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Abstract Adozelesin is a highly potent alkylating 
agent that undergoes binding in the minor groove of 
double-stranded DNA (ds-DNA) at A-T-rich sequ- 
ences followed by covalent bonding with N-3 of aden- 
ine in preferred sequences. On the basis of its high- 
potency, broad-spectrum in vivo antitumor activity 
and its unique mechanism of action, adozelesin has 
entered clinical trial. We report herein the cytotoxicity 
for Chinese hamster ovary (CHO) cells of several 
agents, including antitumor drugs, combined with 
adozelesin. The additive, synergistic, or antagonistic 
nature of the combined drug effect was determined for 
most combinations using the median-effect principle. 
The results show that in experiments using DNA- and 
RNA-synthesis inhibitors, prior treatment with the 
DNA inhibitor aphidicolin did not affect the lethality 
of adozelesin. Therefore, ongoing DNA synthesis is not 
needed for adozelesin cytotoxicity. Combination with 
the RNA inhibitor cordycepin also did not affect 
adozelesin cytotoxicity. In experiments with alkylating 
agents, combinations of adozelesin with melphalan or 
cisplatin were usually additive or slightly synergistic. 
Adozelesin-tetraplatin combinations were synergistic 
at several different ratios of the two drugs, and depend- 
ing on the schedule of exposure to drug. In experiments 
using methylxanthines, adozelesin combined syner- 
gistically with noncytotoxic doses of caffeine or pen- 
toxifylline and resulted in several logs of increase 
in adozelesin cytotoxicity. In experiments with 
hypomethylating agents, adozelesin combined syner- 
gistically with 5-azacytidine (5-aza-CR) and 5-aza- 
2'-deoxycytidine (5-aza-2'-CdR). Combinations of 
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adozelesin with tetraplatin or 5-aza-2'-CdR were also 
tested against B16 melanoma cells in vitro and were 
found to be additive and synergistic, respectively. The 
synergistic cytotoxicity to CHO cells of adozelesin 
combinations with tetraplatin, 5-aza-CR, or pentoxifyl- 
line was not due to increased adozelesin uptake or 
increased alkylation of DNA by adozelesin. 

Key words Azodelesin combinations �9 Antitumor 
drugs �9 other agents 

Introduction 

Combination chemotherapy remains the most effective 
approach for treating metastatic human malignancies. 
This approach is based on the assumption that each 
agent kills a population of cells that might be resistant 
to a second or third agent. The agents used in combina- 
tion usually are selected on the basis of single-agent 
activity against a particular malignancy and the re- 
quirement that the toxicity of the agents does not 
overlap [12]. We report here the in vitro cytotoxicity of 
combinations of adozelesin, a unique base-sequence- 
specific alkylating agent, with several other agents. 

Adozelesin (U-73975) is a synthetically derived ana- 
log of the highly potent, alkylating antitumor antibiotic 
CC-1065 [29]. CC-1065 undergoes nonintercalative 
binding in the minor groove of double-stranded DNA 
at A-T-rich regions followed by covalent bonding with 
N-3 of adenine in preferred base sequences [20, 391. 
Although CC-1065 showed moderate antitumor activ- 
ity in vivo, it was not evaluated clinically because it 
caused delayed deaths in mice at therapeutic doses 
[31]. Since CC-1065's receptor (the A-T-rich region in 
the minor groove of DNA) had been identified and the 
alkylating cyclopropapyrroloindole (CPI) moiety had 
been synthesized, it was speculated that attaching 
ligands of appropriate shape and length to the CPI 
moiety would optimize interactions with the DNA 
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minor groove and yield potent analogs [21, 45]. 
Adozelesin is one such analog that is highly cytotoxic 
in vitro and whose DNA alkylation properties have 
been described [-4, 46]. It shows excellent broad-spec- 
trum antitumor activity in preclinical in vivo models 
without causing delayed deaths [24]. On the basis of its 
superior solubility and stability in aqueous formula- 
tions, its in vivo antitumor activity, and its unique 
mechanism of action, adozelesin has gone to phase I 
clinical trial [6]. 

The following classes of drugs were combined with 
adozelesin: alkylating agents (tetraplatin, cisplatin, and 
melphalan), hypomethylating agents (5-azacytidine and 
2'-deoxy-5-azacytidine), DNA-repair inhibitors (the 
methylxanthines caffeine and pentoxifylline), and 
DNA- and RNA- synthesis inhibitors (aphidicolin and 
cordycepin). The rationale for selecting these drugs for 
combination with adozelesin are described in Dis- 
cussion. Part of this material has been presented as an 
abstract [38]. 

Materials and methods 

Materials 

Adozelesin (U-73975, tool. wt. 502.2 kDa) was synthesized at The 
Upjohn Company (Kalamazoo, Mich., USA) [211. Stock solutions 
(1 mg/ml in dimethylacetamide) stored in the dark in a freezer were 
chemically stable for at least 1 year. The drug was diluted in medium 
immediately prior to its addition to cells. As based on cytotoxicity 
measurements, adozelesin was stable in medium for at least 24 h at 
37~ 

Cisplatin (clinical sample containing 1 mg cisplatin, 9 mg NaCI, 
and 10rag mannitol; Bristol-Myers Squibb Company, Syracuse, 
N.Y.) was dissolved in sterile water. DL-Tetraplatin (The Upjohn 
Company) was dissolved in 0.9% saline solution. 5-Azacytidine 
(5-aza-CR) and 2'-deoxy-5-azacytidine (5-aza-2'-CdR) as well as 
caffeine and pentoxifylline were dissolved in water just before use. 
Melphalan was dissolved in 0.01 N HC1. All drugs were further 
diluted in medium prior to being added to cells. 

Cell culture 

The CHO/WBL (Chinese hamster ovary, clone of CHO-K1) and 
B16 (clone of F-10) celt lines were obtained from sources described 
previously [-4]. Culture conditions for these cell lines have been 
described in detail [41. 

Drug exposure and cell-survival determination 

CHO cells were planted as monolayer cultures at 24-48 h before an 
experiment to assure exponential growth during drug exposure. 
Cells were exposed to drug at 37~ in their respective growth 
medium. For each drug concentration tested, two separate cultures 
were used. 

After 2 h drug exposure, cell monolayers were washed with me- 
dium and harvested and cell survival was determined by a colony- 
forming assay as previously described [4]. The cloning efficiency of 
exponentially growing CHO and B16 cells ranged between 60% and 
80%. The cloning efficiency of the untreated (control) cells was 

normalized to 100%, and that of treated cells was expressed as 
a percentage of control survival. The coefficient of variation (stan- 
dard deviation expressed as a percentage of the mean) in determin- 
ing cell survival was about 15% within each experiment. All experi- 
ments were repeated at least once. 

For continuous drug exposure, cells (2 x 102, 103, or 104) were 
plated in quadruplicate in 35-ram (6-well, Coming) dishes. Drugs 
were added immediately after plating of cells, which were incubated 
for colony formation for about 8-10 days. Cells were then stained 
and colonies counted [4]. 

Measurement of cellular uptake of adozelesin and DNA alkylation 

PH3-Adozelesin was prepared by Chemsyn Science Labs (Lenexa, 
Kan.). Uptake of [-3H]-adozelesin was measured as described pre- 
viously [-41 and its uptake was expressed in femtomoles of [-3H]-drug 
equivalents per 106 isolated cells. To measure DNA alkylation, 
cellular DNA was isolated and the amount of [3H]-adozelesin 
bound to DNA was determined [-41. DNA alkylation was expressed 
in [3H]-drug equivalents bound per microgram of DNA. 

Macromolecule- synthesis inhibition 

Incorporation of [3Hl-thymidine into cellular DNA or of 5-U3H] - 
uridine into RNA was used to measure DNA or RNA synthesis as 
previously described [25]. 

Choice of method for data analysis 

A drug combination that gives an effect (cell kill) greater than that 
calculated for additive interaction is considered synergistic. A lower 
than additive response indicates antagonistic interaction. Several 
methods have been used to calculate the expected effect for a combi- 
nation from the observed toxicity of the individual drugs if the two 
drugs in the combination interact in an additive manner. These 
methods include: (1) the fractional product [-47], (2) isobologram 
analysis [-281, and (3) median-effect analysis [7]. After considering all 
these methods, we decided to use median-effect analysis to interpret 
our data. This method has been used by many authors to analyze 
drug combinations [-3,7,9,30,36]. 

In each experiment the percentage of survival was determined for 
each drug alone and for a series of mixtures of the two drugs 
combined at a constant ratio. Thus, the molar ratio of the two drugs 
was maintained while the absolute concentrations of the drugs 
changed. The survival values from the experiment were plotted as 
log (fa/fu) versus log (combined drug dose) -- log [-(D)~ + (D)21, 
where fa is the fraction of cells killed and fu is the fraction of cells 
unaffected = 1-fa. This plot gave values for the 50% lethal dose 
(LDs0) for individual drugs [(Dm)l or (Dm)2] and for the combina- 
tion [(Dm)~ + 21. Since the ratio of the drugs in the combination is 
known, one can calculate the concentration of each drug present in 
the combination [i.e., (D)~ and (D)21 to yield (Dm)l +2. 

The combination index (CI) is calculated according to the follow- 
ing formula [9]: 

(D)I (D)2 
CI = ~ -~ (Din)2 ' 

where (D) 1 and (D)z are the concentration of each drug present in the 
combination to give the LDso and (Dm)l and (Din)2 are the LDs0 
concentrations of individual drug. When the drugs interact addit- 
ively, CI = 1. CI < 1 indicates synergistic interaction and CI > 1 in- 
dicates antagonism [7,101. A computer program for data analysis is 
available from Dr. T.C. Chou and was used in our studies. 



Besides expressing the effects of the combination as CI values 
(Table 2), we also show the results in illustrations (Figs. 1,2,4~7) 
comparing the observed survival for the combination to the cal- 
culated survivai expected if the drugs had interacted additively. This 
method of presentation shows over the total dose range the differ- 
ence between the observed survival and the calculated additive 
survival values. To obtain the calculated additive survival values, we 
used the equations previously published by Chou et al. [8-10]. 
Those equations are reiterated herein to illustrate our exact proce- 
dure. 

The median-effect equation [10] states that: 

D =Dm [fa/1 - f a ]  1/', 

where D is the drug dose, Dm is the LDso dose, and fa is the 
fractional survival. The median-effect plot linearizes the dose-sur- 
vival equation shown above by plotting log (fa/1 - f a )  on the y-axis 
against log (dose) on the x-axis, in which the line has a slope ofm and 
intercepts the x~axis at log Dm. From this plot, Dm can be calculated 
[10] as: 

D m  = 1 0 ( -  y intercept)/m 

Using the values of Dm and m for each iiadividual drug, we then 
calculated the doses [(Dx)~ and (Dx)2] needed to achieve specific 
survival values (e.g.,fa = 0.3) based on the first equation. Thus, for 
drug 1, 

(Dx)l = Din1 [fa/1 - fa] ~/'". 

Similarly, (Dx)2 was calculated. 
Next we calculated the theoretical doses of drugs 1 and 2 in the 

combination [(D)I and (D)2] that, if the drugs combine additively, 
will give the same specific survival (fa, 0.3). If the two drugs combine 
additively [7], then: 

(D)I + (D)2 = 1. 
(Dx)I (Dx)2 

Since the ratio (R) of the two drugs in the combination is known, 

(D)~ 
= R  

(D)2 

o r  

(D)~ 
(D)2 - 

R 
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D1 
If we substitute D2 = ~- in the previous equation we get: 

Dt D1 
- - + - - = t .  
(Dx)~ R.(Dx)2 

This can be solved to give: 

R.(Dx)I .(Dx)2 
(D)I - 

(Dx)l + R "(Dx)2 " 

Simiiarly, (D)2 can be calculated. 
Thus, a theoretical additive survival curve was constructed by 

plotting (D), plus (D)2 (total combination dose) over a range of fa  
values. This is the reverse of the experimental circumstance in which 
fa is the dependent variable and D is the independent variable. 

Resutls 

Lethality of individual drugs 

The dose-survival relationship was determined for sev- 
eral drugs individually after 2 h, 24 h, or continuous 
exposure of CHO cells. When the dose-survival rela- 
tionship follows the mass-action principle, the median- 
effect plot of log ( f a / f u )  versus log dose gives a straight 
line with a regression coefficient (R) of 0.9. The R value 
for the dose-response curves for different drugs were 
consistently above 0.9 and mostly ranged between 0.95 
and 1.0. Table 1 gives the Dm (LD5o) values for several 
drugs. As expected, adozelesin was > 10,000-fold more 
cytotoxic than the next most cytotoxic compound, 
5-aza-2'-CdR. 

Combinations with alkylating agents 

Three alkylating agents (cisplatin, tetraplatin, and mel- 
phalan) were tested in two-drug combinations with 
adozelesin. In all cases, ceil survival was determined 
after simultaneous exposure to the two drugs for 2 h or 
after continuous exposure. 

Table 1 Lethality of adozelesin 
and other antitumor drugs for 
CHO cells" 

Drugs Exposure LD~0 gM(lag/ml) R 
time 

Adozelesin Continuous 4.7 x 10- s[(2.36 _+ 0.2) x 10- s] 0.98 
2 h 34.9 x 10- 5[(17.5 _+ 0.8) • 10 -s]  0.98 

Tetraplatin Continuous 4.16(1.58 _+ 0.27) 0.99 
" 2 h 27.88(10.6) 0.93 

Cisplatin Continuous 1.67(0.5 _+ 0.05) 0.96 
" 2 h 11.64(3.49) 0.94 
Melphalan Continuous 2.8(0.8) 0.99 

5-Aza-CR 24 h 14.7(3.59) 0.99 

5-Aza-2'-CR 24 h 1.19(0.27) 0.96 

aCHO cells were exposed to drugs for 2 h, 24 h, or continuously 
bLD50 is the 50% lethal dose obtained from the median-effect plot. The R values (regression 
coefficient of the dose-response line) were also obtained from the median-effect plot. When 
standard deviations in LDs0 values are given, they pertain to the average from several different 
experiments. The LDso value is expressed as ; M  or gg/ml (in parentheses) 
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Table 2 Median-effect analysis of lethaiity for CHO cells of combinations of different agents with adozelesin ( C o n t i n .  continuous exposure) 

Experiment Adozelesin a 2nd Drug ~ Ratio of Drug b LD9o ~ Combination index (CI) d Conclusion 
(ng/ml) (~tg/ml) 2nd drug and exposure (~tg/ml) at LD9o 

adozelesin 

Tetraptatin: 
0 0.8-3.2 Contin. 2 .22  +_ 0.284 

1 0.01-0.025 0.6-1.5 6 x 104 Contin. 0.770 0.78 Synergy 
2 0.015-0.03 0.6-1.2 4 x 104 " 0.375 0.89 " 
3 0.02-0.035 0.57-1.0 2.8 x 104 " 0.550 0.82 
4 0.009-0.017 1.2-2.27 13.3 x 104 " 1.340 0.85 " 
5 0.006-0.014 1.2 2.8 20 x 104 " 1.275 0.87 " 
6 0.008-0.02 1 2.5 1.5 x 104 " 1.250 0.9 " 

0 10-50 2 h 34 
7 0.1-0.3 10-30 105 " 16 0.82 " 

Cisplatin: 
0 0.3-1.3 Contin. 0.89 

8 0.013-0.033 0.26-0.66 2 x 104 " 0.44 1.0 Additivity 
9 0.01 0.03 0.3-0.9 3 x 104 " 0.54 1.0 " 

10 0.008-0.016 0.6 1.2 7.5 x 104 " 0.76 1.15 Antagonism 
0 1-10 2 h 8.6 

11 0.14-0.3 2.1-4.5 1.5 x 104 " 3.3 0.92 Synergy 
Melphalan: 

0 0.25 1.25 Contin. 1.6 
12 0.005 0.025 0.25 1.25 5x 104 " 0.86 0.98 Additivity 
13 0.01-0.034 0.15 0.51 1.5 x 104 " 0.41 1.04 " 

5-aza-CR: 
0 0.1 10 24 h > 10 

14 0.1 0.3 1-3 104 2 - 2 4  h 1.02 0.67 Synergy 
15 0.05-0.3 1.66-10 3.33 X 1 0  4 " 1.59 0.56 " 

5-aza-2'-CdR: 
0 0.5-1.5 24 h 1.5 

16 0.05-0.15 0.5-1.5 104 2 24 h 0.625 0.59 Synergy 

a The range of concentrations tested for adozelesin and the second drug are shown. Each experiment in the series denotes a set of 
combinations in which the drugs were present in a constant ratio. For example, for experiment 1, tetraplatin:adozelesin were present at 
a 6 x 104:1 ratio (see Ratio column). In experiment 1 the actual concentrations (in ng/ml) of tetraplatin + adozelesin were: 600 + 0.01,900 
+ 0.015, 1200 + 0.02, 1500 + 0.025, and 1800 + 0.03. For most experiments, five such mixtures with a constant ratio were tested 

b CHO cells were exposed continuously or for 2 h to adozelesin plus other alkylating agents (tetraplatin, cisplatin, or melphalan), with both 
drugs being added simultaneously. For 5-aza-CR and 5-aza-2'-CdR, ceils were exposed to these drugs for 24 h prior to a 2-h exposure to 
adozelesin (shown as 2-24 h) 

LDg0 is the 90% lethaI dose obtained from the median-effect plot. LD9o for the combination = sum of concentration of each drug present 
individually in the combination. The R values (regression coefficient of the dose-response line) for this series of experiments were 0.95-1.0. 
The LDgo for the second drug alone for particular exposure is given at the beginning of each set 
a Combination index (CI) values were obtained from the median-effect analysis. These values were calculated assuming that the drugs were 
"mutually exclusive" 
According to Chou et al. [9] when the CI = 1.0 the combination is considered additive. CI < 1 indicates synergy and CI > 1 indicates 
antagonism. We arbitrarily used CI = 0.95 1.05 as additive 

T e t r a p l a t i n  

The results o b t a i n e d  when  t e t r ap la t in  a n d  adozeles in  
were c o m b i n e d  at  a ra t io  of 6 x  104 are show n  in  
Tab le  2 (exper iment  1) a n d  the ac tua l  dose-surv iva l  
response  is i l lus t ra ted  in  Fig. 1. F igure  1 clearly shows 
the m a r k e d  increase  in  cell kill tha t  was observed  when  
t e t r ap la t in  was c o m b i n e d  with adozelesin.  The  CI  
ca lcu la ted  at LD90 was < 1, i nd i ca t ing  tha t  the drugs  
in te rac ted  synergis t ica l ly  (Table  2). F igu re  2 compares  
graphica l ly  the expe r imen ta l  survival  o b t a i n e d  for this 
t e t r ap la t in -  Adoze les in  c o m b i n a t i o n  (ratio, 6 x  10 ~) 
with the ca lcu la ted  surviva l  if the drugs  had  in te rac ted  
addit ively.  The  results show tha t  this c o m b i n a t i o n  was 
synergist ic  (i.e., expe r imen ta l  surv iva l  was less t h a n  

addi t ive  survival)  at d rug  doses tha t  gave > 50% 
lethali ty.  

Tab le  2 (exper iments  2-6)  show that  the CI  values  
were < 1.0 w h e n  t e t r ap la t in  a n d  adozeles in  were com-  
b ined  at several different ratios,  i nd i ca t ing  synergist ic  
in te rac t ion .  F igu re  3 compares  the expe r imen ta l  sur- 
vival to the ca lcu la ted  addi t ive  surviva l  for 2 h expo-  
sure to the t e t r ap la t in -adoze le s in  c o m b i n a t i o n  a n d  
shows tha t  the c o m b i n a t i o n  was synergistic.  The  com-  
b i n a t i o n  h a d  a CI  va lue  at  LDgo of 0.82 (Table  2, 
expe r imen t  7). 

F igu re  4 shows the effect of the schedule  of exposure  
to the drugs  on  the efficacy of the c o m b i n a t i o n .  Te t r ap -  
la t in  appl ied  4 h before adozeles in  was m o r e  efficacious 
(CI at LD9o, 0.6) t h a n  t e t r ap la t in  added  after 
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Fig. 1 Dose-survival response of CHO cells exposed to either tet- 
raplatin or adozelesin alone or tetraplatin + adozelesin. The x-axis 
denotes the concentration of either tetraptatin alone or tetrap- 
latin + adozelesin on the same scale since the adozelesin concentra- 
tion is very low ( <  0.1 ng/ml) as compared with the tetraplatin 
concentration. O O, tetraplatin a~one; �9 � 9  tetrap- 
latin + adozelesin. The triangles (A) denote the percentage of sur- 
vival for adozelesin alone at the concentration used in combination 
with a particular concentration of tetraplatin. For example, at a tet- 
raplatin concentration of 1500 ng/ml we see an open circle (�9 
indicating 35.8% survival for tetraplatin alone, a filled circle ( �9 
indicating 0.02% survival for tetraplatin + adozelesin, and a triangle 
(A) indicating 26% survival for adozelesin alone in this particular 
combination. Since the ratio of tetraplatin:adozelesin is 6 x 104, the 
adozelesin concentration is 0.025 ng/ml as used in combination with 
a 1500-ng/ml concentration of tetraplatin. The actual concentra- 
tions (of tetraplatin and adozelesin) for the experiment shown here 
are denoted in Table 2, footnote a (experiment 1) 

adozelesin (CI, 0.8) or simultaneous addition of the two 
drugs (CI, 0.66). 

Cisplatin 

The dose-survival response observed when cells were 
exposed continuously to cisplatin-adozelesin (ratio, 
2 x 104; experiment 8) combination is shown in Fig. 5 
and is compared with the calculated survival if the 
drugs had interacted additively. The combination was 
additive except at very high lethality, where synergism 
was observed. Table 2 (experiments 9, 10) gives the 
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results for combinations of cisplatin and adozelesin at 
various ratios. The combinations were additive to an- 
tagonistic (at LD90, CI > 1.0). 

The dose-survival response observed when cells were 
exposed for 2 h to the cisplatin-adozelesin combination 
is shown in Fig. 6 and is compared with the calculated 
additive survival. Figure 6 and the CI (Table 2, experi- 
ment 11) show that the combination was slightly 
synergistic at LD90. 

MeIphaIan 

The dose-survival response of cells exposed continu- 
ously to adozelesin plus melphalan showed that the 
combination interacts additively (CI >_ 1.0; Table 2, 
experiments 12,13). 

Combinations with the hypomethylating agents 5-aza- 
CR and 5-aza-2'-CdR 

We essentially followed the exposure schedule of Frost 
et al. [18] and exposed the cells first for 24 h to 
5-aza-CR or 5-aza-2'-CdR and then for 2 h to 
adozelesin. Cells were not washed after exposure to 
5-aza-CR or 5-aza-2'-CdR and were thus exposed for 
the final 2 h to both adozelesin and the hypomethylat- 
ing agent. The dose-survival response of cells exposed 
to the combinations with 5-aza-CR or 5-aza-2'-CdR 
are shown in Figs. 7 and 8, respectively, and are com- 
pared with the calculated additive survival. The CI 
values at LD9o (Table 2, experiments 14-16) and Figs. 
7 and 8 show that combinations of these agents with 
adozelesin were clearly synergistic. 

Combinations with methylxanthines 

Fingert et al. [15] showed that exposure to alkylating 
agents (nitrogen mustard or thio-TEPA) followed by 
treatment with methylxanthines (pentoxifylline or caf- 
feine) increased the lethality of alkylating agents. In 
contrast to the cytotoxic concentration of other agents 
used in the combinations with adozelesin described 
above, noncytotoxic doses of methylxanthines were 
combined with cytotoxic concentrations of adozelesin. 
Since the noncytotoxic dose of methylxanthine used 
would not kill any cells, increased cell-kill by the com- 
bination as compared with adozelesin alone would 
indicate synergistic interaction. 

The dose-survival response of cells exposed for 2 h to 
adozelesin followed by continuous exposure to caffeine 
or pentoxifytline is shown in Fig. 9A. The 0.5 mM 
concentration of caffeine or pentoxifylline used in the 
combination was noncytotoxic (data not shown). 
The results clearly show that combination with a 
noncytotoxic concentration of caffeine or pentoxifylline 
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increased the lethality of adozelesin by between 8- and 
16-fold for the two highest adozelesin concentrations. 
Therefore, the combinations were strongly synergistic. 
Since the response to caffeine and pentoxifylline were 
identical and because high serum levels of pentoxifyl- 
line can be obtained in humans [1], pentoxifylline was 
used in further experiments. 

Figure 9B shows that adozelesin's lethality increased 
greatly when ceils were exposed continuously to 
adozelesin and 0.5 m M  pentoxifytline. For example, at 
an adozelesin concentration of 0.035 ng/ml, 25% of the 
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10 

CI at LD90 = 0.8 
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cells survived as compared with the 0.2% survival (i.e., 
a 2-log increase in lethality) noted for cells exposed to 
adozelesin plus pentoxifylline. 

Survival of B16 cells exposed to adozelesin plus a sec- 
ond agent 

We next determined whether the synergistic response 
obtained in CHO cells would also be seen in B16 
melanoma cells. Table 3 shows that the combination 
with tetraplatin was slightly synergistic (CI, 0.82), 
whereas the combination with 5-aza-2'-CdR was 
strongly synergistic (CI, 0.57). 

Figure 10 shows the increase in cell kill observed 
for adozelesin plus a noncytotoxic dose of pentoxifyl- 
line as compared with adozelesin alone for two differ- 
ent exposure schedules (i.e., 2 h of exposure to 
adozelesin followed by 18 h of exposure to pentoxifyl- 
line or continuous exposure to adozelesin and pen- 
toxifylline). 

CI at LD90 
= 0.658 

0.1 

- - o - -  Simultaneous addition 
- - ~ - -  Adoz 4 hr prior to TetraPt 
- - rn--Adoz 4 hr after to TetraPt 

CI at LD90 = 0.596 

0 500 1000 1500 

Adoz + TetraPt (ng/ml) 

Fig. 4 Effect of schedule of exposure to adozelesin and tetraplatin. 
Tetraplatin and adozelesin were either added simultaneously to 
CHO cells or tetraplatin was added 4 h prior to or 4 hr after 
adozelesin addition. The drugs were left on the cells until colony 
formation. 

Fig. 2,3,5-8 Comparison of experimental and caIculated (for addi- 
tive drug interaction) survival of cells treated with different drug 
combinations. The calculated additive survival values were gener- 
ated using the median-effect equations of Chou et al. (7, 8,10). Frac- 
tional survival is plotted against the combi~Led dose of the two drugs. 
Fig. 2 Cells continuously exposed to tetraplatin + adozelesin (ex- 
periment 1, Table 2). Fig. 3 Cells exposed for 2 h to tetrap- 
latin + adozelesin (experiment 7, Table 2). Fig. 5 Cells exposed con- 
tinuously to cisplatin + adozelesin (experiment 8, Table 2). Fig. 6 
Cells exposed for 2 h to cisplatin + adozelesin (experiment 11, Table 
2). Fig, 7 Cells exposed to 5-aza-CR + adozelesin (experiment 14, 
Table 2). Fig. 8 CeiIs exposed to 5-aza-2-CdR + adozelesin (experi- 
ment 16, Table 2) 

Combination of adozelesin with inhibitors of DNA 
synthesis or RNA synthesis 

CHO cells were initially exposed for 1 h to non- 
cytotoxic doses of aphidicolin (10 t~M) or cordycepin 
(60 txM), which caused 99% inhibition of DNA syn- 
thesis and 50% inhibition of RNA synthesis, respect- 
ively (data not shown). These cells were then exposed 
for 2 h to different adozelesin concentrations. We found 
that exposure to concentrations of aphidicolin and 
cordycepin that significantly inhibit DNA or RNA 
synthesis did not affect adozelesin's lethality (data not 
shown). 

Effect of tetraplatin, 5-aza-CR, or pentoxifylline on 
cellular uptake of adozelesin and subsequent DNA 
alkylation 

Since combinations of adozelesin with tetraplatin, 5- 
aza-CR, or pentoxifylline were significantly synergistic, 
we determined whether these drugs would increase the 
cellular uptake of adozelesin and subsequent DNA 
alkylation. Table 4 shows that neither tetraplatin, 
5-aza-CR, nor pentoxifylline significantly affected 
adozelesin uptake or DNA alkylation. 

Discussion 

We discuss below our rationale for selecting the drugs 
that were combined with adozelesin and the results 
obtained with the combinations. 
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Fig. 9A,B Survival of CHO cells 
exposed to adozelesin alone or 
adozelesin plus caffeine or 
pentoxifylline. A Exposure for 
2 h to adozelesin alone or 
adozelesin followed by 
continuous exposure to 0.5 mM 
caffeine or pentoxifylline. 
B Continuous exposure to 
adozelesin plus 0.5 mM 
pentoxifylline 

Table 3 Median-effect analysis 
of lethality for B16 cells of 
combinations of adozelesin with 
tetraplatin or 5-aza-2'CdR 

Adozelesin a Second 
(ng/ml) Drug"(btg/ml) 

Ratio second 
drug to Drug b LD9o ~ CI at d 
Adozelesin exposure (btg/ml) LD9o Conclusion 

Tetraplatin: 
0 0.05-0.2 
0.005 0.009 0.089 0.161 

5-Aza-2'CdR 
0 0.062-0.25 
0.11-0.15 0.063-0.086 

Contin. 0.115 
1.81 x 1 0  4 " 0.095 0.82 Synergy 

24 h 0.271 
5.8 • 102 2 24 h 0.046 0.57 Synergy 

a-d see Table 2. 

Alkylating agents 

Alkylating agents in combination chemotherapy pro- 
vide curative treatment in several types of tumors. Our 
decision to combine alkylating agents with adozelesin 
(another alkylating agent) was based on the observa- 
tion that alkylating agents are usually not cross-resis- 
tant to each other [34,40]. It had previously been 
assumed that alkylating agents as a class would have 
a common mechanism of action and, as such, would be 
cross-resistant to each other. However, Schabel et al. 
[34] showed that L1210 cells resistant to one alkylating 
agent showed very limited cross-resistance to other 
alkylating agents. Similar limited cross-resistance 
among alkylating agents was also reported by Frei et 
al. E17] and Teicher et al. [40] using human cell lines. 
For example, Raji cells that were 7.3-fold resistant to 
cisplatin were about 3-fold resistant to nitrogen mus- 
tard and carmustine (BCNU) but were not resistant to 
melphalan, thio-TEPA, or mitomycin C [17]. Thus, the 
overall impression from these studies is that significant 
cross-resistance among alkylating agents is the excep- 
tion rather than the rule. 

The relative lack of cross-resistance led to studies of 
combinations of alkylating agents. Schabel et al. [35] 
reported therapeutic synergism among alkylating 
agents. Synergistic cytotoxicity of different alkylating 
agents for epithelial ovarian cancer cells in vitro was 
reported by Lidor et al. [26]. In a series of studies, 
Teicher et al. [41-1 have reported on the in vitro and in 
vivo effects of combinations of two alkylating agents. 
They conducted detailed analysis of the effect of drug 
combinations on the cell kill both of EMT6 tumor cells 
in vivo and of bone-marrow granulocyte-macrophage 
colony-forming unit (CFU-GM) cells (as a representa- 
tive normal tissue). As an example, when cyclophos- 
phamide and melphalan were injected into EMT-6 
tumor-bearing mice at 8-h intervals there was supra- 
additive tumor cell kill. This schedule also gave 
100-fold greater tumor cell kill as compared with the 
toxicity to CFU-GM cells. Further impetus for com- 
bining adozelesin with alkylating agents came from the 
studies of Ayash et al. [2], who reported greater than 
additive killing of MCF-7 (human breast cancer) cells 
when adozelesin was combined with cisplatin, carbop- 
latin, or melphalan. Adozelesin combinations with 
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Fig. 10 Dose-survival response of B16 cells exposed to adozelesin 
alone or to adozelesin + pentoxifylline. Cells were exposed for 2 h to 
adozelesin alone (O) or for 2 h to adozelesin and then for 18 h to 
0.5 mM pentoxifylline (am) or 1.5 mM pentoxifylline (&). Also shown 
are cells exposed c o n t i n u o u s l y  ( c o n t . )  to adozelesin alone (0) or to 
adozelesin + 0.5 mM pentoxifylline ([3). Note the different scales for 
2-h and continuous exposure 

BCNU or thio-TEPA were additive. Finally, that 
autologous bone marrow transplantation can reduce 
alkylating-agent toxicity may make such combinations 
more efficacious [33]. 

Our results show that for combinations at different 
ratios of adozelesin to the second alkylating agent and 
under two different exposure conditions, tetraplatin 
was moderately synergistic at the LD9o value, whereas 
cisplatin and melphalan were mostly additive. The 
synergism of tetraplatin-adozelesin could not be ex- 
plained by greater DNA alkylation by adozelesin. 
However, we have not tested the obverse, i.e., whether 
adozelesin increased the alkylating efficacy of tetra- 
platin. 

Hypomethylating agents 

Our choice of the hypomethylating agents 5-aza-CR 
and 2'-5-aza-CdR was based on the finding of Frost 
et al. [18] that combinations of 2'-5-aza-CdR with two 
alkylating agents (cisplatin and 4'-hydroperoxy-cyclo- 
phosphamide) was synergistically cytotoxic to several 
cell lines in vitro. Vesely [44] had also reported syner- 
gism between 2'-5-aza-CdR and cisplatin in the treat- 
ment of mouse leukemia in vivo. 

It has been suggested that DNA methylation con- 
trols gene expression via conformational changes in 
DNA mediated by the presence or absence of specific 
methylcytosines. It is possible that these conforma- 
tional changes in DNA could render DNA alkylation 
sites more accessible. This would result in synergistic 
toxicity of alkylating agents combined with hy- 
pomethylating agents. However, our results show that 
5-aza-CR did not significantly alter DNA alkylation by 
adozelesin. In the studies of Frost et al. [18] the degree 
of DNA hypomethylation by 5-aza-CdR could not be 
correlated to the observed synergy. Also, 5-aza-CR plus 
cisplatin caused synergistic cell killing without produ- 
cing demonstratable DNA hypomethylation [18]. 
Therefore, at present the mechanism of interaction be- 
tween these alkylating agents and the hypomethylating 
agents leading to synergistic toxicity is undefined. 

Table 4 Effect of tetraplatin, 5-aza-CR, or pentoxifylline on uptake of adozelesin by cells and subsequent alkylation of DNA 

Expteriment [3H] -Adozelesin Tetraplatin a 5-Aza-CR b Pentoxifylline c Cellular uptake DNA alkylation 
(ng/ml) (~tg/ml) (gg/ml) (raM) (fmol/] 06cells) (fmol/gg DNA) 

1 0.05 0 111 _+9 8 _+2.1 
1 0.05 1 96 _+ 22 5.7 _+ 1.4 
2 0.5 0 686 _+ 45 63 _+ 10 
" 0.5 50 755 + 119 56 _+ 10 
" 0.25 0 370 _+ 28 26.7 _+ 0.5 
" 0.25 25 397 _+ 72 23.7 + 2.9 
3 0.2 0 267 _+ 86 12 _+ 3 
" 0.2 2 308 _+ 53 13 _+ 0.5 

a Cells were exposed simultaneously for 2 h to [3H]-adozelesin and tetraplatin, following which the intracellular concentration of adozelesin 
and DNA alkylation by the drug was determined 
b Cells were exposed to 5-aza-CR for 24 h prior to a 2-h exposure to [3H]-adozelesin 

Cells were exposed to [3H]-adozelesin and pentoxifylllne for 18 h. Therefore, we used a lower concentration of adozelesin in this 
combination than in the other combinations 
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Methylxanthines 

Of all the combinations studied, those of adozelesin 
with caffeine or pentoxifylline seem the most interest- 
ing, partly because of the different mechanism of action 
of the two agents and because synergism could be 
shown at noncytotoxic levels of caffeine or pentoxifyl- 
line. Our decision to include methylxanthines in these 
studies was based on many earlier reports that pen- 
toxifylline enhanced the cytotoxicity of alkylating 
agents and X-irradiation both in cell culture and in 
mouse tumor systems [14-16]. The cytotoxicity of al- 
kylating agents such as thio~TEPA or nitrogen mus- 
tard for human bladder tumor cells was increased up to 
10-fold when caffeine or pentoxifylline were present 
during the first cell cycle after exposure to the alkylat- 
ing agents [16]. 

Teicher et al. [42] showed that the cytotoxicity- 
enhancing effect of pentoxifylline on MCF-7 cells in 
culture could depend on the alkylating agent. Pentoxi- 
fylline increased the lethality of cisplatin by 2 logs as 
compared with the 0.3-log increase achieved with mel- 
phalan. These investigators also observed a modest 
(2.9-fold) increase in the killing of tumor (FSaIIC 
murine fibrosarcoma) cells in vivo when pentoxifytline 
was combined with cisplatin, cyclophosphamide, and 
thio-TEPA [42J. 

The results we obtained using adozelesin combined 
with noncytotoxic doses of caffeine or pentoxifylline 
showed an increase of several logs in the lethality of 
adozelesin. We also found that the cytotoxicity-en- 
hancing effect of caffeine and pentoxifylline was similar. 
However, the concentration of caffeine ( -~ 0.5-1 mM) 
needed to enhance cytotoxicity borders on lethal serum 
levels in humans. Pentoxifylline, on the other hand, is 
used in the treatment of intermittent claudication 
and high serum levels are attainable [11. Furthermore, 
the pentoxifylline thio-TEPA combination has com- 
pleted phase I trial [13]. In the phase I trial, pentoxifyl- 
line appeared to decrease levels of cachectin (TNF) 
mRNA in circulating mononuclear cells in several pa- 
tients, which correlated with an improved feeling of 
well-being in these patients. In view of these observa- 
tions, we have continued further studies with the pen- 
toxifylline-adozelesin combination, which will be the 
subject of a separate paper. 

Caffeine and pentoxifylline have diverse biological 
effects due to the multiplicity of cellular targets affected. 
They inhibit cyclic adenosine monophosphate (AMP) 
phosphodiesterase [5], poly(ADP-ribose) polymerase 
[23], and topoisomerases I and II [37]. They can also 
act as anticarcinogens. For example, pentoxifylline in- 
hibits the formation of dimethylbenzanthracene 
(DMBA)-induced mammary carcinomas and benign 
tumors [48]. However, we are interested in the ability 
of caffeine to potentiate the cytotoxicity of DNA- 
damaging agents by relaxing the G2 block associated 
with DNA damage and, thus, not allowing enough time 

for repair of the damage [221. Recent studies have 
elucidated the role of cdc2 kinase in promoting the 
progression of cells from G2 to mitosis, cdc2 Kinase 
activity is intimately linked with changes occurring 
during the G2 to M transition, such as chromatin 
condensation, nuclear envelope breakdown via laminin 
phosphorylation, and mitotic spindle formation. Lock 
[27] and Tsao et al. [43] have shown that the G2 delay 
induced by the DNA-damaging agents etoposide and 
camptothecin is associated with inhibition of cdc2 
kinase activity and accumulation of inactive, hyper- 
phosphorylated cdc2. O'Connor et al. [-32] also showed 
that cells treated with nitrogen mustard were blocked 
in G2 due to inhibition of cdc2 kinase activity. How- 
ever, the G2 block was abrogated when cells were 
treated with nitrogen mustard plus pentoxifylline with 
a corresponding increase in the cdc2 kinase activity to 
control levels. Our studies (to be reported later) show 
that a similar process occurs in cells treated with 
adozelesin plus pentoxifylline. 

DNA- and RNA-synthesis inhibitors 

Combinations with macromolecule-synthesis inhibi- 
tors were designed to determine whether such inhibi- 
tion would affect the cytotoxicity of adozelesin. Several 
studies [11,191 have clearly shown that inhibition of 
DNA synthesis by aphidicolin protects cells from the 
cytotoxicity of topoisomerase I and II inhibitors [cam- 
ptothecin and amsacrine (m-AMSA), respectively1, 
suggesting that ongoing DNA synthesis is necessary for 
cell killing by these inhibitors. Inhibition of RNA syn- 
thesis by cordycepin only partially protected cells from 
the cytotoxicity of m-AMSA but had no effect on 
camptothecin's cytotoxicity. Aphidicolin and cor- 
dycepin did not affect the cytotoxicity of adozelesin. 

This report clearly defines several two-drug combi- 
nations involving adozelesin that are of further interest. 
These include adozelesin combinations with tetra- 
platin, 5-aza-CR or 5-aza-2'-CdR, and pentoxifylline. 
We need to determine the in vivo antitumor effect of 
these combinations. For this purpose the studies of 
Teicher et al. [42] provide a good model since they 
have compared the survival of tumor cells with that of 
bone-marrow CFU-GM from the same animals. The 
mechanism leading to synergistic cytotoxicity for the 
combinations of adozelesin with tetraplatin or 5-aza- 
CR have not been identified. Preliminary studies sug- 
gest that the synergistic cytotoxicity of the adozelesin- 
pentoxifylline combination may result from the ability 
of pentoxifylline to abrogate the G2 block induced by 
adozelesin. 
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