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Abstract--The cytotoxic effect of the combination of cyclophosphamide and 5- 
Jluorouracil against AKR and L1210 leukemias was quantitated by a spleen colony 
assay. We used different sequences, a number of doses of each agent, and different 
intervals between the agents and noted different degrees of synergistic cell-kill. By 
proper scheduling of these agents, greater than lO0-fold increase in cell killing was 
noted, an ejfect not demonstrable for normal hematopoietic stem cells. However, the 
pattern of response for AKR was opposite to that for L1210 leukemia; we suggest that 
this reflects a difference in the metabolism of 5-FU. 

I N T R O D U C T I O N  

5-FLuoROURACIL (5-FU) and cyclophos- 
phamide (CY) are two of the agents most 
widely used in the clinical treatment of solid 
tumors. More and more, these two agents are 
being studied in combinations which yield 
increased efficacy [1-3]; however, as with 
many of the combinations presently in use, their 
optimal scheduling in terms of dose, sequence 
and interval between their administration is 
not known. In this study, we have examined 
these parameters in two experimental systems, 
measuring the cytotoxicity to leukemia cells 
and normal hematopoietic stem cells. We 
found significant cytotoxic differences depend- 
ing upon the parameter of dose, sequence and 
interval; however, because of the difference 
observed between the two systems studied, we 
hesitate directly to translate the experimental 
data to the clinic without pertinent biochemi- 
cal information as well. 
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MATERIALS AND METHODS 

Drugs 

We purchased 5-FU from Hoffman- 
LaRoche (Nutley, NJ) in 500mg vials and 
CY from Mead Johnson Laboratories 
(Evansville, IN)  in 100mg vials. The drugs 
were dissolved and diluted in sterile saline and 
the specified dose injected in a volume of 
0.5 ml via the tail vein. 

Mice 
A K R  mice were obtained from the Jackson 

Laboratory (Bar Harbor,  ME). CD2F 1 and 
DBA/2 mice were obtained through the 
National Cancer Institute (Bethesda, MD). 
Mice of either sex were used for the experi- 
ments; they were 7-9 weeks old and weighed 
19-24 g each. 

Leukemia cells 
We used the A K R  line derived from a 

spontaneous A K R  thymic lymphoma [4]. It 
was passaged weekly as previously described 
[5]. The mice received 106 leukemia cells via 
the tail vein 4 days before treatment. The 
L1210 line, obtained from the NCI in 1971, is 
maintained by weekly intravenous transplant 
in male DBA/2 mice. CDF 1 mice received 2 
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X 10 6 L1210 cells via the tail vein; four days 
later the drugs were administered. 

Assay for leukemia colony-forming units (LCFU) 
At specified intervals after the final treat- 

ment we killed groups of four leukemic mice 
by cervical dislocation, removed their femurs 
and prepared monodispersed suspensions of 
marrow cells as described previously [5]. We 
then injected 0.5ml fractions of this suspen' 
sion into the tail veins of 8 recipient mice, 
either A K R  or CDF 1 for A K R  leukemia and 
L1210 leukemia, respectively. Eight days la- 
ter, we removed the spleens of the recipient 
mice, placed them in Bouin's solution and 
counted the macroscopic colonies. From this 
value, we estimated the number of L C F U  in 
the original donor femur [5]. The results were 
expressed as the fractional survival of LCFU 
compared to an untreated control group, as- 
sayed in the same way, five days after the 
injection of leukemia cells. To obtain t ime-  
survival curves we assayed the femoral mar- 
row for its L C F U  content at various time 
intervals after the administration of the agent 
and compared these values to those obtained 
from a control group assayed 4 days after the 
injection of leukemia cells. 

Assay for normal hematopoietic colony-forming units 
(NCFU) 

For this assay, we used 5 normal CDF 1 
donors and 15 recipient mice. The recipients 
received 900 rad total body radiation prior to 
the injection of femoral marrow suspension. 
These mice were killed 9 days later and the 
macroscopic colonies on the spleens were 
counted [6]. The results were expressed as the 
fractional survival of N C F U  normalized to an 
untreated control group. 

proliferation of leukemia cells during this in- 
terval. The extent of correction depends upon 
the time following the first drug after which 
regrowth of the tumor population commences. 
The time-survival curves for 0.5 mg per mouse 
of CY for both A K R  and L1210 leukemia 
have been published [8]. Recommencement  of 
tumor proliferation was quite rapid following 
drug exposure, occurring within 2 hr of drug 
administration. Therefore for all intervals 
greater than 2 hr, when CY was administered 
first, a correction of the data was made based 
on the control growth rate of the tumor 
population. 

The time-survival curves for 0 .6mg per 
mouse o f  5-FU in A K R  leukemia and for 
1 mg 5-FU in L1210 leukemia have also been 
published [7, 9]. However, since the interval 
between between 5-FU and CY in the L1210 
combination experiments extended beyond 
24hr, we examined the kinetics of LCFU 
repopulation with 1 mg of 5-FU. The results 
are shown in Fig. 1. There was an initial 
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Fig. I. Survival of LCFU as a function of time foUowing the 
administration of 1 mg 5 -FU per mouse. Different symbols 
represent different experiments. Errors are + 1 S.E. Dashed line 

refers to data in [9]. 

RESULTS 

Dose- and time-survival studies 
In earlier studies we plotted dose-survival 

curves for both 5-FU and CY in A K R  
leukemia [7, 8]. Basing the dosage on these 
data, we used 0.6 mg per mouse of each agent 
in the combination experiment, as this dose 
reduces the survival fraction of L C F U  to 
between 10 -1 and lO -2 .  Dose-survival curves 
for CY and 5-FU in L1210 have also been 
published [8, 9]. Based upon the same dose 
consideration as above, we chose 1 mg 5-FU 
per mouse and 0.5mg CY per mouse for the 
combination experiments in L 1210 leukemia. 

Since the time interval between the admin- 
istration of the drugs was a variable, a cor- 
rection factor was necessary to account for the 

rapid killing of tumor cells that brought the 
surviving fraction to a minimum of about 
10-1 at around 6hr. LCFU started to pro- 
liferate thereafter, but after 24 hr very little, if 
any repopulation was observed over the sub- 
sequent 3 days. 

Effect of the combination 5-FU and CY on LCFU 
Either drug was given at the doses in- 

dicated above, and at time intervals from 
5 min to 24 hr later, the other one was admin- 
istered. Twenty-four hours following the se- 
cond agent, the femoral marrows were assayed 
for their L C F U  content. The results for A K R  
leukemia are shown in Fig. 2 with the results 
for each agent alone represented by solid 
hexagons. Multiplying the survival for the 
individual agents alone, we predicted the ad- 
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t~)'g. 2. Survival of AKR LCFU as a function of sequence and 
interval between the administration of 0.6 mg per mouse of both 
5-FU and CY. Hexagons represent the geometric mean of four 
separate experiments with the limits representing the range of 
individual values obtained. Different symbols represent different 

experiments, errors are +_ 1 S.E. 

ditive survival for the two drugs to be about 5 
x 10 -3. However, when the agents were used 

in combination, a definite synergism was ob- 
served for all intervals and both sequences. 
For 5-FU administered before CY, the grea- 
test cytotoxicity occurs when they are given 
close together; as the interval increases, the 
extent of cytotoxicity decreases and is close to 
the theoretical additive effect for the 24-hr 
interval. For 5-FU following CY, cell-killing is 
maximal at about 10 -5 between 4 and 8hr;  
as the interval increases thereafter, the extent 
of cytotoxicity decreases but remains greater 
than additive even at the 24-hr interval. 

An identical experiment was then carried 
out with L1210 leukemia, except that the 
time interval was extended to 48hr. The 
results are shown in Fig. 3. Here also a 
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Fig. 3. Survival of L1210 LCFU as a function oJ sequence 
and interval between the administration of 1 mg per mouse 5- 
FU and 0.5 mg per mouse CY. Symbols and error~ as in text 

(Fig. 2). 

definitive synergism was observed tbr most 
time intervals, but the schedule dependency of 
this synergism was different from that obser- 
ved for AKR leukemia. For 5-FU given 
before CY, the surviving fraction decreased 
with increasing interval, reaching between 
l0 -4 and 10 .5 at 24hr. For short intervals, 
survival was close to the expected additive 
level of about 5 x 10 -3. Further, when 5-FU 
followed CY, survival was at about the ad- 
ditive level up to 48 hr. 

Effect of the combination 5-FU and CY on NCFU 
For these experiments we used the same 

doses of 5-FU and CY as for the L1210 
Leukemia. They were given singly and in 
combination for the same intervals of time as 
for the LCFU studies, and the results are 
shown in Fig. 4. The additive level was about 
6 to 7 x 10-1 and the two-drug combination 
was slightly synergistic for all time intervals 
studied. 
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administration of 5-FU and CY. Doses, symbols and errors as in text (Fig. 2). 
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Table 1. Synergy index for the combination 0f5-FU and CT* in L1210 leukemia 

Dose 5-FU (mg/mouse) 

Dose CY + 
(mg/mouse) 0 0.25 0.5 1.0 1.5 

0 1 
2.9 x 10-1] . 2 x 10 -1 9.4 X 10 . 2  1.9 X 10 . 2  

(1.7 x 10-1 to (1.5x 10-1 to (7.4 x 10-2 to (9.8x 10-3 to 
4.6 x 10-1), * 2.5 x 10 -a ) 1.4 × 10 - 1  ) 4.7 × lO - 2 )  

0.25 
1.7 x 10 -1 4.4 6.5 16 38 

(6.9X 10 .2 to 0.4 11 3.9 8 
3X lO -1) 2.4 ll 2.1 24 

0.5 
3 x 10 . 2  3 4.9 142 82 

(1.3 x 10 .2 to 1.8 - -  61 156 
9.6 X 10 -2) 2.8 5.5 227 8.5 

0.75 
3.7 x 10 -3 1.4 4.2 38 17 

(1.7 x 10 -3 to 1.4 17 38 9.4 
5.7 x 10 -3) 0.6 39 164 26 

1 x 10  - 3  1.7 49 61 102 
(4.7 x 10 -4 to 2.7 58 23 > 170 

2.1 x 10 -3 ) 1 13 27 - -  

*5-FU administered 24hr before CY. 
tValues for each drug alone are the average values from 3-5 separate experiments. 
+Range. 

Synergy index 

We examined  the effect of  the dose of  each 
agent  on the extent  of  L1210 cell-killing. We 
chose a 24-hr interval  between drugs with 5- 
F U  given first, since we noted significant 
synergy for this schedule (Fig. 3). We  studied 
four doses of  each agent;  the results of  five 
separate experiments  are presented in Tab le  
1. T h e  da ta  presented in Tab l e  1 for CY and 
5-FU are in agreement  with those published 
previously [8, 9]. I t  is noted that  in nei ther  
case is there any evidence of  a shoulder region 
in the dose-survival  curves. T h e  synergy in- 
dex is defined as the ratio of  the expected 
L C F U  survival level and the exper imenta l  
value obtained.  T h e  expected level is simply 
the p roduc t  of  the L C F U  survival values tbr 
the individual  agents alone. While  significant 
variabil i ty was noted between experiments,  
certain generalizations may  be made.  First, 
there is little, if any, synergistic effect for the 
lowest dose of  5 -FU combined  with any dose 
of  CY. With  increasing dose of  ei ther  5-FU or 
CY there is general ly an increasing synergistic 
effect, a l though the m a x i m u m  appears  to be a 
factor of 100-200. 

D I S C U S S I O N  

T w o  major  points of interest emerge from 
this study. First, the combina t ion  of  CY and 

5-FU demonstrates  significant sequence and 
interval  dependency  in its cytotoxicity.  
Synergistic effects of  a large magni tude  can be 
obta ined in both leukemia models by approp-  
riate scheduling of  the agents. Second, the 
pa t te rn  of  responses observed for the A K R  
and L1210 leukemias seems exactly opposite; 
maximal  cytotoxici ty for A K R  leukemia oc- 
curred when 5-FU shortly followed CY, bu t  
for L1210 the combinat ion  was most effective 
when  5-FU preceded CY by 2 4 h r  or more.  

This lat ter  point  may  be discouraging since 
it indicates, on first analysis, that  scheduling 
informat ion cannot  be translated from animal  
to h u m a n  tumors.  However ,  the different re- 
sponses p robab ly  reflect different ways in 
which these two cell types metabol ize  the 
drugs, with 5-FU most likely responsible for 
the discrepancy.  T h e  sensitivity of  various cell 
lines to 5-FU has been related to rate and 
extent  of  nucleotide format ion [10], to tumor  
levels of  a pyr imidine  phosphoribosyl  trans- 
ferase [11, 12], and to rate of  nucleoside 
t ransport  [13]. 5 -FU has a complex anabolic  
pa thway  and exerts its cytotoxic effect th- 
rough at least two main inechanisms: (1) its 
metabol i te  5 - F d U M P  inhibits D N A  synthesis 
by blocking the enzyme thymidyla te  syn- 
thetase, and (2) it is incorpora ted  into RNA,  
through conversion to 5 - F U R T P ,  though the 
biological consequences of  such incorporat ion 
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are not clear [14]. The synergism observed in 
A K R  leukemia when 5-FU is given after CY 
could be explained by the interference of 5- 
FU or some of its metabolites with the repair 
of DNA following the alkylating agent lesion. 
The dose-survival curve for CY in A K R  does 
indeed exhibit a small shoulder, suggesting 
accumulation of sublethal injury. The same 
hypothesis has been invoked to explain the 
synergism of 5-FU and X-ray in A K R  
leukemia [7]. Even though there are profound 
difference between the lesions produced by X- 
ray and those caused by alkylating agents in 
the DNA of treated cells [15], it has been 
demonstrated that alkylation is repaired in 
mammalian cells [16]. One study suggests 
that the sublethal damage caused by CY in 
L1210 ascites tumor could be repaired be- 
tween 3 and 12 hr after the initial dose. 

It is difficult to call upon the same model 
to explain the synergism observed at different 
time intervals in both A K R  and L1210, but 
we can assume that the metabolites respon- 
sible for the inhibition of the repair reach 
efficient concentrations at different times after 
5-FU exposure in the two cell lines and that 
the schedule dependencies of the two lines 
reflect this. For example, 5 -FdUMP levels 
peaked within 1-6hr  in P1534 ascites cells 
[18] whereas, in the study mentioned above 
[19], the peak level of 5 -FdUMP in solid 
L1210 was not attained until 24hr had 
elapsed. 

Another possibility is that 5-FU sensitizes 
DNA to attack by alkylating agents. 5-FU 
produces eroded regions in chromosomes of 
plant cells [20] and chromatid breaks in 
animals cells [21]. If  this visible damage is the 

ultimate expression of DNA lesions, it would 
result in a molecular structure more vulner- 
able to the action of alkylating agents. We 
have already observed a synergism between 
L-PAM and 5-FU in L1210 [9] and the 
schedule dependence was similar to that 
shown here. Also, a combination of 5-FU and 
CCNU was recently tested against two expe- 
rimental solid tumors; 5-FU given 24hr be- 
fore CCNU was more effective and less toxic 
than CCNU followed after 24hr by 5-FU 
[22]; this is similar to the data reported here 
for 5-FU plus CY. The same combination as 
employed here has been studied in L1210 
ascites tumor with therapeutic synergistic no- 
ted for the agents given together [23] and 
more recently, the schedule dependency of 5- 
FU and CY cytotoxicity was examined in 
L1210 leukemia, Lewis lung carcinoma and 
the mouse C22LR osteosarcoma by Mulder et 
al. [24]; the optimum antitumor schedule was 
found to be that in which the drugs were 
given simultaneously. The discrepancy be- 
tween our findings and those of Mulder et al. 
may be due to (1) a difference in the tumor 
lines; (2) the higher doses of both agents 
which they used (about twice our dose of 5FU 
and four times our dose of CY) which may 
significantly alter the optimal interval; or (3) 
a difference in the assays used--clonogenic 
versus increase in lifespan. 

All this points to a significant interaction 
between 5-FU and alkylating agents, but the 
different schedule-dependent effectiveness of 
this combination in different tumors cautions 
us from transferring the results Of one expe- 
rimental model to another before we com- 
pletely understand the observed phenomenon. 
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