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Abs t rac t - -The  effect of adriamycin/cyclophosphamide combination chemotherapy 
was evaluated against a spectrum of transplantable turnouts in mice (L12 l0 !eukaemia, 
Lewis lung carcinoma and C22LR osteosarcoma) and critical normal tissue. Treatment 
was given either simultaneously or sequentially with u time interval of 24hr. Drug 
synergism was observed in the treatment of L1210 when the two agents were 
administered simultaneously. In the solid turnout experiments, neither synergism nor 
schedule dependency could be demonstrated. From the bone marrow stem cell assays, it is 
concluded that simultaneous treatment is the least effective and therefore the least toxic 
schedule. Based on these data, it may be recommended that, in clinical cancer treatment, 
adriam~cin and cyclophosphamide be given simultaneously and not sequentially. 

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

FOR OPTIMAL chemotherapy of tumours with 
combinations of different types of drugs, it is 
of great importance to have available detailed 
data on dose, time and sequence of drug 
applications that result in maximum tumour 
response and minimal side effects. Such pro- 
cedures of drug application are designated as 
"drug scheduling'~. 

The combination of the DNA-intercalating 
antibiotic adriamycin (Adria) and the alkylat- 
ing agent cyclophosphamide (Cyclo) has been 
shown to be very effective in treating several 
animal and human tumours. Because of the 
increasing interest in the use of the Adria-  
Cyclo combination in adjuvant therapy for 
breast cancer patients, it is worthwhile to 
investigate whether it is possible to increase 
the therapeutic ratio by employing different 
treatment schedules with Adria-Cyclo. 
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The work reported here is concerned with 
the question of selective potentiation of effects 
on the tumour relative to the normal tissue. 
The method of evaluation was based on a 
differential effect against a spectrum of trans- 
plantable tumours in mice and on bone 
marrow stem cells. Thus, two major con- 
siderations in this study were (a) the sequence 
in which the two drugs should be adminis- 
tered to obtain the optimal antitumour effect; 
(b) the least toxic schedule of Adria Cyclo 
combination chemotherapy. The present ex- 
periments were designed as part of a study on 
drug schedule design of which results have 
been reported [1~4]. 

MATERIALS A N D  M E T H O D S  

Adriamycin (NSC 123127) was a gift from 
Farmitalia, Milan, Italy, and cyclophos- 
phamide (NSC 26271) was provided grat- 
uitously by Asta-Werke, Brackwede, 
Germany. The L1210 leukaemia survival ex- 
periments were carried out in CD2 F 1 mice. 
The Lewis lung carcinoma was maintained 
and transplanted in the C57 B1/Ka mouse and 
the C22LR osteosarcoma studies were perfor- 
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reed in BCBA F 1 mice. The solid tumour cell 
lines were of one passage from frozen samples 
[l,2]. Resting and rapidly proliferating haemo- 
poietic bone marrow stem cells of BCBA 
F 1 mice were employed for studying responses 
of the normal tissue. 

From an exponentially growing L1210 in 
vitro culture, 10 s cells were injected i.p. into 
mice. Treatment i.p. with Adria and Cyclo 
was either simultaneously or sequentially: 
Adria 24hr before (Adria-+Cyclo) or 24hr 
after Cyclo injection (Cyclo-+Adria). The 
median survival time (MdST) excluding long 
term survivors was used as an index of anti- 
tumour activity. Mice surviving for 60 days 
after inoculation and showing no evidence of 
leukaemia at autopsy were recorded as long 
term survivors. Data are expressed in terms of 
the percent increase in life-span (o~ ILS) as 
determined by the equation: 

MdST of treated - MdST of control 

MdST of control 

x 100 = o,; ILS. 

Synergism in L1210 is suggestive when the o O 

ILS corresponding to the effect observed after 
combined treatment is greater than the alge- 
braic sum of the values of o ILS determined o 
for the two agents separately. Drug induced 
toxic death is defined as death within 10 days 
of the end of treatment unless clearly caused 
by tumour growth. The technique of prepar- 
ing a single cell suspension of the Lewis lung 
carcinoma and the C22LR osteosarcoma have 
been described in detail [1]. The method of 
evaluation of the effect on solid tumours is 
presented here only in outline: tumour growth 
delay in days is the displacement in time 
between the growth curve of the control 
group and the growth curve of the tumours 
recurring after treatment. If  no original tum- 
our volume was known (e.g., for turnout 
inocula exposed to treatment before a tumour 
was palpable), the delay in comparison with 
the control group to reach an arbitrary vol- 
ume between 400-g00 mm 3 was estimated, 

To assess the effect of drug scheduling 
against normal cells, the survival of resting 
haemopoietic stem cells was determined by 
the spleen colony assay technique. After cyto- 
static drug treatment, the normally resting 
stem cells will be recruited into cycle and this 
may result in increased toxicity. Therefore, 
the eflOct of treatment on recruited, rapidly 
proliferating normal bone marrow stem cells 
was also investigated [1]. The survival of 

resting and proliferating CFU was calculated 
as the ratio of the mean number of CFU per 
donor femur and per spleen, respectively, of 
treated to that of simultaneously assayed con- 
trol mice. Synergistic effect on bone marrow 
cells is suggestive when the observed per- 
centage is smaller than the expected pcr- 
centage of surviving cells calculated by mul- 
tiplying the values of percentage surviving 
cells determined for the two agents separately. 

For the statistical evaluation of growth de- 
lay data, the Student's t-test was used. 
Comparison of survival for the different 
groups of leukaemic mice was accomplished 
by means of the Wilcoxon test. 

RESULTS 

The therapeutic effect of Adria + Cyclo and 
the influence of drug scheduling 
(Adria~-Cyclo) on the percentage increase in 
life-span (°,' o ILS) for L1210 leukaemic mice is 
shown in Table 1. The expected ILS calcu- 
lated from the data of the single drug treat- 
ments by assuming an additive effect was 
smaller than tile observed "i, ILS after simul- 
taneous application of the drugs, indicating 
drug synergism. Furthermore, the data in 
Table 1 show that sequential treatment with 
an interval of 24hr was less effective than 
simultaneous treatment, but not significantly 
different as compared to the calculated t )  

ILS; this indicates that the eflkct was additive 
in these treatments. The results of treatment 
in the two solid turnout lines are shown in 
"Fable 2. Simultaneous treatment was additive 
and no effect of drug scheduling with an 
interval of 24 hr could be demonstrated except 
in the Lewis lung tumour experiment No. 240 
LL. To obtain a growth delay after Adria 
administration comparable to the growth 
delay measured after Cyclo treatment, the 
dosage of Adria was increased from 12.5 to 
15mg/kg i.p. As shown in Table 3, this 
resulted in a high proportion of toxic deaths 
in BCBA F a and C57B1/Ka mice. The in- 
cidence of toxic death was significantly lower 
when the two drugs were given simul- 
taneously. Schedule dependent host toxicity 
could also be demonstrated in a survival 
experiment using L1210 leukaemic mice. A 
slight increase in Adria dosage fi'om 2.5 to 
3 mg/kg and, most notably', when the route of 
administration was changed from i.p. to i.v. 
resulted in a dramatic increase in the in- 
cidence of toxic deaths. In Table 4, thc cffccts 
of Adria and Cyclo on normal bone marrow 
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Table 1. The influence of drug scheduling with adriamycin-cyclophosphamide combination 
chemotherapy on L 1210 leukaemic mice 
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C136 Per cent increase in life span (04, ILS) 
Drugs and treatment schedules Exp. No. C142 C146 C156 C160 C178 

Adria 84 81 45 12 23 71 
Cyc!o 24. h r , 37 41 47 20 32 71 
Adna , Cyclo 105 141 105 40 65 186 
Adria + Cyclo 238* 205 95 96 135 285 

2 4  h r  
Cyclo-----+ Adna  94 164 120 81 125 171 
Calculated effect of combination 121 122 92 42 55 142 

On days 2 and 3 or 3 and 4 after the i.p. inoculation of l0 s L1210 cells, groups of 10 CD2 mice 
were treated i.p. with Adria (2.5 mg/kg) and Cyclo (100 mg/kg ). Synergism is evident when the ",, 
ILS corresponding to the effect observed after combined treatment is greater than the algebraic sum 
of the values of % ILS determined for the two agents separately. Except for experiment C146, the 
differences between the observed °/o ILS of simultaneous Adr i a+Cyc lo  were always significantly 
higher than the calculated effects of the combination. The asterisk indicates % ILS excluding 6/10 
mice with no evidence of disease at day 49. 

Table 2. The effect of adriamycin-cyclophosphamide combination chemotherapy on Lewis lung 
carcinoma and C22LR osteosarcoma 

Drugs and treatment schedules 
Growth delay (days) 

Lewis lung carcinoma Osteosarcoma 
233 LL 240 LL 6053 6099 6124 

Adria 2.2 1.3 1.6 2.0 2.6 
Cyc!o 2, h, 5.8 4.0 6.9 6.8 7.1 
Adrla , Cyclo 6.2 6.2 10.0 7.5 8.2 
Adria + Cyclo 8.7 9.3 10.0 9.2 7.3 

2 4  h r  
Cyclo ~Adna 8.4 10.4 9.7 7.9 8.6 
Calculated effect of combination 8.0 5.3 8.5 8.8 9.7 

Groups of 10 mice were inoculated s.c. with tumour cells on day 0. Treatment  was given on 
two subsequent days during the early course of the tumour growth. A dose of 10-12.5 mg/kg 
Adria was given i.p. in combination with a dose of Cyclo which, in the Lewis lung 
experiments, was 100 and, in the osteosarcoma experiments, 50 mg/kg i.p. Drug induced early 
toxic death was not observed. The mean growth delay is given• The maximum standard error 
was 1.6 days. The differences between expected and observed effects of the various treatment 
schedules are not statistically significant except in experiment 240 LL (P<0.01).  

Table 3. Drug induced early toxic death in turnout bearing mice." the influence of drug scheduling 

No. of toxic deaths/total No. of mice per treatment group 

Osteosarcoma Lewis lung L1210 
Treatment  schedule in BCBA (F,)  in C57B1/Ka in CD2 
(mg/kg, i.p. ) Exp. No. 6082 308 LL C201 

Dose of Adria 15 15 3* 
Dose of Cyclo 50 75 100 

• 2 4  h r  

Adrla , Cyclo 3/4 3/5 8/15 
Adria + Cyclo 0/5 2/5 1/14 

24- hr  
Cyclo-----+ Adrla 2/5 5/5 1 / 15 

Drug induced early toxic death is defined as death of a mouse within 
administration and presumably not caused by tumour disease. 
* Intravenously. 

10 days after the last drug 
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Table 4. 
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The influence of drug scheduling with adriarnycin and cyclophospham#le on the percentage ol 
surviving normal haemopoietic bone marrow stem cells 

Drugs and treatment schedules 
Exp. No. I 

Surviving cells (%) 
Resting stem cells Proliferating stem cells 

I1 III IV V VI VII 

Dosages Adria 30 30 2(1 20 5 5 5 
(mg/kg i.p.) Cyclo 100 100 75 75 50 50 50 
Adria 18.7 20.3 35.5 N.D. 21.9 25.3 27.1 
Cyclo 27.5 14.5 40.9 N.D. 14.7 21.4 16.1 

• 2 4  h r  Adna ~ Cyclo 0.1 2.1 3.(/ 3.5 0.6 3.0 5.9 
Adria + Cyclo 8.3 2.3 14.5 8.9 2.9 3.0 6.1 

24- hr  Cyclo----~ Adrm 0.6 0.1 2.1 2. l 2.0 3.6 6.8 
Calculated effect of combination 5.1 2.9 14.5 - -  3.2 5.4 4.4 

Synergism is evident when the observed percentage is smaller than the expected perccntage of surviving cells 
calculated by multiplying the individual percentages. N.D. indicates the investigation was not clone. 

s tem ceils are demons t ra ted .  Exper iments  on 
resting haemopoie t i c  s tem cells showed an 
addi t ive  effect for the s imul taneous t r ea tmen t  
and  a synergistic effect when  the two drugs 
were given in sequence at a 24 hr interval.  

D a t a  ob ta ined  with the rapidly  prol i ferat ing 
haemopoie t i c  systems show an addi t ive  effect 
for the various combina t ions  and no schedule 
d e p e n d e n c y  is observed.  

DISCUSSION 

T h e  following three questions will be dis- 
cussed: W h a t  is the effect of  s imul taneous  
adminis t ra t ion  of  Adr ia  and Cyclo? W h a t  is 
the influence of  d rug  schedul ing 
( A d r i a ~ C y c l o )  on the effect of  Adr ia /Cyc lo  
combina t ion  c h e m o t h e r a p y ?  H o w  should the 
exper imenta l  da ta  be in te rpre ted  to be rel- 
evant  to clinical m a n a g e m e n t  of  ma l ignan t  
diseases ? 

Synergism is suggestive when  the observed 
effect of  the combina t ion  is grea ter  than  the 
expected  effect calcula ted from the single d rug  
da t a  assuming a l inear  dose response curve 
for the individual  drugs. 

A dose response curve for each drug  was 
de te rmined  in L I210  survival experiments .  
F rom the da ta  (not shown) it was concluded 
that,  in the dose range  used in our  L1210 
exper iments ,  both  Adr ia  and Cyclo show a 
l inear  dose- response  relat ionship.  Therefbre ,  
accord ing  to da ta  presented in T a b l e  1, Adr ia  
+ C y c l o  was a synergistic combina t ion  in all 
but  one of  the L1210 survival experiments .  In  
the solid t u m o u r  exper iments  shown in T a b l e  
2, however ,  the differences be tween calculated 
and observed growth delay tot  the simul- 
taneously given t r ea tmen t  were usually not 

significant. Al though the results of  exper iment  
No. 240 LL in T a b l e  2 seems to indicate  d rug  
synergism, this conclusion m a y  be too optimis-  
tic. As Adr ia  in contrast  to Cyclo t r ea tmen t  
was marg ina l ly  effective in the t r ea tmen t  of  
Lewis lung ca rc inoma,  it was not possible to 
obta in  a meaningfu l  dose response curve tbr 
Adria.  Therefore ,  it seems preferable  to in- 
te rpre t  the da ta  of  exper iment  2 4 0 L L  with 
caution.  S imul taneous  t r ea tmen t  of  resting 
and  proliferat ing bone m a r r o w  stem cells with 
A d r i a + C y c l o  was always addit ive:  the obser- 
ved percentages  were as expected as calcu- 
lated by mul t ip ly ing  the individual  percen-  
tages. W h e t h e r  the effect of  s imul taneous ad- 
minis t ra t ion of  Adr ia  and Cyclo is synergistic 
depends  on the type of  cell line used in an 
exper iment :  the effect of  Adr ia  and Cyclo was 
synergistic in L1210 and,  in contrast ,  it was 
addi t ive in Lewis lung carc inoma,  osteo- 
sa rcoma  and in resting and prol iferat ing 
haemopoie t i c  stem cells. 

O u r  second question concerns the influence 
of  d rug  scheduling. T h e  eft>ct of  sequential  
t r ea tmen t  is best demons t ra t ed  in da ta  of  the 
L1210 exper iments  ( 'Fable 1 ) and the haemo-  
poietic stem cell assays (Table  4). An 
addi t ive effect was observed when L1210 
leukaemic  mice were t reated either with 

h r  Adria  24 ~Gyclo or with Cyclo24 h~ 

Adria,  which is in contrast  to the synergistic 
effect after s imul taneously  given t rea tment .  In 
the resting s tem cell assay, sequential  treat-  
men t  was significantly more  effective than  the 
addi t ive  effect observed after s imuhaneous  ad- 
minis t ra t ion of  Adr ia  and Cyclo. No eft~'ct of  
d rug  scheduling was observed in ei ther the 
recrui ted bone  m a r r o w  stem cell system or the 
I,ewis lung ca rc inoma  and os teosarcoma 
investigations. 
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In conclusion, of  the three schedules tested, 
sequential  t rea tment  is the least effective in 
L1210 leukaemia  and the most toxic in resting 
bone mar row cells. In  contrast ,  s imultaneous 
adminis t ra t ion of  Adria  and Cyclo results in a 
synergistic ant i -L1210 effect wi thout  an ac- 
company ing  synergistic effect on resting stem 
cells. These  conclusions are in agreement  with 
the observed schedule dependen t  toxicity of  
high dose t rea tment  as shown in Tab le  3. 
Sequent ia l ly  given t rea tment  will lead to a 
synergistic effect on haemopoie t ie  stem cells 
and therefore to an increased bone mar row 
toxicity eventual ly  leading to the dea th  of  the 
animals. 

O u r  results are not  totally in agreement  
with those in the l i terature.  A summary  of  the 
relevant  exper imenta l  da ta  is given in Tab le  5 
[5-13].  The rapeu t i c  synergism has been de- 
scribed in L1210 and P388 leukaemia  by 
Avery and Roberts.  Corbe t t  et al. showed a 
synergistic effect of  Adria  and Cyclo in C3 H  
m a m m a r y  carc inoma,  B16 me lanoma  and the 
Ridgway  osteosarcoma, which is in marked  
contrast  to the present  results obta ined for 
Lewis lung carc inoma and C 2 2 L R  osteosar- 
coma.  O f  all the ment ioned  investigators, 
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there is only one, Viett i  from St. Louis, who 
studied the effect of  Adria  and Cyclo com- 
binat ion chemothe rapy  on tumour  and con- 
comitant ly  on critical normal  tissue. Nei ther  
drug  synergism not schedule dependency  was 
demonst ra ted  in L1210 cells and in mar row 
stem cells. T h e  discrepancy between Vietti 's  
results and ours is difficult to explain,  but  
differences in sensitivity and repair  after ex- 
posure to Adria  have been described for dif- 
ferent  lines of  L1210 [14]. 

T h e  final question to be discussed concerns 
the clinical applicabil i ty of the findings. 
Inf luenced by exper imental  results [6, 7] and 
in an effort to reduce nausea and vomiting,  
some clinical investigators [15, 16] have opted 
for sequential  t rea tment  with Adria  given i.v. 
on day  1 followed by Cyclo given orally in 
divided doses on days 3q5. The i r  clinical 
results, especially those obta ined in patients 
with m a m m a r y  carcinoma,  are promising. 
O th e r  clinical investigators have evaluated 
Adr ia /Cyclo  combinat ion  chemotherapy ,  both 
drugs administered simultaneously in a bolus 
injection [17-19].  The i r  results are also en- 
couraging,  most notably  those observed in a 
resistant tumour  type such as b ladder  car- 

Table 5. Synergism and schedule dependency of adriamycin and cyclophosphamide in experimental tumour 
systems; A summary from the literature 

Author (ref.) Tumour type Author's conclusions 

Wodinskv [5] L1210 Synergism after 
• ~ 2 4  h r  . Cyclo ~ Adna 

Tobias [6] L1210 Synergism when given 
simultaneously 

Schedule dependent 
Corbett [7] C3H mammary carcinonm'~ 

B16 melanoma ~ Synergism 
Ridgway osteosarcoma | No schedule dependency 
P388 leukaemia . J  

Vietti [8[ L 1210 ] No synergism 
marrow stem cells .j> No schedule dependency 

Johnson [9] L 1210 Synergism 

Avery [10, 11] L1210 

.lesair [12] 

Braunschweiger [13] 

Mulder (this paper) 

P388 leukaemia 

Rat mammary tumour 

L1210 } 
Resting bone marrox~ stem cell, 
Lewis lung carcinoma ) 
(1221,R osteosarcoma (" 

J 

Schedule dependency 
not investigated 

Synergism when given 
simultaneously 

Schedule dependent 
Synergism 
Slight preference for 

• . 2 4  h r  

Adrla ~ Cyclo 
Synergism after 

• 2 4  h r  , 

Cyclo ~ Adrla 
A differential schedule 

dependent synergistic effect 
No synergism 
No schedule dependency 
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cinoma. Therefore ,  there is insutticient da ta  
from clinical results to r ecommend  any parti-  
cular Adr ia /Cyclo  t rea tment  schedule. From 
exper imenta l  data,  however,  there is evidence 
to opt imize the combinat ion  chemothe rapy  
with Adria  and Cyclo in rapidly proliferating 
tumour  cell lines, the two drugs should be 
administered simultaneously. T h e  da ta  ob- 
tained with the Lewis lung carc inoma and 
osteosarcoma seem to suggest that  nei ther  
synergism nor  schedule dependency  may  bc 
expected with these combinat ions of  drugs in 
solid t umour  treatments.  For many  data,  
there seems to be a much greater  variat ion 
among  tumours  in both mice and man  than 
among  normal  tissue response in different 
species. In this study the effect of  drug  

scheduling on critical normal  tissue was in- 
vestigated in detail. From the bone marrow 
stem cell data,  there is in order  to minimize 
toxicity a preference to administer  the two 
drugs simultaneously. On  the basis of  the 
differential effect of  Adr ia /Cyclo  combinat ion 
chemothe rapy  in tumours and in bone mar-  
row stem cells, it may  be r ecommended  that, 
in clinical cancer  t reatment ,  Adria and Cyclo 
be given simultaneously and not sequentially 
until more exper imental  da ta  are available to 
conclude otherwise. 
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