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ABSTRACT

In vitro and in vivo studies with the drug combination thioTEPA and
cyclophosphamide (CPA) were carried out using the MCF-7 human
breast carcinoma cell line and the EMT6 mouse mammary carcinoma
cell line. In vitro, survival curves were essentially linear. The EMT6 cell
line was less sensitive to thioTEPA than the MCF-7 cell line, with
concentrations which reduce cell survival to 10% of 440 and 140 MM,
respectively. The response of both cell lines to 4-hydroperoxycyclophos-
phamide was similar. Simultaneous and immediate sequential treatments
with these drugs produced supraadditive cell killing of both cell lines,
although the magnitude of the supraadditivity was greater in the MCF-7
cell line than in the KM 16 cell line. Both of these drugs appeared to be
as effective as thiol-depleting agents as is diethyl malÃ©ate.By DNA
alkaline elution, there was a pattern of increasing DNA cross-linking
similar to the increasing levels of cytotoxicity of this drug combination
with increasing thioTEPA concentrations. In the EMT6 tumor in vivo,
the maximally tolerated combination therapy (5 mg/kg x 6 thioTEPA
and 100 mg/kg x 3 CPA) produced about 25 days of tumor growth delay
which was not significantly different than expected for additivity of the
individual drugs. The survival of EMT6 tumor cells after treatment of
the animals with various single doses of thioTEPA and CPA was assayed.
Tumor cell killing by thioTEPA produced a very steep, linear survival
curve through 5 logs. The tumor cell survival curve for CPA out to 500
mg/kg gave linear tumor cell kill through almost 4 logs. In all cases, the
combination treatment tumor cell survivals fell well within the envelope
of additivity. Both of these drugs are somewhat less toxic toward bone
marrow cells by the granulocyte-macrophage colony-forming unit in vitro
assay method than to tumor cells. The combination treatments were
subadditive or additive in bone marrow granulocyte-macrophage colony-
forming unit killing. When bone marrow is the dose-limiting tissue, there
is a therapeutic advantage to the use of this drug combination.

INTRODUCTION

Several high-dose combination chemotherapy regimens with
autologous bone marrow transplantation are under study, tar
geted specifically toward improved treatment of solid tumors
(1-9). Initially, drug selection for these regimens was based on
a knowledge of the mechanism of action, the known dose-
limiting toxicities, and some cross-resistance data from tissue
culture and animal tumor studies (10-16). Following the rela
tive success of these initial studies, high-dose combination
chemotherapy regimens directed toward specific diseases have
been designed (17, 18). ThioTEPA3 is an alkylating agent with
a long history and well-established activity in breast cancer (19-
21). A broad range of human tumors also respond to CPA.
These include malignant lymphomas, leukemias, multiple mye
loma, neuroblastoma, retinoblastoma, sarcomas and carcino-

Received 7/2/87; revised 10/1/87; accepted 10/5/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Supported by National Cancer Institute Grant 1P01-CA38493 and grants

from the Mathers Foundation and Lederle Laboratories, Pearl River, NY.
2To whom requests for reprints should be addressed.
'The abbreviations used are: thioTEPA, AyV'.W'-triethylenethiophosphor-

amide; CPA, cyclophosphamide; 4-HC, 4-hydroperoxycyclophosphamide; ICÂ»,
concentration of an agent which reduces cell survival to 10%; DME, Dulbecco's
modified Eagle's medium; CFU-GM, granulocyte-macrophage colony-forming

unit.

mas of the ovary, testis, breast, and lung (22). Both of these
drugs have been used successfully in dose-escalation protocols
with autologous bone marrow transplantation (17, 18, 23-27).
The combination of thioTEPA and CPA is under active inves
tigation in high-dose combination chemotherapy studies with
autologous bone marrow transplantation as a two-drug combi
nation or with the addition of other agents (28, 29). Some of
these clinical protocols are addressed specifically to breast
cancer (28).

We report here the results of preclinical studies of the two-
drug combination of thioTEPA and 4-HC in vitro in the MCF-
7 human breast carcinoma cell line and of thioTEPA and CPA
in vivo in the EMT6 murine mammary carcinoma.

MATERIALS AND METHODS

Drugs. ThioTEPA was obtained as a gift from Drs. Robert DeLap
and Joseph DeVito, Lederle Laboratories Inc. (Pearl River, NY). 4-HC
was obtained as a gift from Dr. Michael Colvin, Johns Hopkins Uni
versity School of Medicine (Baltimore, MD). CPA (Cytoxan; Mead
Johnson Inc., Syracuse, NY) was purchased from the Dana-Farber
Cancer Institute pharmacy.

Cell Lines. MCF-7 human breast carcinoma cells grow as monolayers
in DME supplemented with antibiotics, L-glutamine, and 10% fetal
bovine serum. These cell lines have a plating efficiency of 25-40% and
a doubling time of 32-36 h in vitro. EMT6 cells grow as monolayers in
Waymouth's medium supplemented with antibiotics and 15% newborn

calf serum. This cell line has a doubling time of 16-19 h and a plating
efficiency for untreated cells of 65-80%. For cloning, cells were sus
pended by trypsinization, diluted in complete growth medium, and
plated onto 60 x 15 mm tissue culture dishes containing 5 ml of
complete growth medium. Colonies grow to a countable size (>50 cells)
in 2 wk.

Survival Studies. MCF-7 cells in exponential growth were exposed
for l h to concentrations of thioTEPA, 4-HC, or simultaneous or
sequential combinations of thioTEPA and 4-HC ranging from 1 to 500
fiM in DME media without sera (pH 7.4). The cells were then washed
3 times with DME without serum and plated for colony formation as
described above. Parallel survival experiments were carried out with
the EMT6 cell line as described above. Each survival curve was deter
mined in three independent experiments.

Glutathione Determination. MCF-7 cells in exponential growth (4 x
10'') untreated or treated with diethyl malÃ©ate(1 mM) or various

concentrations of thioTEPA or 4-HC for l h were lysed in 16 ml of
3.5% perchloric acid. The protein was removed by centrifugation at
1000 x g for 5 min at 5Â°C.The supernatant was neutralized with 5 M

potassium phosphate and then passed through a 0.2-/Â¿mfilter before
derivatization. Glutathione was assayed at four dilutions of the super-
natants. For the fluorescence assay, 0.1 ml of the sample was added to
3 ml of 0.1 Mpotassium phosphate buffer containing 5 HIMEDTA (pH
8) and then 0.15 ml of an o-phthaldialdehyde (Aldrich Chemical Co.,
Milwaukee, WI) solution (l mg/ml o-phthaldialdehyde in methanol)
was added. The derivatization was allowed to continue for 15 min at
room temperature in the dark. Fluorescence was measured with an
excitation wavelength of 350 nm and an emission wavelength of 420
nm. The calibration curve was linear from 0.05 to 50 nmol of glutathi-
one/ml (30, 31). The data shown are the mean of five determinations.

Alkaline Elution. Alkaline elution was performed by standard pro
cedures (32). MCF-7 cells (2.75 x IO5) were labeled with 1.25 fid of
[14C]thymidine (New England Nuclear, Boston MA) in DME supple-
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men u-ilwith 10% fetal bovine serum for approximately three doublings,
after which the [14C]thymidine was removed and the cells were washed.

Drugs were added to the cells in fresh medium without serum and then
incubated for 60 min at 37Â°C.The cells were washed with phosphate-

buffered saline and then were removed with 0.1% EDTA, and alkaline
elution was carried out as described previously (33). Each point was
measured in three independent experiments. Cross-linking factor (CLF)
was calculated as

CLF =

/irradiated control \
\ control /

/irradiated drugi
\ control /

Tumor. The EMT6 murine mammary carcinoma is an in vivo-in vitro
tumor system (34-37). The EMT6 tumor was carried in BALB/c mice
(Taconic Farms, Germantown, NY). For the experiments, 2 x IO6

tumor cells prepared from a brei of several stock tumors were implanted
i.m. into the legs of BALB/c mice 8 to 10 wk of age.

Tumor Growth Delay Experiments. When the tumors were approxi
mately SO mm3 in volume (Day 7 after tumor cell implantation),

thioTEPA (3.3, 5.0, or 6.7 mg/kg) was administered i.p. daily for 6
days or CPA (67, 100, 134, or 167 mg/kg) was administered i.p. on
alternate days for three injections, or the two-drug combination was
administered with thioTEPA (5 mg/kg) and CPA (100 mg/kg) on the
schedules described above. The progress of each tumor was measured
3 times weekly until it reached a volume of 500 mm3. Tumor growth

delay was calculated as the days taken by each individual tumor to
reach 500 mm3 compared to the untreated controls. Tumor volume was
calculated as a hemiellipsoid. Untreated EMT6 tumors reached 50 mm3

in 12.2 Â±0.4 days. Each treatment group had 7 animals and the
experiment was repeated 3 times. Days of tumor growth delay are the
mean Â±SE for the treatment group compared to the control.

Tumor Excision Assay. When the tumors were approximately 50
mm3 in volume (about 1 wk after tumor cell implantation) the drugs

were administered by i.p. injection. ThioTEPA doses were 10, 15, 20,
30, 40, and 50 mg/kg, and CPA doses were 100, 150, 200, 300, 400,
and 500 mg/kg. In the combination treatments, thioTEPA at 10 or 15
mg/kg was administered with 100, 150, or 200 mg/kg CPA. Mice were
sacrificed 24 h after treatment to allow for full expression of drug
cytotoxicity and repair of potentially lethal damage and then soaked in
95% ethanol. The tumors were excised and single cell suspension was
prepared as described previously (38). The untreated tumor cell suspen
sions had a plating efficiency of 8-12%. The results are expressed as

the surviving fraction Â±SE of cells from treated groups compared to
untreated controls.

Bone Marrow Toxicity. Bone marrow was taken from the same
animals used for the tumor excision assay. A pool of marrow from the
femurs of two animals was obtained by gently flushing the marrow
through a 23-gauge needle and a colony formation assay was carried
out as described previously (38). Colonies of at least 50 cells were
scored on an Acculile colony counter (Fisher, Springfield, NJ). The
results from three experiments, in which each group was measured at
three cell concentrations in duplicate, were averaged. The results are
expressed as the surviving fraction of treated groups compared to
untreated controls.

Data Analysis. Using the method of Deen and Williams (39), isobol-
ograms were generated for the special case in which the dose of one
agent is held constant. This method produces envelopes of additive
effect for different levels of the variable agent. It is conceptually iden
tical to generating a series of isobolograms and replotting the results at
a constant does of one agent on a log effect by dose of the second-agent
coordinate system. Dose-response curves for each agent alone were first
generated. The envelopes of additivity shown in the figures were gen
erated from a series of isoeffect curves derived from the complete dose-
response curves for each agent alone. Overall, combinations that pro
duce the desired effect that are within the envelope boundaries of mode
I and mode II are considered additive. Those displaced to the left are
supraadditive while those displaced to the right are subadditive (40,
41). This general approach can be extrapolated to the special case in

which the level of an agent is held constant. Under these conditions an
isobologram can be derived that plots the expected effect (mode I and
mode II) for any level of the variable agent plus the agent combinations
(42). Experimentally, this approach is far simpler and readily facilitates
determination of additive and nonadditive combinations.

To facilitate these analyses a flexible interactive computer program
in BASIC was written for the Apple 11+ microcomputer. The program
first derives the best fitting dose-response curves using dose or log dose,
and effect, log effect, probit percent effect, or logit percent effect
relations. For cell survival dose-response curves, correlations of 0.96 or
greater have been obtained. The program then calculates isobologram
at a constant level of the selected agent and plots the data.

RESULTS

In vitro studies of the combination of thioTEPA and CPA
were carried out using the MCF-7 human breast carcinoma cell
line and the EMT6 mouse mammary carcinoma cell line. For
all of these in vitro studies, 4-HC was used as an activated
analogue of CPA. Fig. 1 shows survival curves for MCF-7 and
EMT6 cells exposed for l h to various concentrations of
thioTEPA or 4-HC. For MCF-7 cells, both survival curves are
essentially linear through 3 to 4 logs of cell kill. ThioTEPA at
500 UMand 4-HC at 250 MMkilled about 3.5 logs of cells. The
IC90 for thioTEPA in this cell line is about 140 MMand for 4-
HC is about 33 MM.The EMT6 cell line is less sensitive to
thioTEPA than the MCF-7 cell line. EMT6 cells have an ICW
for thioTEPA of about 440 MM.The responses of both cell lines
to 4-HC are quite similar; the ICâ„¢for 4-HC of the EMT6 cells
is about 40 MM.

Fig. 2 shows the results of simultaneous combinations of
these drugs for 1-h exposure. The combination treatments are
supraadditive with a maximum of about 2.5 logs greater than
additive cell kill being obtained at the higher 4-HC concentra
tions. These results also pertain if the drug exposures are done
in immediate sequence with either the thioTEPA or the 4-HC
exposure being first and 1-h exposure to each agent. The lower
panel of Fig. 2 is an isobologram analysis of the simultaneous
exposure MCF-7 data with the dose of 4-HC being held con
stant with various concentrations of thioTEPA. Except at the
lowest drug combination concentrations, the results indicate
supraadditive tumor cell killing, reaching a maximum of 1-1.5
logs at the highest drug concentrations. Fig. 3 shows the results
of similar in vitro simultaneous combinations of thioTEPA and
4-HC in EMT6 cells. Although the combination treatments are

1.0

0.0001

0.00001
100 300 500

Drug Concentration, uM
Fig. 1. Survival of MCF-7 cells exposed to various concentrations of 4-HC

(O) or thioTEPA (â€¢)for l h and survival of EMT6 tumor cells exposed to various
concentrations of 4-HC (D) or thioTEPA (â€¢)for 1 h. Points, mean of three
independent determinations; bars, SEM.
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Fig. 2. Upper panel, isobologram for the simultaneous exposure for 1 h of
MCF-7 cells to thioTEPA at 10, 50, or 200 MMin combination with a range of
4-HC concentrations. Upper solid line and points, survival curve for 4-HC alone.
Shaded area, envelope of additivity for each combination treatment. Dashed line
and open points, survivals for the combination treatment. Lower panel, isobolo
gram for the simultaneous exposure for l h of MCF-7 cells to 4-HC at 5, 25, or
50 MMin combination with a range of thioTEPA concentrations. Upper solid line
ana points, survival curve for thioTEPA alone. Shaded area, envelope of additivity
for each combination treatment. Dashed line and open points, survivals for the
combination treatments. Points, mean of three independent determinations.

supraadditive under each of the conditions examined, the mag
nitude of the supraadditivity is less.

Because depletion of nonprotein sulfhydryls may be a factor
in the supraadditive killing observed with this drug combination
(43), the effect of thioTEPA and 4-HC on the nonprotein
sulfhydryl content of MCF-7 cells was examined (Table 1).
Diethyl malÃ©ate,a known thiol-depleting agent, was used as a
control (44). Both drugs caused a loss of nonprotein sulfhydryl
content in the MCF-7 cells, reaching a maximum of about 50%
of control levels at 500 MMdrug concentration. Although these
depletions were somewhat dose dependent from 100 to 500 MM
for l h of each drug, the levels of nonprotein sulfhydryls in the
cells seemed to plateau at about half of the original levels. Both
of these drugs appeared to be as effective as thiol-depleting
agents as is diethyl malÃ©ate.

Results of a DNA alkaline elution study in MCF-7 cells
exposed to various concentrations of thioTEPA, 4-HC, or
combinations of these drugs for l h followed immediately by
elution are shown in Fig. 4. The cross-linking factor for each
drug increases with increasing drug concentration, reaching
almost 4 at 200 MMthioTEPA and about 3 at 100 MM4-HC.
With the combined treatments, there is a marked increase in
DNA cross-linking with increasing drug levels. At 100 MM4-
HC with 10 MMthioTEPA, the cross-linking factor is about 6;
at 100 MM4-HC and 50 MMthioTEPA the cross-linking factor
is about 8; and at 100 MM4-HC and 200 MM thioTEPA the
cross-linking factor reaches about 17.5. This pattern of increas-

ing DNA cross-linking is similar to the increasing levels of
cytotoxicity of this drug combination with increasing thioTEPA
concentrations.

With these exciting results, we explored this drug combina
tion in vivo in the EMT6 murine mammary carcinoma growing
S.C. as a solid tumor in the BALB/c mouse. Tumor growth
delay studies were first done with each drug alone and then
with a combination treatment (Table 2). ThioTEPA with daily
injections for 6 days had a very narrow therapeutic range, with
5 mg/kg x 6 appearing to be the maximally tolerated dose.
CPA on an alternate daily schedule for 3 injections had a

THIOTEPA
SOuM

THIOTEPA
200uM

1.0

S 0.01
u-
O)
C

I 0.001

3
CO

0.0001

0.00001
50 100 50 100

4-HC Concentration, juM

4-HC

25uM

4-HC

SOuM
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100 200 100 200

THIOTEPA Concentrinoti, Â«M
Fig. 3. Upper panel, isobologram for the simultaneous exposure for l h of

EMT6 cells to thioTEPA at 50 or 200 MMin combination with a range of 4-HC
concentrations. Upper solid line and points, survival curve for 4-HC alone. Shaded
area, envelop of additivity for each combination treatment. Dashed line and open
points, survivals for the combination treatment. Lower panel, isobologram for the
simultaneous exposure for 1 h of EMT6 cells to 4-HC at 25 or 50 MMin
combination with a range of thioTEPA concentrations. Upper solid line and
points, survival curve for thioTEPA alone. Shaded area, envelope of additivity for
each combination treatment. Dashed line and open points, survivals for the
combination treatments. Points, mean of three independent determinations.

Table 1 Effect of thioTEPA and 4-HC on the nonprotein sulfhydryl content of the
MCF-7 cells

Measurement was by fluorescence emission at 420 nm of an o-phthaldialdehyde
derivative.

TreatmentgroupControlsDiethyl

malÃ©ate,1HIMThioTEPA50

MM100
MM250
MM500

MM4-HC50

MM100
MM250
MM500

MMnmol/107

cells400

Â±43"248

Â±35362

Â±44276
Â±35275
Â±32242
Â±29441

Â±53257
Â±36252
Â±32226
Â±26

Â°Mean Â±SE of at least five independent determinations.
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Fig. 4. DNA cross-linking in MCF-7 cells after l h of exposure to various
concentrations of thioTEPA (A), 4-HC (A), or to the various combination
treatments (C). Treatments in C are various concentrations of 4-HC and simul
taneous exposure to 10 UM thioTEPA (â€¢),50 /IM thioTEPA (O), or 200 ^M
thioTEPA (â€¢).The cross-linking factor was calculated according to the method
of Kohn et al. (9). Data were derived from three independent experiments; bars,
SEM.

Table 2 Growth delay of the EMT6 mouse mammary carcinoma produced by
thioTEPA, CPA, or the two-drug combination

The EMT6 tumor was grown s.c. in BALB/c mice. Treatment began when
tumors were 50-100 mm3.

DrugThioTEPA"CPA*ThioTEPACPADose(mg/kg)3.35.06.7671001341675.0100Tumor
growth delay

(days)2.9

Â±0.73.7
Â±0.6toxic10.0

Â±1.111.8Â±
1.315.0

Â±1.815.5
Â±1.725.2

Â±2.1
* ThioTEPA was administered i.p. on Days 7-12.
* CPA was administered i.p. on Days 7, 9, and 11.

broader therapeutic range and produced increasing tumor
growth delay with increasing drug dose. The maximally toler
ated combination therapy, 5 mg/kg x 6 thioTEPA and 100
mg/kg x 3 CPA, produced about 25 days of tumor growth
delay in this tumor. Fig. 5 shows an isobologram constructed
to describe the envelope of additivity for thioTEPA (5 mg/kg)/
CPA combination treatment. The tumor growth delay of 25
days observed experimentally is not significantly different than
expected for additivity of the individual drugs, although it
appears to be about maximal for additivity.

The EMT6 tumor is an in vivo-in vitro tumor system; there
fore, the survival of tumor cells after treatment of the tumors
in vivo can be quantitated. Fig. 6 shows the survival of EMT6
tumor cells after treatment of the animals with various single
doses of thioTEPA or CPA. Tumor cell killing by thioTEPA
produces a very steep, linear survival curve through 5 logs. The
highest does of thioTEPA examined was 50 mg/kg. The tumor
cell survival curve for CPA out to 500 mg/kg gave linear tumor
cell kill through almost 4 logs. These results are in contrast to
the survival curves seen in vitro in both the MCF-7 cell line and
EMT6 cells where thioTEPA is the less cytotoxic drug com
pared to 4-HC. Isobolograms for single-dose combination treat
ments in EMT6 tumors of 10 or 15 mg/kg of thioTEPA with
various doses of CPA are shown in Fig. 7. In all cases, the

combination treatment tumor cell survivals fell well within the
envelope of additivity.

Bone marrow survival from the same tumor-bearing animals
was measured by the CFU-GM in vitro assay method. The
survival of bone marrow cells from animals treated with
thioTEPA or CPA is shown in Fig. 8. Both of these drugs are
somewhat less toxic toward bone marrow cells than to tumor
cells. The largest difference is in the toxicity of CPA which at
a dose of 500 mg/kg kills about 1.5 logs fewer bone marrow
cells than tumor cells. Fig. 9 shows isobolograms of CFU-GM
survival following single-dose treatments with 10 or 15 mg/kg
thioTEPA combined with various doses of CPA. It is interesting
that with 10 mg/kg thioTEPA and CPA all of the combination-
treatment survivals produced less than additive cell killing and
that with 15 mg/kg thioTEPA and CPA the combination

to
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THIOTEPA. 5mg/Kg o

50 100 150 200

CPA Dose, mg/kg
Fig. 5. Isobologram for the growth delay of the EMT6 murine mammary

carcinoma treated with combinations of thioTEPA and CPA. Solid line and
points, tumor treatment with CPA alone. Shaded area, envelope of additivity for
treatments with thioTEPA and CPA. Open point, combination treatment of 5
mg/kg thioTEPA x 6 plus 100 mg/kg CPA x 3. See Table 2 for the treatment
schedules. Points, three independent experiments (7 animals/group; 21 animals/
point); bars, SEM.
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Fig. 6. Survival of EMT6 tumor cells treated in vivo with single doses of

thioTEPA (O) or cyclophosphamide (â€¢).Arrows, 10% lethal dose for each drug.
Points, mean of three independent determinations; bars, SEM.
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THIOTEPA, 10mg/kg THIOTEPA. 1Smg/Kg
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Fig. 1. Isobolograms for the combination treatment of the EMT6 tumor in
vivo with 10 or IS mg/kg thioTEPA and various doses of cyclophosphamide.
Upper solid line and open points, survival curve for EMT6 tumors exposed to
CPA only. Shaded areas, envelopes of additivity for the combination treatments.
Solid points, tumor cell survivals for the combination treatments.

0.00001
100 200 300 400 500

Drug Concentration, jjM
Fig. 8. Survival of bone marrow (granulocyte-macrophage colony-forming

units) from EMT6 tumor-bearing BALB/c mice treated with various doses of
thioTEPA (O) or cyclophosphamide (â€¢).

treatments were subadditive or additive in bone marrow cell
killing. With the combined treatment there appears to be about
1 log greater killing of tumor cells than of the bone marrow
CFU-GM.

In conclusion, in tissue culture with MCF-7 human breast
carcinoma and EMT6 murine mammary carcinoma cells, the
combination of thioTEPA and 4-HC produced greater than
additive tumor cell kill. In vivo in the EMT6 murine mammary
carcinoma, the combination of thioTEPA and CPA as deter
mined by both tumor growth delay and tumor cell survival
produced additive tumor cell killing. However, in vivo, bone
marrow killing by this drug combination was subadditive to
additive, and overall there was about 1 log greater killing of
tumor cells than bone marrow cells. Therefore, if bone marrow

is the dose-limiting tissue, there would be a therapeutic advan
tage to the use of this drug combination.

DISCUSSION

tEPA and thioTEPA have been known to have anticancer
activity since the early 1950s (45-48). ThioTEPA was selected
as superior to tEPA for clinical application because it has
greater chemical stability (46, 47). Details of the action of
thioTEPA in vivo have remained for the most part unelucidated.
Both laboratory and clinical studies with thioTEPA have tended
to indicate that the drug is metabolized to a more active species
(49-52). Breau et al. (51) found that thioTEPA required met
abolic activation with Aroclor 1254-induced rat liver homoge-
nate to be mutagenic. Recent pharmacokinetic studies have
acknowledged that the alkylating activity present in the urine
of the patients could not be fully accounted for by thioTEPA
and tEPA (52). The results presented here support the notion
that thioTEPA is a prodrug. In vitro thioTEPA is moderately
cytotoxic, killing 3 logs of cells at 500 /Â¿Mfor 1 h. However, in
vivo this drug is extremely cytotoxic, killing 3 logs of EMT6
tumor cells at a dose of 30 mg/kg. It seems unlikely that
metabolism through tEPA alone can account for this dichot
omy. Breau et al. (51) suggest that an .S'-oxidc may be involved.

By analogy to phosphoramide mustard, several bis(2,2-di-
methylaziridinyl)phosphinic amides are potent antineoplastic
agents (53). Clearly, the chemical basis by which thioTEPA
acts in vivo deserves further study.

CPA has been recognized as a prodrug which undergoes a
complex metabolism in vivo. 4-Hydroxycyclophosphamide is
the initial metabolite formed after administration of CPA (54,
55) and phosphoramide mustard is probably the major biolog
ically active alkylating compound derived from CPA (56, 57).
In vitro, we found that 4-HC and thioTEPA both deplete the
nonprotein sulfhydryl content of MCF-7 cells. Carmichael et
al. (58) have found cyclophosphamide rapidly depletes gluta-

THIOTEPA, 10mg/kg THIOTEPA, 15mg/kg

1.0

0.1 -

0.01 -

0.001 -

0.0001

0.00001
100 200 100 200

CPA Dose, mg/kg
Fig. 9. Isobolograms for the combination treatment of the bone marrow

(granulocyte-macrophage colony-forming units) from EMT6 tumor-bearing
BALB/c mice treated with 10 or IS mg/kg thioTEPA in vivo and various doses
of cyclophosphamide. Upper solid line and open points, survival curve for the bone
marrow exposed to cyclophosphamide only. Shaded areas, envelopes of additivity
for the combination treatments. Solid points, bone marrow cell survivals for the
combination treatments.
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thione and glutathione \-transfcrasc in bone marrow cells and
that then there is a transient increase in the levels about 5 days
postdrug treatment. Depletion of nonprotein sulfhydryls may
account at least in part for the synergy observed with these two
drugs in culture. Depletion of this alkylating agent inactivating
mechanism may allow a greater amount of active drug to reach
the nucleus and cross-link the cellular DNA, thus accounting
for the sharp increase in cross-linking seen by alkaline elution.

We have observed a very different outcome from the treat
ment of MCF-7 and EMT6 cells in culture with the two-drug
combination of thioTEPA and 4-HC than with the combination
of thioTEPA and CPA in vivo in the EMT6 tumor. The most
important explanation for these different observations from the
tissue culture and tumor model experiments is that both
thioTEPA and CPA are drugs which undergo metabolic acti
vation. Metabolic activation is well established in the case of
CPA. Very little is known about the active species formed from
thioTEPA.

In vivo these drugs produced additive tumor cell killing with,
in some cases, subadditive bone marrow killing, leading to a
therapeutic advantage with this drug combination when the
bone marrow is the dose-limiting normal tissue.
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