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ABSTRACT

Tumor cell survival assay in the 1Sal K murine fibrosarcoma demon
strated that when the modulator Fluosol-DA (0.3 ml; 12 ml/kg i.v.) was
administered just prior to an alkylating agent plus carbogen breathing
for 6 h or the modulator etanidazole (1 g/kg i.p.) was administered just
prior to an alkylating agent, the combination treatment produced signif
icantly more tumor cell killing across the dosage range of each alkylating
agent tested compared with the alkylating agent alone. Each alkylating
agent produced a dose-dependent log-linear tumor cell survival curve.
There was an increase in tumor cell killing of 5-10-fold when either
Fluosol-DA/carbogen or etanidazole was added to treatment with the
alkylating agent. For c/Ã-diamminedichloroplatinum(II) (CDDP) and
jV,/V',Ar"-triethylenethiophosphoramide, the modulators used in combi
nation increased tumor cell killing by only 2-3-fold over that obtained
with a single modulator, but for the other alkylating agents, tumor cell
killing was increased by 10-50-fold when the combination of modulators
was used. Bone marrow granulocyte-macrophage colony-forming unit
survival assays showed that the combination of modulators with the
alkylating agents resulted in only small increases in bone marrow toxicity
of the alkylating agents except for Ar,/V',Ai"-triethylenethiophosphor-

amide and i.-phenylalanine mustard (L-PAM), for which the toxicity to
the bone marrow granulocyte-macrophage colony-forming unit was in
creased by 5-10-fold compared with the alkylating agents alone. The
Hoechst 33342 dye diffusion defined tumor cell subpopulation assay, also
in the FSalIC tumor, demonstrated that the combination of modulators
increased the toxicity of CDDP, cyclophosphamide, L-PAM, and 1,3-
bis(2-chloroethyl)-l-nitrosourea by 9-55-fold compared with the alkyl
ating agent alone in both the bright (euxoic-enriched) and dim (hypoxic-
enriched) cells. For each alkylating agent except l,3-bis(2-chloro-
ethyl)-l-nitrosourea, the increase in tumor cell killing was greater in the
dim cells than in the bright cells. Finally, tumor growth delay studies in
both the FSalIC tumor and the EMT-6 murine mammary adenocarci-
noma confirmed that the combination of modulators significantly in
creased the tumor growth delay caused by CDDP, carboplatin, cyclo
phosphamide, A'.yV'./V-triethylenethiophosphoramide, L-PAM, and
l,3-bis(2-chloroethyl)-l-nitrosourea. The greatest increases (4-5-fold)
were observed for carboplatin and L-PAM in the FSalIC tumor and
CDDP and cyclophosphamide in the EMT-6 tumor. These results suggest
that Fluosol-DA/carbogen together with etanidazole may be an effective
modulator combination of alkylating agents in the clinic.

INTRODUCTION

Hypoxie cells in solid tumors are presumed to be an obstacle
to successful cancer treatment, because these cells are relatively
protected from the cytotoxic effects of radiotherapy and certain
anticancer drugs (1-4). The importance of hypoxic cells in
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limiting the curability of human tumors is still a controversial
issue, although some clinical (5, 6) and laboratory data (6-9)
strongly suggest that hypoxic cells are a cause of in vivo treat
ment failure.

The perfluorochemical emulsion Fluosol-DA in combination
with an intake of a 100 or 95% oxygen atmosphere has been
shown to enhance the response of several solid rodent tumors
to single-dose and fractionated radiation treatment (10-16). On
the basis of these promising preclinical results, several clinical
phase I/II studies and a phase III trial have been initiated with
Fluosol-DA and oxygen breathing in conjunction with radiation
treatment (17, 18).

The level of cellular oxygÃ©nationis also an important factor
in the action of many antineoplastic agents, several of which
have been classified in vitro (3) and in vivo (19) by their selective
cytotoxicity toward oxygenated and hypoxic tumor cells. Fluo
sol-DA and carbogen breathing have been shown to enhance
the antitumor activity and cytocidal activity of each of the
antitumor alkylating agents studied here: CDDP3 (19-21), car
boplatin,4 cyclophosphamide (19, 21, 22), thioTEPA (23),
BCNU (24, 25), and L-PAM (21, 26-28).

However, because of the short diffusion distance and meta
bolic instability of oxygen, it is unlikely that Fluosol-DA and
carbogen or oxygen breathing can be 100% efficient in oxygen
ating tumor masses (10, 12). Using micro-oxygen electrodes,
Hasegawa et al. (10) and Song (12) showed substantially in
creased oxygÃ©nationof tumors in the presence of Fluosol-DA/
carbogen, but some hypoxic regions remained. These regions
of hypoxic cells may remain viable and contribute to tumor
regrowth. Use of selective hypoxic cell cytotoxic agents in
conjunction with Fluosol-DA plus oxygen breathing is, there
fore, a logical combination approach.

It has been well-established that the nitroimidazole radiosen-
sitizing agents can also act as selective cytotoxic drugs for
hypoxic cells (29-32). In addition, these compounds, which are
said to mimic the effect of oxygen in cells, have been shown to
enhance the cytotoxicity of several antitumor alkylating agents
including L-PAM, cyclophosphamide, BCNU, and l-(2-chlo-
roethyl)-3-cyclohexyl-l-nitrosourea in vitro and in vivo. This
phenomenon has been termed chemosensitization (33, 34). The
presence of hypoxic cells in solid tumors may account for the
preferential effect, since chemosensitization in vitro occurs only
when cells are exposed to misonidazole under hypoxic condi
tions, i.e., conditions in which reduction of misonidazole
through formation of oxygen-mimicking free radicals can occur.
For these reasons, we examined the ability of the 2-nitroimi-
dazole etanidazole to act as a chemosensitizer of a series of

3The abbreviations used are: CDDP, ci's-diamminedichloroplatinum(II); ETA,

etanidazole; CTX, cyclophosphamide; BCNU, carmustine, l,3-bis(2-chloroethyl)-
1-nitrosourea; L-PAM, melphalan, L-phenylalanine mustard; thioTEPA,
A',AI,'A"'-triethylenethiophosphoramide; CFU-GM, granulocyte-macrophage
colony-forming unit; FBS, fetal bovine serum; MEM, minimal essential medium.

* B. A. Teicher, personal communication.
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antitumor alkylating agents in conjunction with Fluosol-DA

and carbogen breathing.

MATERIALS AND METHODS

Drugs. Fluosol-DA 20%, a product of Green Cross Corp. (Osaka,
Japan), was obtained from Alpha Therapeutics Corp. (Los Angeles,
CA). The stem emulsion consists of 25% (wt/vol) perfluorochemicals:
7 parts perfluorodecalin; 3 parts perfluorotripropylamine; Pluronic F-
68 (2.7%, wt/vol); yolk phospholipids (0.4%, wt/vol) as emulsifiers:
and glycerol (0.8%, wt/vol) as a cryoprotecting agents. The annex
solution (electrolyte/bicarbonate solution) furnishes the preparation
with physiological osmolarity. The stem emulsion particles provide a
surface area of 1.82 x IO8 cm2/liter available for oxygen diffusion

(about 100 times the surface area of the red blood cells in a liter of
whole blood). The half-life of Fluosol-DA in circulation in vivo is about
12 h (35). Etanidazole was obtained as a gift from the Developmental
Therapeutics Program of the National Cancer Institute (Bethesda,
MD). Carbogen is 95% oxygen and 5% carbon dioxide. CDDP and
carboplatin were gifts from Dr. Donald Picker and Dr. Michael Abrams,
Johnson Matthey, Inc. (West Chester, PA). ThioTEPA was a gift from
Lederle Laboratories (Pearl River, NY). L-PAM and cyclophosphamide
were purchased from Sigma Chemical Co. (St. Louis, MO). All other
drugs were obtained from the Dana-Farber Cancer Institute pharmacy.

Tumors. The FSall fibrosarcoma (36) adapted for growth in culture
(FSallC) (13) was carried in C3H/He male mice (Jackson Laboratory'.
Bar Harbor, ME). For the experiments, 2 x IO6tumor cells prepared

from a brei of several stock tumors were implanted intramuscularly
into the legs of C3H/He male mice 8 to 10 weeks of age.

The EMT6 murine mammary carcinoma is also an in vivo-in vitro
tumor system (37-40). 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 weeks old.

Tumor Excision Assay. When the tumors were approximately 100
mm3 in volume (about 1 week after tumor cell implantation), the

animals were given i.p. injections of various doses of each of the
alkylating agents alone, immediately preceded by etanidazole (1 g/kg)
i.p., or immediately preceded by Fluosol-DA (0.3 ml, 12 ml/kg) admin
istered by tail vein injection and followed by 6 h of carbogen breathing.
When both modulators were used, the administration of the alkylating
agents was immediately preceded by both Fluosol-DA (0.3 ml, 12 ml/
kg) i.v. and etanidazole (1 g/kg) i.p. and followed by 6 h of carbogen
breathing. Twenty-four h were allowed to elapse before sacrifice of mice
to allow for full expression of drug cytotoxicity and repair of potentially
lethal damage. Mice were immersed briefly in 95% ethanol and the
tumors were excised under sterile conditions in a laminar flow hood
and minced to a fine brei with 2 scalpels. Four tumors were pooled to
make each treatment group. Approximately 500 mg of tumor brei were
used to make each single cell suspension. All reagents were sterilized
with 0.22 /im Millipore filters and were added aseptically to the tumor
cells. Each sample was washed in 20 ml of Â«-MEM, after which the
liquid was gently decanted and discarded. The samples were resus-
pended in 450 units/ml collagenase (Sigma) and 0.1 mg/ml DNase
(Sigma) and incubated for 10 min at 37Â°Cin a shaking water bath. The

samples were resuspended as above and incubated for another 15 min
at 37'C. One ml of 1 mg/ml DNase was added and incubation was
continued for 5 min at 37Â°C.The samples were then filtered through 2

layers of sterile gauze. The samples were washed twice, then resus
pended in MEM supplemented with 10% FBS. These single cell sus
pensions were counted and plated at 3 different cell concentrations in
duplicate for the colony forming assay. No significant difference was
observed in total cell yield from the pooled tumors in any treatment
group. One week later, the plates were stained with crystal violet and
colonies of more than 50 cells were counted. The untreated tumor cell
suspensions had a plating efficiency of 10-16%. The results are ex
pressed at the surviving fraction Â±SE of cells from treated groups
compared with untreated controls (41).

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 2 animals was obtained by gently flushing the marrow through
a 23-gauge needle, and CFU-GM assay was carried out as described
previously (42). Colonies of at least 50 cells were scored on an Acculile
colony counter (Fisher Scientific, Springfield, NJ). The results from 3
experiments, in which each group was measured at three cell concen
trations in duplicate, were averaged. The results are expressed as the
surviving fraction of treated groups compared with untreated controls.

Tumor Subpopulation Studies: Tumor Growth and Hoechst 33342
Labeling. FSallC fibrosarcoma tumors were grown as described above.
Animals received the various alkylating agents, Fluosol-DA/alkylating
agent, etanidazole/alkylating agent, and complete combination treat
ments as described for the tumor excision experiments. Hoechst 33342
(2 mg/kg: Aldrich Chemical Co., Milwaukee, WI) dissolved in sterile
0.9% phosphate-buffered saline was administered by injection into the
tail vein (0.25 ml) of tumor-bearing mice at 24 h post-treatment, as
described above for the whole tumor cell survival assay. Tumor cell
suspensions were prepared by excising the tumor 20 min after the i.v.
administration of the dye (43-46). The single cell suspensions of the
tumor cells were prepared as described for the tumor excision assay.
To remove contaminating erythrocytes, 0.17 M NHjCl was added to
the tumor cell pellets for 3 min at room temperature just after filtering
through gauze. The cells were then washed once with MEM supple
mented with 10% FBS, filtered through a syringe fitted with a 40 urn
nylon mesh filter to remove cell clumps, and then counted. After
centrifugation at 200 x g, cells were resuspended at a concentration of
2 x IO6 cells/ml in MEM supplemented with 10% FBS to be sorted
(47-49).

Flow Cytometry and Sorting. Cells from tumors were analyzed and
sorted using the Coulter Epics V instrument. Hoechst 33342 intensity
was measured using excitation at 350-360 nm (40 mW power) and
emission monitored with a 449 Â±10 nm (SE) band pass filter.

The fluorescence intensity of Hoechst 33342 stained cells was divided
by the peripheral light scatter signal from the 488-nm laser beam (using
a 488 Â±10-nm band pass filter) for each cell to obtain an estimate of
cellular "concentration" of Hoechst 33342. The fluorescence distribu

tions were generally divided into 10 fractions (sort windows) based on
the Hoechst 33342 intensity or concentration, with each fraction con
taining 10% of the population. Two sort fractions of cells were collected,
one that contained the 10% brightest cells and one that contained the
20% dimmest cells. The fluorescence distribution of the cells sorted
was not significantly different at 24 h following any of the treatments
administered as compared with cells from untreated control tumors.
The cells were then washed once with MEM containing 10% FBS,
counted, and plated at different cell concentrations in MEM containing
10% FBS for colony formation. After 1 week, colonies were stained
with crystal violet and colonies of >50 cells were counted manually.
The plating efficiencies for the unsorted, 10% brightest, and 20%
dimmest populations were 15.7 Â±2.5%, 10.3 Â±1.5%, and 7.2 Â±1.5%,
respectively. Results are expressed as the surviving fraction Â±SE of the
treated bright and dim fractions compared with the bright and dim
untreated controls, respectively.

Tumor Growth Delay Experiments. When the tumors were approxi
mately 100 mm1 in volume (about 1week post-tumor cell implantation),

treatment was initiated. Groups of animals were treated with single
doses of alkylating agents [CDDP (10 mg/kg), carboplatin (50 mg/kg),
cyclophosphamide (150 mg/kg). thioTEPA (10 mg/kg), melphalan (10
mg/kg), or BCNU (15 mg/kg)] either alone or preceded by Fluosol-DA
(0.3 ml, 12 ml/kg) and followed by 6 h of carbogen breathing, and/or
etanidazole (1 g/kg). The progress of each tumor was measured 3
times/week until it reached a volume of 500 mm'. Tumor growth delay

was calculated as the days taken by each individual tumor to reach 500
mm3 compared with the untreated controls. Each treatment group had

7 animals and the experiment was repeated twice. Days of tumor growth
delay are the mean Â±SE for the treatment group compared with the
control.
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RESULTS

Increasing doses of CDDP or carboplatin killed increasing
numbers of FSallC tumor cells in a log-linear manner (Fig. 1).
The addition of ETA or Fluosol-DA/carbogen resulted in ap
proximately 10-fold additional tumor cell killing compared with
CDDP alone (Table 1). The combination of modulators, ETA,
and Fluosol-DA/carbogen resulted in an increase in tumor cell
killing of only 2-fold compared with each modulator individ
ually with CDDP. At the lowest carboplatin dose there was
about 8-fold increase in tumor cell killing, and at the higher
dosage levels (300 and 500 mg/kg), this increased to more than
50-fold. Using the 2 modulators in combination again added
little to the enhancement of tumor cell killing by carboplatin
obtained in conjunction with either modulator alone. The ad
dition of ETA and Fluosol-DA/carbogen to CDDP resulted in
only a 2-3-fold increase in the cytotoxicity of CDDP and a
small (2-3-fold) decrease in cytotoxicity by carboplatin to the
bone marrow CFU-GM. The use of ETA and/or Fluosol-DA/
carbogen in combination with CTX or thioTEPA is shown in
Fig. 2. The addition of ETA or Fluosol-DA/carbogen to treat
ment with CTX resulted in about a 10-fold increase in tumor
cell killing across the dosage range examined (Table 1). The
combination of modulators ETA with Fluosol-DA/carbogen
and CTX resulted in an additional 5-7-fold increase in tumor
cell killing over that obtained with CTX and each single mod
ulator. The addition of ETA to treatment with thioTEPA
resulted in about a 2-3-fold increase in tumor cell killing,
whereas the addition of Fluosol-DA/carbogen to treatment with
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Fig. 1. Survival of FSallC tumor cells and bone marrow CFU-GM from

animals treated in vivowith single doses of CDDP or carboplatin alone (â€¢â€žtumor;
A, bone marrow), preceded by a single dose of etanidazole (1 g/kg) (O, tumor),
preceded by a single dose of Fluosol-DA (0.3 ml, 12 ml/kg), and followed by
carbogen breathing (6 h) (â€¢,tumor) or with the combination of the 2 modulators
(D, tumor; A, bone marrow). Points, means of 3 independent experiments; bars,
SE.

thioTEPA resulted in about a 5-8-fold increase in tumor cell
killing by the drug. The combination of modulators resulted in
an additional 2-3-fold cell killing over that achieved with
Fluosol-DA/carbogen and thioTEPA, so that over the dosage
range of thioTEPA examined, there was about an 8-10-fold
increase in tumor cell killing compared with thioTEPA alone.
The addition of ETA and Fluosol-DA/carbogen to treatment
with CTX did not alter the cytotoxicity of CTX to the bone
marrow CFU-GM. The combination of modulators with
thioTEPA produced only about a 2-fold increase in the killing
of bone marrow CFU-GM with the low dose of thioTEPA (10
mg/kg) that increased to about 10-fold at the highest thioTEPA
dose level of 30 mg/kg.

As with the other alkylating agents, L-PAM and BCNU
produced a log-linear increase in tumor cell killing in the
FSallC fibrosarcoma with increasing dose of the drug (Fig. 3).
ETA resulted in a 5-7-fold increase in tumor cell killing over
the L-PAM dosage range examined (Table 1). Fluosol-DA/
carbogen was a more effective modulator of L-PAM than was
ETA, resulting in about a 9-11-fold increase in tumor cell
killing. The combination of ETA and Fluosol-DA/carbogen
produced a larger increase in tumor cell killing than either
single modulator alone, resulting in about a 10-50-fold increase
in cell killing compared with L-PAM alone. ETA produced
about a 2-5-fold increase in tumor cell killing, and Fluosol-
DA/carbogen produced about a 4-9-fold increase in tumor cell
killing compared with BCNU alone. The combination of mod
ulators was much more effective than either single modulator
alone with BCNU in the killing of tumor cells and resulted in
a 10-50-fold increase compared with BCNU alone. The mod
ulator combination increased the killing of bone marrow CFU-
GM 5-7-fold compared with L-PAM alone and a 3-5-fold
increase in the killing of bone marrow CFU-GM by BCNU.

To determine the effectiveness of these various treatments
on environmentally determined tumor subpopulations, tumors
were treated as in the above tumor cell excision assays and then
sorted into subpopulations by the Hoechst dye method (Fig. 4).
In these experiments, Fluosol-DA/carbogen was nontoxic,
whereas ETA killed about 5% of bright cells and about 40% of
dim cells. The 10% brightest cells are believed to represent a
population near the tumor vasculature (euxoic) and the 20%
dimmest to represent a cellular population distal from the
tumor vasculature (hypoxic). CDDP (10 mg/kg) was about 2-
fold more toxic toward bright cells than toward dim cells.
Addition of Fluosol-DA/carbogen to treatment with CDDP
resulted in about a 2.5-fold increase in the killing of bright cells
and about a 3.3-fold increase in the killing of dim cells, whereas
addition of ETA to treatment with CDDP resulted in about a
5.4-fold and 9.3-fold increase in the killing of bright and dim
cells, respectively. The combination of the 2 modulators with

Table 1 Increase in the killing of FSallC fibrosarcoma tumor cells and bone marrow CFU-GM from the same animals produced by the addition of etanidazole and/or
Fluosol-DA/carbogen to treatment with various alkylating agents

-Fold increase in cell killing over alkylating agents alone

FSallC fibrosarcomacellsTreatment

groupCDDP

(10-30 mg/kg)
Carboplatin (100-500 mg/kg)
CTX (100-500 mg/kg)
ThioTEPA (10-30 mg/kg)
BCNU (25- 100 mg/kg)
L-PAM (5- 15 mg/kg)+ETA108-50

10
2-3
2-55-7+Fluosol-DA/

carbogen108-50

10
5-8
4-9
9-11+ETA/F1UOS01-DA/

carbogen20

10-50
50-70

8-10
10-50
10-50Bone

marrow CFU-GM,
+ETA/Fluosol-DA/carbogen2-3

-(2-3)"

0
2-10
3-5
5-7

Â°Decrease.
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Fig. 2. Survival of FSallC tumor cells and bone marrow CFU-GM from
animals treated in vivowith single doses of cyclophosphamide or thioTEPA alone
(â€¢,tumor; A. bone marrow), preceded by a single dose of etanidazole (1 g/kg)
(O, tumor), preceded by a single dose of Fluosol-DA (0.3 ml, 12 ml/kg), and
followed by carbogen breathing (6 h) (â€¢.tumor) or with the combination of the
2 modulators (D, tumor; A. bone marrow). Points, means of three independent
experiments; bars, SE.

0.01 r

0.001

0.0001 h

0.00001
25 50

Drug Dose, mg/kg

100

Fig. 3. Survival of FSallC tumor cells and bone marrow CFU-GM from
animals treated in vivo with single doses of melphalan (L-PAM) or BCNU alone
(â€¢.tumor; A. bone marrow), preceded by a single dose of etanidazole (1 g/kg)
(O, tumor), preceded by a single dose of Fluosol-DA (0.3 ml, 12 ml/kg), and
followed by carbogen breathing (6 h) (â€¢,tumor) or with the combination of the
2 modulators (D, tumor; A, bone marrow). Points, means of 3 independent
experiments; bars, SE.

CDDP increased the killing of bright cells 23-fold and the
killing of dim cells 51-fold compared with CDDP alone.

CTX (150 mg/kg) was about 6.3-fold more cytotoxic toward
bright cells than toward dim cells. With the addition of Fluosol-
DA/carbogen to treatment with CTX, there was only about a
2.3-fold increase in the killing of bright cells by CTX, but there
was about a 14-fold increase in the killing of dim cells. Simi
larly, the addition of ETA to treatment with CTX had little
effect on the killing of bright cells, but increased the killing of
dim cells by about 4-fold. The combination of modulators was
highly effective, increasing the killing of bright cells by about
9.5-fold and the killing of dim cells by about 55-fold.

L-PAM was about 2.2-fold more cytotoxic toward bright
tumor cells than toward dim tumor cells. Fluosol-DA/carbogen
added to treatment with L-PAM increased killing of bright cells
only slightly but resulted in about an 11-fold increase in the
killing of dim cells. ETA added to treatment with L-PAM
resulted in about a 2.3-fold increase in the killing of bright cells
and about a 4.4-fold increase in the killing of dim cells. The
combination of modulators was, again, highly effective, result

ing in about a 25-fold increase in the killing of bright cells and
about a 44-fold increase in the killing of dim cells compared
with L-PAM alone.

BCNU (50 mg/kg) was about 3.2-fold more cytotoxic toward
bright cells than toward dim cells. The addition of Fluosol-DA/
carbogen to treatment with BCNU resulted in about a 4.5-fold
increase in the killing of bright cells and about an 18-fold

increase in the killing of dim cells. ETA increased the killing
of bright cells about 1.7-fold and of dim cells by about 2.5-fold.
The combination of modulators increased the killing of bright
cells by about 45-fold and increased the killing of dim cells by
about 23-fold.

The effects that the combination of modulators (ETA and
Fluosol-DA/carbogen) had on the tumor growth delay of the
FSallC fibrosarcoma and the EMT6 mammary carcinoma pro
duced by single doses of various alkylating agents are shown in
Table 2. ETA plus Fluosol-DA/carbogen produced about 2.7
days of tumor growth delay in the EMT6 mammary carcinoma.
The combination of modulators resulted in about a 2.1-fold
increase and about a 4.4-fold increase in the tumor growth delay
produced by CDDP (10 mg/kg) in the FSallC and EMT6
tumors, respectively. The addition of ETA and Fluosol-DA/
carbogen to treatment with carboplatin (50 mg/kg) resulted in
about a 4.3-fold and about a 2.8-fold increase in tumor growth
delay in the FSallC and EMT6 tumors, respectively, compared
with carboplatin alone. The combination of modulators in
creased the tumor growth delay produced by CTX (150 mg/kg)
by about 3.6-fold and 4.0-fold in the FSallC and EMT6 tumors,
respectively. The tumor growth delay produced by thioTEPA
(10 mg/kg) was increased about 3.0-fold and about 3.6-fold in
the FSallC and EMT6 tumors, respectively, when thioTEPA
was administered in conjunction with ETA and Fluosol-DA/
carbogen. The combined modulators increased the tumor
growth delay produced by BCNU by 3.8-fold and 3.9-fold in
the FSallC and EMT6 tumors, respectively. Finally, the tumor
growth delay produced by treatment with L-PAM was increased
5.2-fold and 3.8-fold in the FSallC fibrosarcoma and EMT6
tumor when L-PAM was administered with ETA and Fluosol-

DA/carbogen.

DISCUSSION

The potential therapeutic strategy described here involves the
use of relatively nontoxic modulators of cytotoxic therapies
that may selectively increase the antitumor efficacy of alkylating
agents by affecting the hypoxic environment in solid tumor
masses. We have shown previously that ETA as well as mison-
idazole and hyperthermia can produce additive sensitization or
potentiation with Fluosol-DA/carbogen of the tumor growth
delay produced by radiation therapy in the FSallC fibrosarcoma
(50). Although both ETA and Fluosol-DA/carbogen are means
of overcoming the hypoxic cell problem, neither modulator is
100% effective in ablating the effects of hypoxia; however, there
may not be direct overlap of the subpopulations in which each
modulator is most effective.

With most of the alkylating agents tested, ETA (1 g/kg) or
Fluosol-DA (12 mg/kg)/carbogen (6 h) resulted in approxi
mately equivalent increases in tumor cell killing. The combi
nation of the 2 modulators, however, produced further increases
in cytotoxicity over the single modulator only with CTX and
BCNU in the whole tumor excision assays. Because Fluosol-
DA/carbogen has no tumor or bone marrow toxicity and the
toxicity of ETA in these tissues is small, it is not possible to
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BRIGHT DIM BRIGHT DIM BRIGHT

Fig. 4. Survival of subpopulations based on
Hoechst 33342 fluoresence intensity of FSallC
cells from FSallC tumor treated with a single
dose of CDDP (10 mg/kg), CTX ( 150 mg/kg).
L-PAM (10 mg/kg), or BCNU (50 mg/kg)
with or without etanidazole (I g/kg) and/or
Fluosol-DA (12 ml/kg) and carbogen breath
ing (6 h). Poinls, means of 3 independent de
terminations Â±SE (bars). :_

its

Table 2 Growth delay of the FSallC and EMT6 tumors by alkylating agents with or without the combined modulation of etanidazole and fluosol-DA/carbogen (6 h)

Tumor growth delay* (days)

Treatment group" Drug alone
Fluosol-DA/carbogen'' Etanidazole''

Etanidazole Fluosol-DA/
carbogen

FSallC fibrosarcoma

CDDP (10 mg/kg) 7.7 Â±0.7
Carboplatin (50 mg/kg) 5.2 Â±0.5
Cyclophosphamide ( 150 mg/kg) 4.2 Â±0.5
ThioTEPA (10 mg/kg) 3.0 Â±0.4
BCNU (15 mg/kg) 2.5 Â±0.4
L-PAM (10 mg/kg) 2.9 + 0.5

EMT6 mammary carcinoma

CDDP (10 mg/kg) 7.5 Â±0.8
Carboplatin (50 mg/kg) 4.5 Â±0.5
Cyclophosphamide ( 150 mg/kg) 6.3 Â±0.5
ThioTEPA ( 10 mg/kg) 3.0 Â±0.4
BCNU (15 mg/kg) 2.7 Â±0.4
L-PAM (10 mg/kg) 3.0 Â±0.4

0.2 Â±0.3
12.8 Â±1.3
16.4 Â±1.7
13.9 Â±1.5
6.2 Â±1.2
5.5 Â±0.9
9.9 Â±1.7

0.3 Â±0.5
12.3 Â±1.6
7.8 Â±1.3
5.3 Â±0.7
4.2 Â±0.4
4.3 Â±0.7
5.2 Â±0.5

2.7 Â±0.5
16.1 Â±1.1
22.1 Â±3.2
15.1 Â±1.2
8.9 Â±1.1
9.4 Â±1.3

15.2 + 2.0

3.8 Â±1.1
32.7 Â±3.2
12.4 Â±1.2
25.2 + 2.1
10.7 Â±1.5
10.5+ 1.3
ll.4Â± 1.4

" All drugs given i.p.
* Tumor growth delay is the difference in days for treated tumors to reach 500 mm3 compared with untreated control tumors. Mean of 14 animals Â±SE.
' Fluosol-DA dose was 0.3 ml; 12 ml/kg i.v. just prior to alkylating agents. Carbogen breathing began just after Fluosol-DA and continued for 6 h.
"' Etanidazole dose was I g/m2 i.p. just prior to alkylating agents.

apply quantitative methods for determination of additivity to
these data. With most of the drugs, the increases in toxicity to
bone marrow CFU-GM were small except with thioTEPA and
L-PAM, where significant increases in bone marrow CFU-GM
toxicity were also observed when the Fluosol-DA/carbogen-
ETA combination was administered.

Relative to the whole tumor cell survival assay, the Hoechst
dye diffusion-defined tumor cell subpopulation data tended to
show a larger effect of the combination of ETA and Fluosol-
DA/carbogen on tumor cell killing in conjunction with the
alkylating drugs tested. As with the whole tumor cell survival
experiments, the Hoechst dye-defined tumor subpopulations
were isolated 24 h post-treatment and therefore reflect the
status of the tumor at that time. With each of the drugs, CDDP,
CTX, L-PAM, and BCNU, the addition of either ETA or
Fluosol-DA/carbogen resulted in a greater enhancement of cell
killing in the dim cells. In the whole tumor cell survival assay,
the combination of modulators with CDDP (10 mg/kg) pro
duced about 2 logs of tumor cell killing, which is in good
agreement (within 3-fold) with the results obtained in the bright
and dim cells. With CTX (150 mg/kg) and the combination of
modulator, the whole tumor cell survival assay showed about 3
logs of tumor cell killing, while the terminal subpopulation
assay showed about 2.5 logs of killing of both bright and dim
cells. With L-PAM (10 mg/kg) and the combination of modu

lators in the whole tumor cell survival assay, there were about
2.7 logs of tumor cell killing and in the subpopulation assay
there were about 3 logs of killing of both bright and dim cells.

There was a relatively larger differential (about 8-fold) be
tween the killing of bright and dim tumor cells with BCNU
plus the combination of modulators. The whole tumor cell
survival assay with BCNU (50 mg/kg) and ETA and Fluosol-
DA/carbogen revealed about 2 logs of tumor cell killing versus
the almost 3 logs seen in bright cells. The whole tumor data
appeared to reflect more closely the killing of dim cells (about
2 logs) by BCNU plus the modulators. The subpopulation assay
allows the determination of cell survival in the terminal sub-
populations of the tumor (in terms of distance from functional
vasculature at the time of dye administration). With CDDP,
CTX, and L-PAM, there was not only increased killing of
tumor cells with the addition of the modulators, but also almost
complete correction of the sparing of dim cells by these alkyl
ating agents (19). Only with BCNU was the increase in cyto-
toxicity afforded through the use of the modulator combination
more effective in bright than dim cells. Because the whole tumor
cell survival with BCNU plus the modulators is equal to the
survival of the dim cell population, it may be that there is a
steep gradient of tumor cell killing across the different environ
mental conditions in the tumor with BCNU, and only a small
percentage of the tumor cells (those very near the vasculature)
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are maximally affected by BCNU plus the modulators.
The combination of ETA and Fluosol-DA/carbogen en

hanced the growth delay of both the FSalIC fibrosarcoma and
the EMT6 mouse mammary carcinoma produced by these
alkylating agents to about the same degree. These growth delay
experiments were conducted with single doses of each of the
drugs to allow comparison with the tumor cell survival data,
but multiple dose schedules may have been more effective
especially with CTX since, in our hands, CTX given every other
day for 3 doses yields a significantly longer growth delay than
when the drug is given in a single dose. Based on these preclin-
ical data, a phase I clinical protocol has been written to use
ETA and Fluosol-DA/carbogen to modulate the antitumor
activity of CTX in patients with advanced breast cancer.
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