
without inducing mentionable side effects should stimulate
clinicians to try to cautiously escalate the doses applied to
human patients. On the basis of the results of the present
study, it would seem possible to increase the therapeutic
efficacy of treosulfan in humans by gradual dose escalation
without the danger of inducing severe toxicity or pro-
foundly impairing the general condition of the patients.

Moreover, the results of the present study emphasize
not only that treosulfan is effective against ovarian cancer,
which is presently the only human tumor that is clinically
treated with this drug, but that it is also capable of inhibit-
ing the growth of other types of human tumors. The present
investigation confirms its activity against breast carci-
nomas; this antitumor potency is apparently more pro-
nounced than that induced by standard components of non-
endocrine regimens such as cyclophosphamide and Adri-
amycin. Further studies must reveal whether other types of
human carcinoma are also sensitive to treosulfan and, if so,
whether their response to this agent is similar to or more
pronounced than their response to standard chemother-
apeutic drugs.
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