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Summary. Children with acute lymphocytic leukemia 
(ALL) in remission were treated with overlapping sequen- 
tial infusions of methotrexate (MTX) and 1-[3-D-arabino- 
furanosylcytosine (araC) as part of continuation therapy. 
The doses and the sequence were chosen to mimic condi- 
tions that produced greater than additive antineoplastic 
activity with these two drugs in preclinical studies. To 
assess the potential for the drug combination to exhibit 
greater than additive effect in vivo, we investigated sever- 
al biochemical parameters that had been associated with 
synergism in vitro. Because the patients were in remission, 
the intracellular parameters could only be measured in 
cytologically normal hematopoietic cells. We observed 
that (1) the mean plasma concentrations of MTX and araC 
were above those required to obtain a greater than additive 
cytotoxicity with the two drugs in tissue culture; (2) MTX 
did not have a significant antipurine effect in bone marrow 
mononuclear cells; (3) the mean intracellular concentra- 
tion of deoxycytidine triphosphate (dCTP) was significant- 
ly lower after treatment with the drug combination than 
after therapy with araC alone; and (4) the ratio of araC 
triphosphate (araCTP) to dCTP was 2.6 times higher after 
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treatment with the combination than after araC alone. 
These results indicate that it is possible to achieve in 
patients the biochemical conditions associated with the 
'~reater than additive antineoplastic activity of MTX and 
araC in vitro. 

Introduction 

Several preclinical studies have shown synergism, usually 
defined in those studies as representing a greater than 
additive effect, between the antineoplastic activities of 
methotrexate (MTX) and 1-[3-D-arabinofuranosylcytosine 
(araC) [1, 3, 4, 11, 13, 16]; others have shown antagonism 
[2, 10, 13, 18]. Jackson and Harkrader [13] could discern a 
pattern in the reports of synergism and antagonism, which 
enabled them to define biochemical parameters associated 
with synergism. Synergism was more often observed at 
higher, cytocidal concentrations of the two drugs than at 
lower, cytostatic concentrations [13]; moreover, the degree 
of synergism increased with longer MTX preincubation 
times [3]. In several tissue-culture lines, the interaction 
between MTX and araC has correlated better with the 
intracellular level of deoxycytidine triphosphate (dCTP) 
and the ratio of araC triphosphate (araCTP) to dCTP than 
with the absolute level of araCTP [13, 18]. When MTX 
lowered the intracellular concentration of dATP through 
inhibition of purine synthesis, dCTP accumulated and an- 
tagonism ensued. When the intracellular concentration of 
dATP was maintained, MTX treatment decreased the con- 
tent of dCTP, which resulted in synergism. Thus, changes 
in the endogenous levels of the deoxyribonucleoside tri- 
phosphates (dNTPs) are an important consideration in the 
interaction between MTX and araC (Fig. 1). 

Based on this preclinical background, the Pediatric On- 
cology Group initiated a pilot protocol to test the feasibility 
of treating childhood non-T, non-B acute lymphocytic leu- 
kemia (ALL) with a regimen that included sequential inter- 
mediate-dose MTX and araC in the continuation phase. A 
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Fig. 1. Rationale for sequential treatment with MTX and araC. Top: 
inhibition of dihydaofolate reducmse by MTX leads to a decrease in 
dTTP and to decreased de novo synthesis of purines. During prolonged 
exposure to MTX, cells may accumulate MTX polyglutamates, which 
could also directly inhibit enzymes required for dTMP and purine synthe- 
sis. Center: the concentration of dCTP is influenced by the concentra- 
tions of the other dNTPs through allosteric control of ribonucleotide 
reductase and dCMP deaminase. Bottom: araCTP is competitive with 
dCTP as both an inhibitor of and a substrate for DNA synthesis. 
Decreased levels of dCTP compete less effectively with the antimeta- 
bolite 

d o s e  o f  1 g / m  2 M T X ,  d i v i d e d  into a 2 0 0 - m g / m  2 bo lus  and  
an 8 0 0 - m g / m  2 in t r avenous  in fus ion  o v e r  24 h, wi th  leu-  
c o v o r i n  rescue  g i v e n  at 36 h, was  r epor t ed  to be  safe and to 
p r o d u c e  a m e a n  s teady-s ta te  l eve l  o f  15.8 gM M T X  [7], 
w h i c h  was  a b o v e  the  m i n i m a l  concen t r a t i on  (1 gM) that  is 
synerg i s t i c  w i t h  a raC in v i t ro  [3]. Th i s  M T X  in fus ion  was  
c o m b i n e d  w i t h  a 24 -h  in t r avenous  in fus ion  o f  1 g / m  2 araC,  
w h i c h  s tar ted af ter  12 h p re t r ea tmen t  w i th  M T X  and ended  
ju s t  p r io r  to l e u c o v o r i n  rescue .  Our  o b j e c t i v e  in the  phar -  
m a c o l o g y  s tudies  was  to d e t e r m i n e  w h e t h e r  the  ha l lmarks  
a s soc i a t ed  wi th  s y n e r g i s m  in v i t ro  c o u l d  be  a t ta ined  in the 
p l a s m a  and  the  h e m a t o p o i e t i c  ce l ls  o f  pa t ien ts  t rea ted  wi th  
this r e g i m e n .  

Patients and methods 

Reagents. The following drugs and other chemicals were obtained from 
the specified sources: tetrahydrouridine and MTX, Drug Synthesis and 
Chemistry Branch, DTC, NCI (Bethesda, Md.); araC, The Upjohn Com- 
pany (Kalamazoo, Mich.); leucovorin, Lederle Laboratories (Pearl River, 
N.Y.); 1-[3-D-arabinofuranosyluracil (araU), Sigma Chemical Company 
(St. Louis, Mo.); HPLC-grade ammonium dihydrogen phosphate and 
acetonitrile, Fisher Scientific Company (Fair Lawn, N.J.); 1,1,2- 
trichlorotrifluoroethane and tri-n-octylamine, Aldrich Chemical Corn- 
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Fig. 2. Scheme for each course of intermediate-dose MTX and araC. The 
hy&'ation solution contained 30 mE@ NaHCO3. The total volmTne of the 
intravenous fluids and the dose of NaHCO3 and of leucovorin were 
adjusted when necessary for best clinical management. MTX and araC 
doses were not altered 

pany (Milwaukee, Wis.); redistilled trifluoroacetic acid, Brian Clark, 
Division of Immunology, City of Hope. Other chemicals were of reagent 
grade. 

Patients. The patients who received MTX and araC while in remission 
were participants in a Pediatric Oncology Group pilot study. The study 
was approved by the institutional review board responsible for human 
investigations at each participating center. Informed consent was obtain- 
ed in writing from the parents or guardians of all patients. The charac- 
teristics of the patient population, details of the full treatment regimen, 
and the clinical toxicology have been presented elsewhere (Kranee et al., 
submitted for publication). In all, 7 patients received one course of araC 
without MTX followed by five courses of MTX and araC; 26 children 
were scheduled to receive six courses of intermediate-dose MTX and 
araC. All patients were in complete remission at the time of treatment. 
The intracellnlar nucleotide levels were measured in cytologically nor- 
mal hematopoietic cells isolated from bone-marrow aspirates. Four addi- 
tional patients in second or subsequent relapse of ALL were given 
intermediate-dose MTX and araC with the intent of inducing remission 
or alleviating symptoms. Mononuclear cells isolated from the bone mar- 
row of relapsing patients consisted mostly of leukemic blasts. 

Treatment plan. Only the schedule for MTX and araC courses is de- 
scribed. These courses were given in addition to, not in lieu of, standard 
treatment for this disease (Krance et al., submitted for publication). 
Figure 2 shows the scheme for each course of MTX and araC. A course 
of araC alone involved a continuous intravenous infusion of 
1,000 mg/m 2 over 24 h. 

Plasma concentrations of araC, araU, and MTX. Blood was collected in 
ice-cold heparinized tubes, to which 10 gl 10-2M tetrahydrouridine had 
been added to inhibit deamination of the araC. Plasma was separated, 
protein was precipitated with trichloroacetic acid (TCA), and the acid- 
soluble fraction was neutralized (pH >>>>5.0) with tri-n-octylamine in 
1,1,2-trichlorotrifluoroethane [14]. Then, 50-100pJ deproteinized 
plasma was chromatograpbed on a 4.6- • 250-ram Vydac 201HS 5-~xn 
C18 column (The Separations Group, Hesperia, Cahf.) at a flow rate of 
1.2 ml/min. After a 6-min isocratic elution with 7.5 mM ammonium 
phosphate buffer (adjusted to pH 2.5 with trifluomacetic acid), a linear 
gradient was mn over 20 min in 7.5 mM ammonium phosphate with 25% 
acetonitrile buffer (adjusted to pH 2.9 with trifluoroacetic acid) and 
elution was continued with the latter buffer for 5 min. The system 
volume between the gradient-proportioning valve and the detector con- 
tributed an additional 7-rain delay between the programmed start of the 
gradient at the valve and the observed start at the detector. Typical 
retention times were 4.7 rain for araC, 8.4 min for araU, and 27 min for 
MTX. AraC and araU were quantitated by peak areas at 280 nm and 
MTX, by peak area at 303 nm. The areas obtained were converted to 
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Fig. 3. Plasma concentrations of  MTX, araC, and araU. Each data point 
represents the mean +- SD for t 4 9 - 1 6 9  observations obtained from a 
total of  170 courses given to 33 patients 

molarity by their comparison with the areas of external standards. Absor- 
bance at 254 nm was also monitored. 

The three compounds of interest were separated from 5-formyl- 
tetrahydrofolate, 5-methyltetrahydrofolate, 7-hydroxymethotrexate, 
4-deoxy-4-amino-10-methylpteroic acid, and normal plasma constitu- 
ents, with the following exception. In a few samples, an endogenous 
compound did not separate well fi-om araC. The 280/254 ratio of  this 
uncharacterized substance was quite different from that of araC, and the 
peak areas at 280 and 254 nm were used to solve two equations with two 
unknowns for the araC concentration. Recoveries of known amounts of  
araC and araU added to plasma were quantitative. MTX recovery was 
61.6%+- 1.6% (mean _+ SD, n = 6); plasma MTX concentrations were 
corrected for this loss. 

Intracellular nucleotide levels. Bone-marrow aspirates containing 
sodium citrate as an anticoagulant were mixed with an equal volume of 
RPMI 1640 and separated over ficoll with sodium diatrizoate (Organon 
Teknika, Durham, N.C.) for 15 min at 550 g. The mononuclear cells at 
the interface were washed with ice-cold RPMI 1640, resnspended in 1 ml 
of medium, and counted. The cells were extracted with TCA and the 
ribonucleotides were quantitated by anion-exchange HPLC as previously 
described [15]. However, a minimum of 100 gl 0.6 M TCA was used in 
the extraction. AraCTP and dNTPs were quantitated after periodate 
oxidation of  the ribonucleotides [83. Because of the small volume of 
acid-soluble extract, the concentrations of  some stock reagents were 
decreased such that the minimal volume to be measured was 4 gl. 

Table 1. Ribonucleoside triphosphate content of human hematopoietic 
cells following treatment with araC alone or sequential MTX and araC in 
the same patients 

araC alone a MTX/araC a 3 h after 
MTX/araC b 

UTP c 368 +_ 28 
CTt x 119 +- 11 
ATP~ 2,417 +--276 
GTP ~ 393 4- 41 
Purines a 84.9% +- 0.6% 

Number of  7 
samples 

421 +_ 26 437 4- 32 
122 + 9 131 + 12 

2,565 +220  2,903 +252  
429 +- 33 473 + 32 

84 .3%+ 0.5% 85.4%+ 0.5% 

14 14 

a The bone marrow aspirate was obtained at the end of the araC infu- 
sion. 
b The bone man'ow aspirate was obtained 3 h after the end of the araC 
infusion, which was also 3 h after the start of leucovorin rescue 

pmol/106 cells, mean + SE 
d 100 X (ATP+GTP) / (UTP+CTP+ATP+GTP), mean +_ SE 

Results 

Plasma concentrations of araC, araU, and MTX 

Plasma concentrations of drugs were determined for a total 
of 170 courses of MTX and araC given to 33 patients 
(Fig. 3). The mean steady-state concentration of MTX, 
taken as the median of values obtained at 12, 16, and 24 h 
for each course, was 10.9+2.6 gM. The minimal steady- 
state concentration during any course was 5.8 gM; the max- 
imal value was 23.1 gM. By 36 h (12 h after the end of the 
MTX infusion), the mean plasma concentration had fallen 
to 0.5 p~M. The mean steady-state concentration of araC, 
taken as the median of values obtained at 16, 24, and 36 h 
for each course, was 2.1 +0 .7  gM. The minimum was 
0.4 ~tM; the maximum was 3.9 gM. The concentration of 
araU, the deamination product of araC, did not reach 
steady-state during the 24-h infusion of araC. The mean 
concentration of araU was 40 gMat the end of the infusion. 

Intracellular pools of ribonucleoside triphosphates 

Bone-marrow aspirates were obtained from seven patients 
within 30 min of the end of the araC infusion without 
MTX, Following the MTX/araC courses in the same seven 
children, aspirates were obtained within 30 min of the end 
of the araC infusion (before leucovorin rescue) or at 3 h 
after the end of the araC infusion and the beginning of 
leucovorin rescue. The ribonucleoside triphosphate con- 
tent of hematopoietic cells obtained under these three con- 
ditions were compared (Table 1). Neither pretreatment 
with MTX nor leucovorin rescue significantly altered any 
of the four ribonucleoside triphosphate pools. Of particular 
importance in this study, there was no change in the rela- 
tive amounts of purine and pyrimidine nucleotides. The 
data obtained after the MTX/araC infusions in this small 
group of patients (Table 1) was representative of the data 
from all patients (Table 2). 
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Table 2. Ribonucleoside triphosphate content of human hematopoietic 
cells following treatment with sequential MTX and araC 

MTX/araC a 3 h after MTX/araC b 

UTP c 434 -+ 23 429 -+ 40 
CTP c 118 -+ 7 113 _+ 8 
ATP c 2,605 _+ 147 2,798 _+ 240 
GTP c 408 + 23 471 -+ 69 
Purines d 84.2%-+ 0.3% 85.4%_+ 0.3% 

Number of samples 73 54 

The bone marrow aspirate was obtained at the end of the araC infusion 
b The bone marrow aspirate was obtained 3 h after the end of the araC 
infusion, which was also 3 h after the start of leucovorin rescue 
c pmol/106 cells, mean _+ SE 
d 100 X (ATP+GTP) / (UTP+CTP+ATP+GTP), mean _+ SE 

Table 3. AraCTP and deoxyribonucleoside triphosphate content of 
human hematopoietic cells following tretment with araC alone or 
sequential MTX and araC in the same patients 

araC alone a pb MTX/araC a 3 h after MTX/araC ~ 

araCTP 39 -+ 5 d 0.253 53 _+ 8 56 -+ 11 
(18 -60) (11 -120) (6 -161) 

n = 7  n = 1 4  n = 1 4  

dCTP 13 -+2 0.056 7 -+2 11 + 3 
(6 -26) (2 - 16) (2 -35) 
n =7 n =8 n =10 

dTTP 32 _+6 <0.001 7 _+1 16 +3 
(20 -50) (3 - 10) (2 -36) 

n =4 n =7 n =10 

dATP 15 -+3 0.991 15 _+2 24 _+6 
(8 -22) (6 -24) (8 -70) 
n =4 n =8 n =10 

araCTP/dCTP 3.6 _+0.7 0.007 9.1 _+1.5 6.1 _+1.3 
(1.4 -6.6) (2.5 -15) (3 -15) 

n = 7  n = 8  n = 1 0  

a The bone marrow aspirate was obtained at the end of the araC infusion 
b Two-tailed t-test of araC alone vs sequential MTX and araC 
c The bone marrow aspirate was obtained 3 h after the end of the araC 
infusion, which was also 3 h after the start of leucovorin rescue 
d Nil data represent the mean _+ SE, expressed in units of pmol/106 
cells, except for the ratio araCTP/dCTP, which is unitless. The values in 
parentheses are the minima and maxima for the detectable samples; n is 
the number of samples in which the component was detected 

Intracellular pools of dNTPs and araCTP 

The dNTPs were measured under  three conditions:  at the 
end of an infusion of araC alone, at the end of a combined 
MTX/areC infusion,  and 3 h after an MTX/araC infusion 
(Table 3). Only  one sample was obtained after each course. 
The probabili t ies presented in the table were derived from 
the combined  data from all relevant  courses. Unl ike  
araCTP, which was detectable in all aspirates, each dNTP 
could not  always be detected. Because the number  of cells 
obtained differed among the bone-marrow aspirates, the 
detection l imit  on a per-cell basis varied among the 
samples; therefore, only the detectable levels were consid- 
ered. The most  important  deoxynucleotide,  dCTP, was de- 
tected in all samples obtained after the administrat ion of 
araC alone. 

Table 4. AraCTP and deoxyribonucleoside triphosphate content of 
human hematopoietic cells following treatment with sequential MTX 
and araC 

MTX/araC ~ pb 3 h after MTX/araC c 

araCTP 51 _3 d 0.034 40 _+4 
( 1 1  - 1 5 6 )  ( 5  - 161) 

n --73 n =55 

dCTP 5.8 ___0.5 0.047 8 _+ 1 
(0.9 -20) (1.3 -40) 

n ---57 n =45 

dTTP 7.4 _+0.7 <0.001 13 _+2 
(1 -28) (2 -46) 
n =44 n =37 

dATP 19 _+2 0.768 20 _+2 
(5 -56) (5 -70) 
n =50 n =35 

araCTP/dCTP 9.3 _+0.6 <0.001 6.1 +0.4 
(2.5 - 28) (2.3 - 15) 

n ---57 n =45 

a The bone marrow aspirate was obtained at the end of the araC infusion 
b Two-tailed t-test 
c The bone marrow aspirate was obtained 3 h after the end of the araC 
infusion, which was also 3 h after the start of leucovorin rescue 
d All data represent the mean + SE, expressed in units of pmol/106 
cells, except for the ratio araCTP/dCTP, which is unitless. The values in 
parentheses are the minima and maxima for the detectable samples; n is 
the number of samples in which the component was detected 

The dCTP content  was lower immediate ly  after the 
araC infusion when M T X  pretreatment was included. Us- 
ing P_< 0.05 as the criterion for significance, the difference 
in dCTP was not  quite significant in this small  group of 
patients, dTTP levels were significantly lower after treat- 
ment  with the combinat ion  than after the infusion of araC 
alone. Importantly,  dATP values were the same in the 
presence or absence of M T X  pretreatment,  dGTP, which 
eluted last and represented the broadest peak in the chro- 
matogram, could be detected so seldom that data on this 
compound  was not  included. Al though the difference in the 
accumulat ion of araCTP at the end of the araC infusion 
given with or without M T X  was not  significant, the ratio of 
araCTP to dCTP was significantly higher when M T X  was 
included, due to the lower level of dCTP. The differences 
in dTTP content  and the ratio of araCTP to dCTP were also 
significant  when  MTX/araC courses were compared with 
araC courses in each individual  using a paired two-tailed 
t-test (dTTP, P = 0.008; araCTP/dCTP, P = 0.024). The 
mean  values for all parameters obtained at the end of the 
MTX/araC infusions in this subset of seven patients 
(Table 3) were close to those obtained for all patients 
(Table 4). The larger number  of observations for 
MTX/araC courses in the complete set of patients 
decreased the l ikelihood that these differences were due to 
chance (P <0.001 for the changes in dCTP, dTTP, and 
araCTP/dCTP).  

At 3 h after the first dose of leucovorin,  the dATP level 
appeared to have increased in the subset of seven patients 
(Table 3). However,  the mean  was strongly inf luenced by 
one observation that was >2 SD above the mean.  The 
difference in dATP content  at these two time points was 
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not statistically significant and was not indicative of what 
was observed in the complete group, in which there was no 
change (Table 4). The cells obtained 3 h after the first dose 
of leucovorin differed significantly in several respects 
from those obtained at the end of the araC infusion but 
before leucovofin rescue (Table 4): both dCTP and dTTP 
values were higher, araCTP content was lower, and the 
ratio of araCTP to dCTP was lower. 

Intracellular pools of dCTP and araCTP in ALL cells 
at relapse 

In the four patients treated while in relapse, intracellular 
araCTP accumulated to a level of 93 + 16 pmol/106 cells 
(mean ___ SE), nearly twice that obtained in patients in 
remission, dCTP could be detected in only two of the four 
samples, but sufficient cells were obtained in the other two 
samples to place a reasonable upper limit on the intracellu- 
lar concentration of dCTP. The mean dCTP level was 
<5.1 pmol/106 cells and the mean ratio of araCTP to dCTP 
was >22. 

Discussion 

Our rationale for treating ALL with sequential interme- 
diate-dose MTX and araC was based on the synergy ob- 
served between these two drugs in preclinical studies. The 
objective of the pharmacology and pharmacodynamics 
studies described in this report was to evaluate whether the 
biochemical hallmarks associated with synergism between 
MTX and araC in vitro were attainable in vivo. To place 
these studies in context, the preclinical background is 
briefly described below. 

An early report of synergism between MTX and araC 
in L1210 murine leukemia noted that the synergism was 
dose- and sequence-dependent [1]. MTX (12 mg/kg) and 
araC (1200 mg/kg) given together were synergistic, and 
araCTP was retained to a greater extent by ceils treated 
with the combination than by those exposed to araC alone 
[16]. The synergism in antineoplastic activity was attribut- 
ed to the increased retention of araCTP because the intra- 
cellular formation of the latter was known to be required 
for araC cytotoxicity [5]. The same doses of these two 
drugs, given 1 day apart in either order, were no more 
effective in prolonging the life of tumor-bearing animals 
than was the first drug given alone [1, 16]. However, 
sequential treatment was successful if a much higher dose 
of MTX (200 mg/kg) was followed by araC (500 mg/kg) at 
6 h and by folinic acid (20 mg/kg) at 24 h [4]. 

Not all preclinical models have consistently exhibited 
synergism. Even in L1210 leukemia, low doses of MTX 
and araC given in combination had less than additive ef- 
fects [2]. The same was true in vitro at low, cytostatic 
concentrations [10]. In L5178Y murine leukemia ceils, 
MTX and araC were also antagonistic in regard to growth 
inhibition [18]. However, when hypoxanthine was added 
to the culture medium as an exogenous purine source and a 
concentration of MTX high enough to kill cells (as deter- 
mined by clonogenic potential in soft agar) was used, MTX 
enhanced the phosphorylation and the cytotoxicity of araC 

[ 11 ]. Synergism against L 1210 cells also occurred between 
MTX and araC at cytocidal concentrations; the synergism 
was greater at higher concentrations of MTX and at longer 
MTX preincubation times [3]. The cytotoxicity correlated 
with an increase in the intracellular accumulation of 
araCTP. At MTX concentrations of ___ 10 gM, the dCTP 
content of cells decreased. In fresh human acute myelo- 
genous leukemia cells as well, the in vitro uptake of araC 
was increased by prior exposure to MTX [3]. Sub- 
sequently, hepatoma cell lines and a fibroblast line that 
differed in their responsiveness to the combination of 
MTX and araC were studied in detail [13]. Antagonism 
between MTX and araC occurred in cell lines in which 
MTX caused a significant inhibition of purine synthesis; in 
contrast, synergism occurred in lines in which the purine 
nucleotide pools wre not decreased by exposure to MTX. 
Moreover, the addition of a purine to the culture medium 
elicited synergism in cell lines that otherwise exhibited 
antagonism. In each case, antagonism was associated with 
an increase in intracellular dCTP, whereas synergism was 
associated with a decrease in dCTP. 

The probable link between the purines and the level of 
dCTP was dATP. The accumulation of dCTP was probably 
due to a loss of dATP's feedback inhibition of ribonu- 
cleotide reductase. When only the synthesis of thymidine 
nucleotides was significantly reduced by MTX, the level of 
dCTP was decreased. One mechanism by which this 
decrease in dCTP might have occurred involves a release 
of the inhibition by dTTP of dCMP deaminase. Increased 
activity of this deaminase would deplete levels of dCMP 
and its higher phosphates. This hypothesis also explains 
the earlier data obtained in murine leukemia lines. MTX 
has been shown to produce greater inhibition of de novo 
purine synthesis in L5178 Y cells than in L 1210 cells [ 19]; 
thus, only L5178 Y would be expected to require the addi- 
tion of a purine to obtain synergism between MTX and 
araC. The pivotal role of dCTP in the activity of the com- 
bination of MTX and araC is reasonable. As both an inhib- 
itor and a substrate of DNA polymerase, araCTP competes 
with dCTP. Also, dCTP can inhibit deoxycytidine kinase, 
the first enzyme in the activation of araC. 

The foregoing preclinical studies by other investigators 
not only provided the rationale for combining MTX and 
araC in the treatment of leukemia, but also suggested bio- 
chemical hallmarks of synergism that could potentially be 
observed in cells from patients undergoing treatment. 
These hallmarks include plasma concentrations of each 
drug greater than or equal to those that are synergistic in 
vitro, little or no difference in the cellular content of purine 
nucleotides, and an increase in the ratio of araCTP to 
dCTP. The steady-state plasma concentrations of MTX 
and araC were 10.9 gM and 2.1 gM, respectively; these 
concentrations were sufficient to obtain synergism in 
L1210 in vitro [3]. 

The potential antipurine effect of MTX was trouble- 
some in the design of the current treatment regimen be- 
cause of the association described above between lower 
intracellular dATP levels and antagonism with araC. Pre- 
treatment with MTX did not reduce the levels of ATP, 
GTP, or dATP in this study as compared with araC therapy 
alone. Either MTX did not inhibit de novo purine synthesis 
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Duarte, California 

Children's Hospital of Michigan 
Detroit, Michigan 

Mount Sinai School of Medicine 
New York, New York 

Roswell Park Memorial Institute 
Buffalo, New York 

St. Christopher's Hospital for 
Chilren, Philadelphia, Pennsylvania 

Robert Krance CA-32 278 

Y. Ravindranath CA-29691 

Michael Harris CA-38 859 

Martin Brecher CA-28 383 

Robert Wimmer CA-41573 

in the bone marrow or the high concentration of hypoxan- 
thine in the marrow [12] maintained the purine nucleotide 
levels through salvage. The net result of these two possi- 
bilities is the same. The decrease in purine nucleotides that 
is associated with antagonism in vitro was not observed in 
vivo at the MTX dose given. 

The most direct evidence that conditions associated 
with a greater than additive effect were established in our 
patients came from measurement of the dCTP and araCTP 
pools. In vitro, a decrease in dCTP following treatment 
with MTX consistently leads to synergism [13]. In our 
study, dCTP content was significantly lower when MTX 
was included in the treatment regimen. A causal relation- 
ship between treatment with the antifolate MTX and the 
change in the dCTP pool was supported by the fact that 
dTTP was also significantly lower, as required by the pro- 
posed mechanism, and by the fact that leucovorin rescue 
partially restored the levels of both dTTP and dCTP. 

We did not observe a significant increase in the abso- 
lnte intracellular accumulation of araCTP. The distinction 
of antagonism vs synergism between MTX and araC in cell 
lines has correlated better with changes in the ratio of 
araCTP to dCTP than with araCTP accumulation [13]. This 
COlXelation with the relative rather than the absolute 
amount of araCTP has also been observed in the interaction 
of araC with other modulatory agents [9]. The in vitro 
studies used uniform cell lines. In the clinical setting, any 
modulatory effect of MTX would be superimposed on the 
heterogeneity in inherent sensitivity to araC among 
patients. In patients with leukemia, there is a wide variation 
in the accumulation and retention of araCTP, which has 
correlated with the clinical efficacy of araC-containing 
induction regimens [6, 17]. In our study, the ratio of 
araCTP to dCTP was significantly higher in treatment 
courses that included MTX. 

Although it is reassuring that intracellular araCTP ac- 
cumulated to a greater extent in relapsing patients than in 
those who were in remission, the limited data obtained 
fi'om leukemic bone marrow must be interpreted with cau- 
tion. No patient in relapse was treated with araC alone, 
which means that the role played by MTX in both the 
greater accumulation of araCTP and the higher ratio of 
araCTP to dCTP could not be determined. Furthermore, 
the behavior of undetected leukemic cells in a patient in 

remission may be very different from that of their progeny 
at the time of clinical relapse. There is no way to isolate 
and study the metabolism of araC in undetected leukemic 
cells, which we presume are present during clinical remis- 
sion in patients who eventually relapse. Therefore, our data 
does not imply that the modulation of dNTPs by MTX that 
was observed in normal hematopoietic cells also occurred 
in any leukemic cells present in the marrow of patients in 
remission. 

We thus established, for the first time in patients, three 
findings indicative of a greater than additive effect between 
MTX and araC: cytocidal drug concentrations, the lack of 
an antipurine effect, and a decrease in dCTP content. These 
biochemical results, together with the toxicity and efficacy 
data from the clinical portion of the study, support further 
evaluation of this combination in childhood ALL. The 
Pediatric Oncology Group is conducting such an evalua- 
tion in a comparative phase III study. 
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