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SUMMARY

Combinations of l-/3-D-arabinofuranosylcytosine and
1-formylisoquinoline thiosemicarbazone resulted in synergistic
effects against leukemia L1210 in DBA/2Ha-DD mice. Data
obtained in irradiated DBA/2Ha-DD mice, in DBA/2J mice,
and in cell cultures indicated that these combinations actually
have only additive inhibitory effects against the leukemia
L1210 cells. These results indicate that a drug combination
with only additive inhibitory effects on tumor cell growth can
cause therapeutic synergism in vivo due to the participation of
host defenses directed against the tumor.

INTRODUCTION

When drugs are evaluated in experiments with
transplantable tumors in rodents, the contribution of host
reaction to the tumor antigens can complicate the
interpretation of the data (11, 12). The observation that
certain drugs in combination exert therapeutic synergism in
such systems is usually based on measurement of the survival
of the treated animals. Since the exploitation of synergism
among drugs is of increasing value in developing improved
cancer therapy, it is important to assess the occurrence of such
synergism separate from the contribution of the host response
to immunogenic tumors.

Presently available information on the biochemical sites of
inhibition by specific inhibitors of DNA biosynthesis can
provide the basis for the selection of drugs to be evaluated in
combination. The drugs chosen for this study were IQ-1,3 an
inhibitor of ribonucleotide reducÃase (15), and ara-C, an
inhibitor of DNA polymerase (7). The inhibition of these
sequential steps in DNA biosynthesis seemed to have promise
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for synergistic interaction. This report concerns the evaluation
of this drug combination in both in vivo and in vitro systems.

MATERIALS AND METHODS

The leukemia LI210 and the DBA/2Ha-DD and the DBA/2J
mice used were as described previously (11). In each case,
IX IO6 LI210 cells were inoculated i.p. and treatments were

given once daily i.p. for 6 consecutive days, starting on the day
following leukemic cell inoculation. ara-C, obtained from the
Upjohn Co. (Kalamazoo, Mich.) was dissolved in distilled
water shortly before injection. The IQ-1, obtained from F. A.
French (Mount Sinai Hospital, San Francisco, Calif.) was
injected as a suspension. The effectiveness of therapy was
evaluated in each case by taking into account both the average
survival time of mice that died and the incidence of 50-day
survivors.

Total body irradiation was administered by a General
Electric Maxitron machine, Model 250. The dose was
calculated in roentgens, in air, and was given at 250 kVP and
30 ma. A filter of 0.5-mm copper and 1.2-mm aluminum was
used. Mice were confined in polyethylene plastic containers
with adequate air supply and were placed at a skin target
distance of 30 cm.

Suspension cultures of leukemia LI 210, originating from
the Roswell Park Memorial Institute cell line 3116 which was
established in culture by G. E. Moore, were grown by diluting
the suspension to 1 X 10s cells/ml every 2nd day with Roswell

Park Memorial Institute 1640 medium (16) supplemented with
10% fetal calf serum, penicillin (62.4 jig/ml), and streptomycin
(66.9 Â¿ig/ml).For the combination experiments, an aliquot of
the cell suspension was taken on the day after refeeding and
diluted to 2.5 X IO5 cells/ml with fresh medium. With a

Biopette (Schwarz BioResearch, Inc., Orangeburg, N. Y.), 0.2
ml of the diluted suspension was added to tubes (12 x 75 mm)
containing the drugs dissolved in phosphate-buffered saline
(0.4 ml) (Grand Island Biological Co., Grand Island, N. Y.) and
fresh medium (1.4 ml). The tubes, sealed with latex stoppers
(size 00) within 15 min after the addition of medium and cells,
were kept stationary and in an upright position during
incubation at 37Â°for 42 hr. Cell number was determined with

a Coulter Model B counter (Coulter Electronics, Hialeah, Fla.)
with a 70-jum window. The cells had a generation time of 10 to
12 hr and remained in log growth for at least 45 hr without
any detectable lag period. The viability of control and
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drug-treated cells was 98 to 99% as determined by trypan blue
exclusion. The in vitro experiments were set up in a laminar
flow hood (Optic Aire Systems, Inc., Syracuse, N.Y.) to
ensure sterility.

RESULTS

The therapeutic effects of ara-C and IQ-1 in DBA/2Ha-DD
mice, alone and in combination, are shown in Chart 1. The
average survival of mice treated with ara-C at 2.5 mg/kg/day or
IQ-1 at various dosages was moderately prolonged with respect
to that of untreated controls. The lack of a clear dose response
with IQ-1 alone may reflect the insoluble nature of this drug.
Following combined treatment, average survival was
prolonged, and several mice survived 50 days. Treatment with
ara-C at 5.0 mg/kg/day resulted in a marked increase in average
survival. When this dose of ara-C was given in combination
with IQ-1, 6 out of 10 mice survived 50 days in 1 group, and a
total of 17 out of 43 survivors were observed in the 3 groups
combined. A dose response was apparent when both average
survival and incidence of survivors were considered for
evaluation. The high percentage of survivors observed among
mice treated with this combination, as compared to that in the
groups treated with each drug alone, indicated that this drug
combination exerted therapeutic synergism against leukemia
L1210ÃŒHthe DBA/2 Ha-DD mouse.

o
ARA-C

IQ-1
none 2550 00116 2.52.52.5 5.05.05.0

none 0006 io 20 to 102040 102040

TREATMENT: Mg/kg/day

Chart 1. Antileukemic effects of ara-C and IQ-1 against leukemia
L1210 in nonirradiated DBA/2Ha-DD female mice (17 to 22 mg). Drug
treatment, i.p., was started 1 day after the i. p. inoculation of 1 X IO6

L12 10 cells and continued once a day through Day 6. Average survival
was counted from the day of tumor inoculation, which was considered
Day 0. The average survivals did not include the 50-day survivors
(numbers on top of the bars). Twenty mice were in each treated group,
and 40 were in the untreated control group. Among 20 mice treated
with 5 mg/kg/day of ara-C and 40 mg/kg/day of IQ-1 and not

inoculated with L1210 (toxicity control group), 1 died on Day 9 and 1
died on Day 34. The maximum variation from the average survival time
among controls was 0.5 to 1.0 day.
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Chart 2. Antileukemic effects of ara-C and IQ-1 against leukemia
L1210 in irradiated DBA/2Ha-DD female mice (16 to 19 g). The
total-body X-irradiation (350 R) was given 1 day prior to tumor
inoculation. Drug treatment, i.p., was started 1 day after the i.p.
inoculation of 1 X 10' L1210 cells and continued once a day through

Day 6. Average survival was counted from the day of tumor
inoculation, which was considered Day 0. Fifteen mice were in each
group. Among 15 mice treated with 5 mg/kg/day of ara-C and 40
mg/kg/day of IQ-1 and given X-ray but not inoculated with L1210
(toxicity control group), 6 died 15 to 36 days after irradiation. The
maximum variation from the average survival time among controls was
0.5 to 1.0 day.

For elimination of the possible contribution of
transplantation immunity to the synergism shown in Chart 1,
the drug combination was reevaluated in irradiated mice
(Chart 2). The average survival of the groups treated with the
combination was only slightly increased over that of the
groups treated with each drug alone, and no 50-day survivors
were found. The toxicity of drug combinations in irradiated
mice which were not inoculated with L1210 was assessed and
was not a complicating factor in the evaluation of these data.
In the absence of host defenses directed against a transplanted
tumor, a quantitative analysis of the effectiveness of a drug or
drug combination can be made with cell-kill kinetics. When
this analysis is performed in the immunosuppressed animals
(Chart 2), the combination of ara-C and IQ-1 shows no
therapeutic synergism. In the presence of host defenses
directed against a transplanted tumor (Chart 1), this analysis is
not applicable.

Since the immunological response to LI210 appears to be
weaker in DBA/2J mice than in DBA/2 Ha-DD mice (11), the
drug combination was also evaluated in DBA/2J mice, where it
was found to be additive at best (Chart 3).

For further determination of the effects of this combination
on cell growth in the absence of possibly complicating host
factors, experiments were carried out with L1210 cells grown
in suspension cultures under conditions allowing at least a
10-fold increase of the control cell population. As shown in
Chart 4, logarithmic growth of the cell population occurred
for at least 45 hr without any detectable lag period after the
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inoculation of either 2.5 or 5 X IO4 cells. Variation between

duplicate tubes in this system was usually less than 10%.
With this system, dose response curves for ara-C and IQ-1

were obtained to determine the concentration of each drug
required for 50% inhibition of growth when tested alone or in
combination (Chart 5). The relative amounts of each drug
required to cause 50% inhibition of growth when used in
combination were plotted on an isobologram, as described
previously by others (4).

The isobologram derived from data obtained as shown in
Chart 5 clearly indicates that the drugs had only additive
inhibitory effects on growth when used in combination (Chart
6). The closed circles in the isobologram were actually derived
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Chart 3. Antileukemic effects of ara-C and IQ-1 against leukemia
LI 2 10 in nonirradiated DBA/2J iemale mice (average weight, 17 g).
Drug treatment, i.p., was started 1 day after the i.p. inoculation of
1 X 10" LI 210 cells and continued once a day through Day 6. Average

survival was counted from the day of tumor inoculation, which was
considered Day 0. Twenty mice were in each group. Among 20 mice
treated with 5 mg/kg/day of ara-C and 20 mg/kg/day of IQ-1 and not
inoculated with L1210 (toxicity control group), none died within the
50-day period of observation. The maximum variation from the average
survival time among controls was 0.5 to 1.0 day.
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Chart 4. Growth curve of L1210 cells in vitro following inoculation
of either 2.5 X IO4 or 5 X 10* cells. The total volume of incubation

was 2 ml.
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Chart 5. Dose-response curves for ara-C and IQ-1 alone and in
combination against LI210 in vitro. The concentrations required for
50% inhibition of growth by the single drugs were 3.5 X 10'* M for
ara-C and 1.3 X IO"6 M for IQ-1. The numbers on top of the curves

indicate the concentrations of the 2nd drug. Each measurement
represents a single observation. Cells were counted 42 hr after
incubation at 37Â°.The cell number is obtained by dividing the number

along the ordinate by the negative exponential.
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Chart 6. Additive interaction resulting from the combination of
ara-C with IQ-1. From the dose response curves for the 2 drugs, alone
and in combination (Chart 5), the concentrations required for 50%
inhibition of growth were determined. Setting the concentration of
each drug alone required for 50% inhibition of growth equal to 1.0, the
relative amounts of each drug required to cause 50% inhibition of
growth were then compared using an isobologram (4) to determine the
particular type of interaction. If the plotted data result in a straight line
connecting the 2 points 1.0, 1.0, then the drug combination has
resulted in an additive interaction. Curves to the left of this line
indicate a synergistic interaction, while curves to the right of this line
indicate an antagonistic interaction.

from the data shown in Chart 5. The crosses indicate data
from another experiment carried out with additional
concentrations of each drug.

DISCUSSION

The combination of ara-C and IQ-1 was selected for study
because it had the potential of eliciting a synergistic response
based on the known mechanisms of action of these 2 drugs.

Both IQ-1 and ara-C have carcinostatic activity against
leukemia L1210 and other tumors (5, 6,20), and both inhibit
DNA synthesis primarily (1, 10, 17). The effect of IQ-1 has
been correlated with inhibition of ribonucleotide reducÃasein
vitro (15). While early work was consistent with the possibility
that ara-C acts as an inhibitor of ribonucleotide reducÃase(1),
subsequent reports have indicated thai incorporalion of Ihe
drug inlo DNA mighl also be involved (3, 19). More recenlly,

524 CANCER RESEARCH VOL. 32

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2388869/cr0320030522.pdf by guest on 19 M

ay 2023



Combination Chemotherapy

Furth and Cohen (7) have shown that the 5-triphosphate of
ara-C is a potent competitive inhibitor of mammalian DNA
polymerase. These investigators have discussed the various
theories that have been advanced concerning the mechanism of
action of ara-C and have concluded that the existing data are
most consistent with inhibition of DNA polymerase as the
primary site of action of ara-C.

Since this inhibition is competitive with the normal
substrate dCTP, the intracellular concentration of dCTP
determines the degree of inhibition of the polymerase by a
given concentration of ara-CTP. dCTP is also a potent
feedback inhibitor of deoxycytidine kinase (9, 14), the first
step in the activation of ara-C (2, 9, 18). Thus, lowering the
intracellular concentration of dCTP could result in an
increased inhibition of DNA synthesis with a given dose of
ara-C. This should result not only from increased activation of
ara-C by the kinase but also from increased inhibition of the
polymerase by ara-CTP. Since dCTP can be supplied by both
the salvage and de novo pathways, inhibition of the de novo
pathway as a consequence of a ribonucleotide reducÃase
inhibition by IQ-1 should result in a decreased intracellular
concentration of dCTP, without interfering with the activation
of ara-C. Thus, the combined treatment with ara-C and IQ-1
has the potential to elicit a synergistic response in terms of
inhibition of DNA synthesis.

In this study, the combination of ara-C and IQ-1 had a
synergistic therapeutic effect against leukemia L1210 in
DBA/2Ha-DD mice. Data obtained in irradiated DBA/2Ha-DD
mice, in DBA/2J mice, and in LI 210 cell culture, however,
indicated that the combination of ara-C and IQ-1 has only
additive inhibitory effects against leukemia L1210 cells.
Previous results (11, 12) had suggested that antitumor agents
might exert curative effects on LI210 in DBA/2 mice as a
result of cooperative actions of the drugs themselves and the
ensuing immunological responses of the host. The results of
this study indicate that in vivo the participation of the
immunological responses directed against a transplantable
leukemia can also result in therapeutic synergisms after
treatments with drug combinations with only additive
growth-inhibitory effects. The interpretation that the
differences observed between nonirradiated DBA/2Ha-DD and
DBA/2J mice reflect the greater response of the host defenses
to L1210 in the DBA/2Ha mouse is supported by these
observations: (a) total-body irradiation abolishes the
differences in survival time seen in various DBA/2 sublines
inoculated with 10 to IO6 L1210 cells (13); and (b) survival

times in preirradiated DBA/2Ha-DD (Chart 2) and in
nonirradiated DBA/2J mice (Chart 3) are similar following
treatment with the combination of ara-C and IQ-1.

The observation that the combination of ara-C and IQ-1
exerts only additive growth-inhibitory effects in culture might
be interpreted to indicate that the 2 compounds act at the
same biochemical site. This conclusion is unlikely, however,
since ara-C and IQ-1 exert different effects against L1210 cells
in culture in combination with a number of other inhibitors of
DNA biosynthesis (8).

The results of this study indicate the need for a better
definition of the experimental transplantable tumor systems
commonly used in chemotherapy and the need for the
development of better model systems useful in the evaluation

of drug combinations in vitro and in vivo. The evidence that
therapeutic synergism can occur with a combination of drugs
which have only additive interaction in vitro indicates the
importance of determining whether therapeutic synergism is
actually based on direct interference with cellular metabolism.
If the role of host defenses against tumors is not taken into
consideration, the effectiveness of drug combinations may be
grossly overestimated. On the other hand, the awareness that a
host response becomes effective against the tumor as a
consequence of the tumor-inhibitory effects of drug
treatments leads to the recognition of the potential benefits
that may result from the combined effects of chemotherapy
and immunity.
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