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Abstract The in vitro effect of the dextroisomer r- 
verapamil on blast cells derived from patients with acute 
myelogenous leukemia (AML) was studied. R-verapamil 
caused a dose-dependent inhibition of AML blast prolif- 
eration in the presence of stem-cell factor, leukemia 
inhibitory factor, interleukin 4, interleukin 6, and inter- 
leukin 10 when these cytokines were tested both alone 
and in different combinations. R-verapamil also inhib- 
ited the growth of clonogenic AML blast cells. The anti- 
proliferative effect was not specific for AML blast cells, 
because r-verapamil also inhibited cytokine-dependent 
proliferation of blast cells derived from patients with 
acute lymphoblastic leukemia. The inhibitory effects of 
r-verapamil and anti-ILl serum were additive, sugges- 
ting that the antiproliferative effect of r-verapamil does 
not depend solely on inhibition of ILl-mediated effects. 
Although r-verapamil inhibited spontaneous AML blast 
proliferation, for a majority of patients it caused only 
minimal, if any, inhibition of spontaneous cytokine se- 
cretion (ILia, ILl/3, TNF~, IL6) by AML blast cells. 
Thus, although inhibition of ILl effects may contribute 
in certain patients to the antiproliferative effect of r- 
verapamil, mechanisms other than ILl inhibition seem to 
be more important in mediating the effects of r-verapamil. 
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Introduction 

The calcium antagonist verapamil has been used for 
decades in the treatment of cardiovascular diseases 
[15,21,32]. However, in vitro studies have demon- 
strated that verapamil also has effects on cell metabol- 
ism other than calcium antagonism. First, verapamil 
has antiproliferative effects on different cells, including 
T-lymphocytes [7], chronic myelogenous leukemia 
cells [4], and acute myelogenous leukemia (AML) 
blasts [4,6]; and for T-lymphocytes it has been sugges- 
ted that this nontoxic antiproliferative effect is caused 
by alteration either of the utilization of essential nutri- 
ents or of transmembrane potassium transport [12,25]. 
Second, verapamil can inhibit the function of the 
p-glycoprotein, thereby increasing intracellular drug 
concentrations and rendering malignant cells more sus- 
ceptible to cytotoxic drugs [22,29]. These additional 
effects have been clearly demonstrated only in vitro and 
often only at concentrations exceeding the therapeutic 
serum level [32]. However, r-verapamil has fewer car- 
diotoxic side effects than does racemic verapamil, and 
higher in vivo concentrations can therefore be attained 
[3,15,24]. The potential use of r-verapamil in cancer 
therapy is therefore being investigated [3,24], and both 
its antiproliferative effects and its inhibition of p-glyco- 
protein may become clinically important when higher 
in vivo concentrations are reached_ 

The two chemically unrelated drugs dipyridamote 
and verapamil have antiproliferative effects [4,6]. 
As both drugs also inhibit p-glycoprotein, it has 
been suggested that they should be used in combina- 
tion with chemotherapy to enhance cytotoxic effects 



[-2, 3, 22, 24, 27, 29]. For both drugs, the exposure 
sequence or interval[ between exposure to dipyrid- 
amol/verapamil and chemotherapy seems to be impor- 
tant for the achievement of maximal enhancement of 
cytotoxicity in vitro [-2,22]. One possible explanation for 
this could be that depending on the exposure sequence, 
antiproliferative drug effects may alter the susceptibility 
of malignant cells to cell-cycle-specific cytotoxic drugs 
and thereby counteract the effect on the p-glycoprotein. 
The possible use of p-glycoprotein-inhibitory drugs in 
combination with chemotherapy in leukemia treatment 
is being investigated [-22,271, and in this context we 
further characterized the antiproliferative effect of r- 
verapamil on acute leukemia blast cells. 

Patients and methods 

Pat ients  

The  clinical da ta  of  all pa t ients  are s u m m a r i z e d  in Table  1. 

Reagents  

The  cul ture  m e d i u m  was R P M I  1640 with H E P E S  and  g lu tamine  
(Gibco, UK) ,  to which  10% inact ivated fetal calf se rum (HiClone,  
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USA) and  gentamic in  (100 gg/ml) were added.  Cond i t ioned  m e d i u m  
was prepared  by cul tur ing per ipheral  b lood m o n o n u c l e a r  cells 
(PBMC,  1 x 106/ml) f rom a hea l thy  individual  together  with phy to -  
hemagg lu t in in  (PHA H A  16, 1 pg/ml; Wellcome,  U K )  for 72 h. The  
culture supe rna t an t  was then  collected and  referred to as condi-  
t ioned m e d i u m  [5]. 

Cytokines  were used at the following concen t ra t ions  
El,11,14,16,18,23,28,30]: G M - C S F ,  100 ng /ml  (Sandoz, Switzerland); 
G-CSF,  100 ng /ml  (Roche, Switzerland); TNFc~, 100 ng /ml  (kind gift 
f rom Knol l  AG,  Germany) ;  IL3, 50 ng /ml  (R&D Systems,  UK);  IL4, 
50 ng /ml  (R&D Systems); IL6, 50 rig/m1 (PeproTecb,  UK);  IL7, 
50 ng /ml  (R&D Systems); (LIF), 50 ng /ml  (PeproTech);  Leukemia  
inhibi tory factor (SCF), and  stem-cell  factor 50 ng /ml  (PeproTech).  
Cytokine  combina t ions  were also tested for SCF (SCF + IL3, 
SCF + GM-CSF) ,  IL4 (IL4 + IL3, IL4 + GM-CSF) ,  L IF  
(LIF + IL3, L I F  + IL6, L IF  + GM-CSF) ,  and  IL7 (IL7 + [L2, 
IL7 + IL3), and  all cytokines  were used in the same concent ra t ions  
when  tested in combina t ions  as when  tested separately.  

N o r m a l  goat  se rum and  an t i - IL l~  and  an t i - IL l f i  polyclonal  goat  
an t i se rum were purchased  from R & D  Systems (UK). 

Celt p repara t ion  

P B M C  were isolated by dens i ty-gradient  separa t ion  (FicolI-Hy- 
paque,  N y C o M e d ,  Norway;  specific density,  1.077). To reach a h igh  
percentage of A M L  blast  cells a m o n g  the P B M C  ( > 95%), only 
pat ients  with a high leukocyte count  in per ipheral  b lood 
( > 30 x 109/1; at least 90% blast  cells) were included in the  s tudy  
[6,8]. The  h igh percentage  of blast  cells was conf i rmed by light 

T a b l e  1 Clinical character is t ics  of  acute  leukemia  pat ients  (CHOP Cyc lophosphamide /Doxorub ic in /Vinc r i s t ine /P redn i sone ,  CML chronic  
myelocyt ic  leukemia,  FAB French-Amer ican-Br i t i sh ,  NT Not  tested) 

Pa t ien t  Sex Age Previous  FAB 
n u m b e r  (M/F)  (years) hemato log ica l  classification 

disease 

M e m b r a n e  molecule  express ion a 

CD3 CD13  C D 1 4  CD15  CD19  C D 2 0  CD33 CD3 4  

1 F 64 
2 F 56 

3 M 47 
4 M 67 P r i mary  myelo-  

dysplast ic  synd rome  A M L - M 2  
5 F 81 P r i mary  myelo-  

dysplast ic synd rome  A M L - M 2  
6 M 73 Chron ic  myeto-  

fibrosis A M L - M 2  
7 F 67 A M L - M 1  
8 M 80 A M L - M 4  
9 F 72 Mult ip le  m y e l o m a  A M L - M 2  

i0  F 67 A M L - M 4  
11 M 30 A M L - M 2  
12 M 75 N o n - H o d g k i n ' s  

l y m p h o m a ,  C H O P  

P r i m a r y  myelo-  
dysplast ic  synd rome  

A M L - M 2  

A M L - M 2  
A M L - M 4  

+ + N T  - - - 

+ . . . .  + 

+ + N T  - - - 

+ - N T  - - + 

+ - N T  - - + 

+ - N T  - - + 
+ - N T  - - - 

- + N T  - - - 

- + N T  - - + 

+ - N T  - - + 
- - N T  - - + 

t he rapy  A M L - M 2  -- + - N T  - - + 
13 M 64 A M L - M 2  - + - + - - + 
14 F 69 A M L - M 2  - + - + - - + 
15 M 33 C M L  A M L - M 4  - + - + - - + 
16 F 42 A M L - M 5  - + + - - + 
17 M 82 A M L - M 2  - + - + - - + 
18 M 84 A L L  . . . .  + N T  - 
19 F 16 A L L  . . . .  + + - 
20 F 58 A L L  . . . .  + + - 
21 F 29 A L L  + . . . . . .  
22 M 78 A L L  . . . .  + N T  - 

N T  

N T  
+ 
+ 
+ 

+ 

+ 

apat ients  were regarded as posit ive when  more  t han  20% of blast  cells s ta ined posit ive as j udged  from f low-cytometr ic  analysis  
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microscopy of PBMC, Cells were stored frozen in liquid nitrogen; 
the methods used for freezing and thawing of cells have been de- 
scribed elsewhere [4]. 

Proliferation assay 

As previously described [4,6], leukemia blast cells (5 x 10#/well) were 
cultured in 200 l-tl culture medium in flat-bottomed microtiter plates 
(Costar, USA). Cultures were incubated at 37~ in a humidified 
atmosphere containing 5% CO r [3H]-thymidine was added at 
37 kBq/well (TRA 310, 1 mCi/mmol; Amersham, UK) after 3 days 
for acute lymphoblastic leukemia (ALL) cells and after 6 days for 
AML cells, and the nuclear incorporation of [3H]-thymidine was 
determined after 18 h by liquid scintillation counting. All cultures 
were performed in triplicate, and median responses were used for 
calculations and statistical analysis. Proliferation was regarded as 
significant when it (a) exceeded the negative control value by at least 
1,000 cpm and (b) exceeded the mean cpm obtained for the negative 
control by at least 3 SD. 

Colony-forming assay 

AML blast cells (2.5 x 104/we11) were cultured in 24-well tissue-cul- 
ture plates (Costar, USA); each well contained 250 btl culture me- 
dium with 0.36% agarose.(SeaPlaque; FMC Bio Products, USA). 
After 12 days the number of colonies exceeding 20 cells were 
counted. 

Cytokine secretion 

Cytokine secretion was investigated as described previously [8, 20]. 
In each well of 24-well tissue-culture plates (Costar), AML blast cells 
(1 x 106/well) were cultured in 1 ml culture medium. Cultures were 
incubated for 48 h and supernatants were then collected and stored 
frozen until analyzed. Cytokine secretion was measured as the con- 
centrations of free cytokines (ILla, ILl[3, IL6, and TNFc0 in culture 
supernatants, concentrations being determined by cytokine-specific 
ELISA analysis (Quantikine ELISA kits; R&D Systems, UK). All 
ELISA analyses were performed strictly according to the manufac- 
turer's instructions as described elsewhere [8]. 

Statistical analysis 

The relative response (RR) was defined as the proliferation (cpm) in 
drug-containing cultures relative to that in drug-free controls. Wil- 
coxon's test for paired samples was used for statistical analysis, and 
differences were regarded as statistically significant when P < 0.05. 

Results 

Effect of r-verapamil on cytokine-dependent prolifer- 
ation of blast cells derived from AML patients 

The effects of r-verapamil on AML blast proliferation 
([3H]-thymidine incorporation) in the presence of SCF, 
IL4, IL6 and LIF were investigated for patients 1-8. 
Consistent with the results described in previous stud- 
ies [4,6], both spontaneous and cytokine-dependent 
proliferation showed a wide variation range for the 
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Fig 1 Effect of r-verapamil (25, 2.5, 0.25 and 0.025 bLg/ml) on AML 
blast proliferation assayed as [-3H]_thymidine incorporation in sus- 
pension cultures. AML blast ceils were cultured in the presence of 
S C F ( n = 5 , � 9  o ) , I L 3 + I L 4 ( n = 6 ,  o - - o ) , a n d I L 3 + L I F ( n = 6 ,  
�9 --- �9 The results are expressed as mean RR _+ SD obtained for the 
AML patients tested 

patients studied, and the number of patients showing 
significant proliferation and the variation range are 
therefore given for each cytokine or cytokine combina- 
tion investigated. In the presence of SCF alone, signifi- 
cant proliferation was seen for five patients (n = 5; 
range, 1,466 44,634cpm), and r-verapamil showed 
a dose-dependent inhibitory effect on blast prolifer- 
ation for all these patients (Fig. 1). A similar anti- 
proliferative effect was also seen when AML blast cells 
were cultured in medium alone and in the presence of 
SCF + IL3 (n = 6; range, 1,286-26,334 cpm; P = 0.016 
for r-verapamil at 2.5 and 25 pg/ml) and SCF + GM- 
CSF (n = 6; range, 2,130-68,656cpm; P = 0.016 for 
r-verapamil at 2.5 and 25 pg/ml). 

Significant AML blast proliferation was seen for two 
patients in the presence of IL4 and for six patients in 
the presence of IL4 + IL3 (range, 1,168-11,692 cpm) 
and IL4 + GM-CSF (range, 1,286 31,792 cpm). For all 
patients showing significant proliferation, r-verapamil 
caused a dose-dependent antiproliferative effect when 
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cells were cultured with IL4, IL4 + GM - CSF (n = 6, 
P = 0.016 for r-verapamil at 2.5 and 25 ~tg/ml), and 
IL4 + IL3 (Fig. 1; n = 6, P = 0.016 for r-verapamil at 
2.5 and 25 tag/ml). 

Because AML blast cells from only two patients 
showed significant proliferation in the presence of IL6, 
statistical analysis could not be performed. However, 
for these two patients, r-verapamil also caused a dose- 
dependent inhibition in the presence of IL6 (data not 
shown). 

AML blast cells from two patients showed signifi- 
cant proliferation in the presence of LIF alone, and 
r-verapamil caused a dose-dependent inhibitory effect 
for both patients (data not shown). Significant prolifer- 
ation was seen when AML blasts were cultured with 
LIF + IL3 (n = 6; range, 1,140 22,132 cpm; P = 0.016 
for r-verapamil at 2.5 and 25 ~tg/ml), LIF + IL6 (n = 3; 
range, 3,294-10,736 cpm), and LIF + GM - CSF 
( n = 4 ;  range, 1,166-16,238cpm), and r-verapamil 
caused a dose-dependent antiproliferative effect for all 
three cytokine combinations for all patients studied. 
The results obtained for LIF + IL3 are presented in 
Fig. 1. 

When AML blasts were cultured with ILl0 at 
3 ng/ml, significant proliferation was seen only for six 
(patients 5 10) of ten patients tested. Although both 
increased and decreased AML blast proliferation could 
be seen in the presence of ILl0, r-verapamil inhibited 
AML blast proliferation for all five patients in the 
presence of ILl0. The results obtained for R-verapamil 
at 2.5 gg/ml (n = 6, P = 0.016) are presented in Fig. 2. 

Effect of r-verapamil on AML blast colony formation. 

AML blast cells from five patients were studied using 
the colony-forming assay. For each patient, blast cells 
were cultured with the cytokine causing the strongest 
proliferation as judged from the [3H]-thymidine incor- 
poration assay. R-verapamil inhibited proliferation of 
clonogenic AML blast cells for all patients investigated 
(Table 2). 
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Fig 2 Proliferation of AML blast cells derived from 6 patients when 
cells were cultured in medium alone (0), medium + IL l0  3 ng/ml 
(ILIO); and medium + ILl0  3 ng/ml + r-verapamil 2.5 pg/ml 
(ILIO + r-verapamil). For each patient the results are presented as 
mean cpm obtained for triplicate cultures, the SD corresponding to 
< 10% of the mean 

anti-ILls + anti-ILl13 caused an additive inhibitory 
effect for all patients (n = 5; P = 0.036); the results 
obtained for two patients are presented in Fig. 3. 

R-verapamil shows an additive inhibitory effect with 
ILl-specific antibodies on AML blast proliferation 

AML blast cells from patients 6 10 showed high in 
vitro spontaneous proliferation and were used to inves- 
tigate whether r-verapamil had an additive anti- 
proliferative effect together with neutralizing anti-ILl 
antibodies. Anti-ILlc~ and anti-ILl13 antiserum caused 
low inhibition when tested separately over a wide 
concentration range (50 0.05 gg/ml). However, when 
anti-ILlcz + anti-ILl[3 were added together in equal 
concentrations an inhibition was seen with a plateau 
being observed at concentrations of 10gg/ml or 
higher, R-verapamil at 2.5 ~tg/ml added together with 

Effects of different calcium antagonists on 
AML blast proliferation 

The effects on AML blast proliferation of the calcium 
antagonists r-verapamit, amlodipin, diltiazem, 
felodipin, nifedipin, and nimodipin were studied for six 
patients (patients 3,4, and 6-9). All these patients 
showed significant proliferation in tests of both spon- 
taneous and cytokine-dependent (G-CSF, GM-CSF) 
proliferation. The drugs were dissolved in ethanol to 
give a final concentration of 0.5% ethanol for the 
highest drug concentration tested, and further dilutions 
were made in culture medium. Ethanol caused no sig- 
nificant alteration of spontaneous or cytokine-depen- 
dent AML blast proliferation (data not shown). When 
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Table 2 Effect of r-verapamil on 
AML blast-cell colony 
formation 

Colony formation" 

Patient Cytokine Cultures without 
number r-verapamil 

Cultures with r-verapamil 
(25 gg/ml) 

2 IL3 8,6 0,1 
3 G-CSF 8,7 0,0 
8 G-CSF 19,15 0,2 

16 IL3 10,7 0,2 
17 G-CSF 31,24 3,1 

"Results are expressed as the number of colonies per well; all tests were performed in duplicate 
and the numbers of colonies for both duplicates are given 
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Fig 3 Effect of r-verapamil (2.5 ~g/ml) on AML blast proliferation in 
the presence of different concentrations of anti-ILlc~ + anti - ILl[3 
antiserum. The results obtained for patients 9 ( ) and 10 ( - - )  
when cells were cultured with anti-ILl alone (0) and with anti- 
ILl  + r-verapamil (O) are shown. The results are presented as mean 
cpm + SD obtained for triplicate cultures 

tested at equimolar concentrations, all calcium antag- 
onists caused a dose-dependent inhibition of both 
spontaneous proliferation and G-CSF- and GM-CSF- 
dependent AML blast proliferation (Fig. 4). The inhibi- 
tion was statistically significant for spontaneous prolif- 
eration (n = 6) and for G-CSF-(n = 6) and GM-CSF- 
dependent (n = 6) proliferation when drug concentra- 
tions of both 50 gM (P = 0.016 for all drugs) and 5 gM 
(P = 0.016 for r-verapamil, diltiazem, and nemodipin; 
P = 0.031 for felodipin and nifodipin) were tested. 
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Fig 4 Effect of calcium antagonists on in vitro proliferation of AML 
blast cells in medium (Spontaneous) and in the presence of G-CSF 
and GM-CSF. The results are presented as mean RR obtained for 
6 AML patients when the drugs were tested at equimolar concentra- 
tions (gM). The following calcium antagonists were tested: r- 
verapamil (e--e), amlodipine ( e - - e ) ,  diltiazem (e . .  e), felodipine 
( o - - o ) ,  nifedipine (o__o), and nimodipine (o.. .  o). Cultures con- 
taining only ethanol did not differ significantly from ethanol-free 
controls 

For all calcium blockers, cultures were microscoped 
regularly for evaluation of the frequency of necrotic 
(dense, swollen, granular) cells as compared with drug- 
free controls. Drug-containing cultures showed no in- 
creased frequency of necrotic cells (data not shown). 

Effect of r-verapamil on in vitro proliferation of ALL 
blast cells 

Blast cells derived from five ALL patients showed no 
proliferation when cultured in medium alone. How- 
ever, significant proliferation could be detected when 
cells were cultured with 10% conditioned 
medium + IL2 (10 ng/ml), and r-verapamil then caused 
a dose-dependent inhibition of ALL blast proliferation 
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Fig 5 Effect of r-verapamil on cytokine-dependent in vitro prolifer- 
ation ([SH]-thymidine incorporation assay) of ALL blast cells from 
patients 18 ( - - ) ,  19 ( . . . . .  ) and 20 ( - ) .  The results are presented as 
mean cpm _+ SD obtained for triplicate cultures when proliferation 
was assayed after 5 days 

for all patients tested (Fig. 5; n = 5, P = 0.036 for 
r-verapamil at 25 and 2.5 ~Lg/ml). 

ALL blast cells were also incubated in culture me- 
dium containing recombinant IL2, IL3, IL7, 
IL2 + IL7, IL3 + ILT, and TNFc~ (see patients and 
methods). For three patients, low but significant prolif- 
eration ( < 2,000 cpm; negative controls, < 300 cpm) 
could also be detected when ALL blasts were cultured 
with IL2 (patient 21), IL2 + IL7 (patient 21), IL3 (pa- 
tients 18 and 19)~ or IL3 + IL7 (patient 19), and 
r-verapamil caused a dose-dependent inhibition of all 
these responses (data not shown). 

Effect of r-verapamil on cytokine secretion from AML 
blasts 

The effect of r-verapamil at 25 lag/ml on cytokine 
secretion was investigated for nine AML patients 
(patients 6,7, and 9-15). The secretion of cytokines 
differs between individual AML patients [8], and 
for these experiments we selected patients showing 
detectable secretion of several cytokines. R-verapamil 
caused a strong inhibitory effect of AML blast pro- 
liferation when tested in parallel with cytokine secre- 
tion after 48 h of culture (mean RR, 0.21; n = 9, 
P = 0.002). The results obtained for those patients 
showing detectable cytokine secretion are presented 
in Fig. 6. In contrast to the effect on AML blast pro- 
liferation, r-verapamil caused no significant alter- 
ation of spontaneous AML blast secretion of 
ILlc~ (n=8) ,  ILll3 (n=9) ,  TNFc~ (n=9) ,  or IL6 
(n = 7). 
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Fig 6 Effect of r-verapamil (25 gg/ml) on in vitro cytokine secretion 
from AML blast cells. Cytokine secretion was measured as concen- 
trations of ILI~, IL113, TNFc~ and IL6 (pg/ml) in supernatants from 
cultures of AML blast ceils, and the figure includes only the results 
obtained for those patients showing detectable cytokine levels. Cul- 
tures were prepared in culture medium with ( + ) and without ( - ) 
r-verapamil 25 gg/ml. 

Discussion 

In the present study we further characterized the effect 
of r-verapamil on in vitro functions of AML blast cells. 
R-verapamil exerted a strong inhibitory effect on AML 
blast proliferation for all patients and all in vitro mod- 
els studied. In contrast, the effect of r-verapamil on 
AML-blast cytokine secretion varied between patients, 
and decreased secretion was seen for only a minority of 
patients. 

Combination treatment with cytotoxic drugs and 
p-glycoprotein inhibitors is being investigated in 
leukemia therapy [27-]. The drugs verapamil and 
dipyridamole inhibit p-glycoprotein in malignant cells 
and may thereby increase intracellular concentrations 
of cytotoxic drugs [2,291. Recent in vitro studies have 
also shown that combination therapy with 
r-verapamil/dipyridamole and cytotoxic drugs will in- 
crease cytotoxic effects on malignant ceils, but the in- 
creased cytotoxicity depends on the interval between 
treatments or the sequence of drug administration [2]. 
Both dipyridamole and verapamil have anti- 
proliferative effects on malignant cells [6]. Thus, 
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dipyridamole and r-verapamil have common pharma- 
cological effects, although they are chemically unre- 
lated. For both drugs, the importance of the treatment 
sequence in increasing cytotoxicity can be explained by 
a similar antiproliferative effect rendering malignant 
cells less sensitive to cell-cycle-specific cytotoxic drugs. 
This possible importance of the antiproliferative effect 
should be considered for the future design of clinical 
studies. 

When racemic verapamil is used the cardiotoxic ef- 
fects are dose-limiting [15,32]. R-verapamil is less 
cardiotoxic than racemic verapamil [15], and anti- 
proliferative effects of r-verapamil are seen at concen- 
trations corresponding to levels reached in vivo by 
r-verapamil and its active metabolite norverapamil 
(1-4 lxg/ml or 1-7 gM [3, 24]. 

We used leukemia blast cells isolated by density- 
gradient separation from peripheral blood of patients 
with a high number of blasts [6,8]. By this approach 
a highly enriched blast population could be prepared 
without extensive cell-separation procedures causing in 
vitro induction of cytokine expression [26]. However, 
the number of blast cells in peripheral blood seems to 
be a prognostic factor for AML patients and may thus 
reflect intrinsic properties of the leukemia cells [17]. 
Because of this patient selection, our results may thus 
be representative only for the subset of AML patients 
with high blast counts in peripheral blood and not for 
AML patients in general. 

In our study we investigated the effect of r-verapamil 
in suspension cultures of AML blasts, proliferation 
being assayed as [3H]-thymidine incorporation after 
7 days of culture. During this interval the exponential 
growth of clonogenic leukemia cells can be maintained 
without reculture of the cells, this in vitro culture then 
leading to an enrichment of clonogenic AML cells [t9]. 
AML blast proliferation is then assayed after 7 days, 
when proliferation has reached a plateau, and prolifer- 
ation is then determined by cells that can be main- 
tained in culture [6,8]. 

Proliferation of acute leukemia blast ceils is in- 
fluenced by neighboring cells in the in vivo microen- 
vironment through the cytokine network. SCF, IL3, 
IL6, G-CSF, and GM-CSF function as hematopoietic 
growth factors that can also modulate the proliferation 
of AML blast cells [1,6,9,10,16,23,28]. However, several 
other factors can also modulate AML blast functions: 
(a) both IL4 and ILl0 can interact with other hema- 
topoietic growth factors and thereby modulate blast 
proliferation, and both cytokines can also decrease the 
blast secretion of several cytokines ([8,18]; Bruserud, 
manuscript in preparation); (b) IL7 can function 
as a growth factor for ALL blasts [(14]; and (c) LIF 
can also be a growth-enhancing factor for AML blast 
cells [28]. 

In the present study we used cytokine concentrations 
that had previously been shown to be within the opti- 
mal range for acute leukemia blasts cultured in vitro 

[1,14,16,23,28,30], the only exception being SCF, which 
was used at a concentration known to be optimal for 
normal hematopoietic stem cells [11]. Thus, we used 
concentrations known to be optimal for in vitro AML 
blast culture rather than concentrations corresponding 
to cytokine serum levels. However, serum cytokine 
concentrations may not reflect cytokine concentrations 
in the in vivo microenvironment, as local cytokine 
concentrations at the site of an inflammatory reaction 
can exceed the serum level [31]. 

AML blast cells are functionally heterogeneous with 
regard to responses to and secretion of cytokines 
[1,6,8,12,16,18], and to investigate the effects of 
r-verapamil on various cellular functions we had to 
select different AML patients, depending on the 
cytokine or cytokine combination investigated. For 
certain cytokines (IL4, IL6, LIF, LIF + IL6), signifi- 
cant proliferation could be detected only for very few 
patients, and a statistical analysis could not be per- 
formed. However, an antiproliferative effect of r- 
verapamil could also be detected for individual patients 
when these cytokines were tested. The antiproliferative 
effect of r-verapamil also affected the clonogenic AML 
blast subset. Thus, in our in vitro model the anti- 
proliferative effect of r-verapamil could be demon- 
strated in the presence of all hematopoietic growth 
factors or growth factor combinations investigated 
(Figs. 1,2; [6]). 

All calcium blockers showed a similar dose-depen- 
dent inhibitory effect on both spontaneous and 
cytokine-dependent AML blast proliferation. Thus, 
despite their pharmacological differences [21], the anti- 
proliferative effect on AML blasts seems to be common 
for several calcium blockers. This antiproliferative ef- 
fect may be caused by an alteration in the use of 
essential nutrients, as has previously been suggested for 
the antiproliferative effects of different calcium antag- 
onists during T-cell activation [25]. 

Conditioned medium contains several cytokines. 
However, IL2 concentrations are low [5], and ALL 
blast cells were therefore cultured with conditioned 
medium + IL2. ALL blasts were also cultured with 
recombinant cytokines or cytokine combinations 
stimulating in vitro ALL blast proliferation [14,30]. 
R-verapamil inhibited ALL blast proliferation in the 
presence of both conditioned medium + IL2 and rec- 
ombinant cytokines. These results show that the anti- 
proliferative effect of r-verapamil is not specific for 
myelogenous leukemia cells. 

ILlct and ILl[3 function as autocrine growth factors 
for AML blast cells [13], and AML cells from a major- 
ity of patients are capable of ILl secretion [8]. How- 
ever, for a majority of patients the growth-enhancing 
effects of ILlct and IL1[3 are modulated by blast secre- 
tion of IL6 and TNFct [23,26]. Because these cytokines 
interact as growth factors for AML blast cells, we 
investigated the effect of r-verapamil on spontaneous 
blast secretion of all these cytokines. R-verapamil 
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caused no significant alteration in the secretion of these 
cytokines. A small decrease in cytokine secretion was 
seen only for a minority of patients, even when a high 
r-verapamil concentration (25pg/ml), was tested, 
whereas this concentration caused a strong anti- 
proliferative effect. We conclude that for a majority of 
patients the antiproliferative effect of r-verapamil is 
caused by mechanisms other than inhibition of AML 
blast cytokine secretion. 

AML blasts were also cultured with neutralizing 
anti-ILl antibodies. I L l s  and ILl[3 bind to common 
receptors, and to neutralize the ILl effects we used 
a mixture of ant i -ILls  and anti-ILl~3 antibodies. 
R-verapamil showed an additive inhibitory effect with 
anti - I L l s  + anti - ILI~3 antibodies on AML blast 
proliferation, and these results support the conclusion 
that the antiproliferative effect of r-verapamil is caused 
by mechanisms other than inhibition of ILl-dependent 
cellular functions. 

From the present study we conclude that 
r-verapamil exerts an antiproliferative effect on AML 
blast cells at concentrations corresponding to the 
serum level attained in vivo. This antiproliferative effect 
may become clinically important when r-verapamil is 
combined with cell-cycle-specific cytotoxic drugs and 
should therefore be considered in the design of future 
clinical investigations. 
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