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ABSTRACT

Fludarabine-containing combinations have additive cell killing against leukemic blasts in vitro. It has also been 
shown that imatinib mesylate combined with fludarabine or cladribine had an additive effect on CML CFU-GM cells. 
In this regard, we aimed to investigate the effect of fludarabine-imatinib mesylate combination against CML blastic 
phase cell lines K562 and Meg-01. XTT test was performed for proliferation and inhibition assay. According to ob-
tained data, five different effective concentrations of each drug in 25 different combinations were tested. Results 
of the combination studies were analyzed with isobologram. At IC20, imatinib mesylate and fludarabine combination 
showed synergism and strong synergism in K562 and Meg-01 cells, respectively. At IC50 and IC75, combination 
indexes (CI) indicated strong synergism and synergism. Based on our results, the fludarabine- based chemotherapy 
regimens can be used for those patients with CML blastic phase in combination with imatinib mesylate. 
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ÖZET

İmatinib mesilat ve fludarabin kombinasyonunun Filadelfiya kromozomu pozitif kronik myeloid 
lösemi hücre serileri üzerindeki sinerjistik etkisi

In vitro koşullarda fludarabin içeren kombinasyonların lösemik blastlar üzerinde ve fludarabin ya da kladribinin 
imatinib mesilat ile kombinasyonlarının KML CFU-GM hücrelerine karşı aditif etkinliğe sahip oldukları gösterilmiştir. Bu 
gözlemlere dayanarak biz de fludarabin ve imatinib mesilat kombinasyonunun KML blastik faz hücre serileri K562 
ve Meg-01 üzerine olan etkinliğini araştırmayı planladık. Proliferasyon ve inhibisyon göstergesi olarak XTT testini kul-
landık. Elde edilen verilere göre, her ilacın beş farklı etkin konsantrasyonu 25 farklı kombinasyon halinde test edildi. 
Kombinasyon çalışmalarının sonuçları izobologram ile analiz edildi. İmatinib mesilat ve fludarabinin kombinasyonunun 
K562 ve Meg-01 hücre serileri için IC20 kombinasyon indeksi değerleri sırası ile sinerjistik ve güçlü sinerjistik,  IC50 ve 
IC75 değerlerinde de güçlü sinerjistik ve sinerjistik etkinliği göstermekte idi. Bu sonuçlar KML blastik fazdaki hastalar 
için imatinib mesilat ile kombine edilen fludarabin bazlı rejimlerin kullanılabileceğini göstermektedir. 
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INTRODUCTION
Imatinib mesylate is a specific inhibitor of 

bcr-abl tyrosine kinases [1]. It also inhibits the 
growth of Philadelphia-positive (Ph+) cell lines in 
vitro [1-3]. However, the apoptosis of Ph+ cells by 
imatinib mesylate may be incomplete, in that 
combination of this agent with other antileuke-
mic agents seems to be an important target to 
obtain complete elimination of the disease. The 
purine analogue fludarabine when combined 
with other antileukemic agents has promising 
activity against acute leukemias [4], and is given 
for immune suppression as a part of the allo-
geneic bone marrow transplantation procedure. 
It has been shown that fludarabine-containing 
combinations have additive cell killing against 
leukemic blasts in vitro [5,6], and further that im-
atinib mesylate used together with both fludara-
bine and cladribine had an additive effect on 
chronic myelogenous leukemia (CML) CFU-GM 
cells [7]. 

In order to further improve its effectiveness 
against different Ph+ cell lines, many combina-
tions of imatinib mesylate with different anti-

leukemic drugs including hydroxyurea, interfer-
on alpha or cytarabine have been investigated. 
The highly varied experimental conditions and 
analytical methods for evaluating the effects of 
the drug combinations have yielded different 
findings; nevertheless, the vast majority of stud-
ies imply that combination of imatinib mesylate 
with other antileukemic agents against Ph+ cell 
lines produces better antileukemic activity than 
monotherapy [8-10]. These findings led us to think 
that the combination of imatinib mesylate and 
fludarabine might have a good antileukemic 
activity against Ph+ leukemic blasts. Hence, we 
planned to study the effect of this combination 
against Ph+ CML blastic phase cell lines K562 
and Meg-01.

MATERIALS and METHODS

Cell lines
K-562 [European Collection of Cell Cultures 

(ECACC)] and Meg-01 (ECACC), the Ph + human 
CML blastic cell lines, were maintained in plas-
tic tissue culture flasks containing RPMI 1640 
(Biological Industries, Israel) with L-glutamine 

Figure 1.  Dose-effect curves of cell lines; A: STI571 for K562, B: Fludarabine for K562 and C: STI571 for Meg-01, D: Fludarabine for Meg-01.
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medium supplemented with 10% heat-inactivat-
ed fetal calf serum (FCS) (Biological Industries, 
Israel) and penicillin-streptomycin-amphoter-
icin-B (Biological Industries) in a humidified at-
mosphere of 95% air 5% CO2 at 370C. 

Drugs
Imatinib mesylate was kindly provided by 

Novartis (Basel, Switzerland). According to the 
manufacturer’s instructions, 10 μM stock so-
lution of imatinib mesylate was prepared and 
stored at -200C and diluted with RPMI 1640 me-
dium before use. 

Fludarabine was obtained from Schering AG 
(Germany). 100 μM stock solution of the agent 
was prepared and stored. Appropriate drug con-
centrations were made by dilution with fresh 
medium (RPMI 1640 medium with 10% heat-in-
activated FCS) immediately before each experi-
ment.

Cytotoxicity assay
XTT (Roche Diagnostica, Germany) assay was 

performed for proliferation and inhibition assay as 

described previously [11]. Cells from each line were 
harvested from the medium and resuspended to 
a final concentration of 5 x 103 cells per well and 
exposed to escalating doses of imatinib mesylate 
and fludarabine independently. 96-well plates 
were then incubated at 370C in 5% CO2. After a 72 
hour incubation period, XTT solution was added 
to wells and incubated again for four hours. The 
spectrophotometric absorbances of the samples 
were measured with a microplate (ELISA) reader. 
All combinations were assayed in triplicate. The 
wavelength to measure absorbance of the forma-
zan product was between 450 and 500 nm. The 
reference wavelength was 650 nm.

Regarding the proliferation-inhibition values, 
we obtained dose-response curves for each cell 
line with each agent and then calculated 50% in-
hibition of proliferation (IC50) values. According to 
obtained data, five different effective concentra-
tions of each drug in 25 different combinations 
were tested. Results of the combination studies 
were analyzed with isobologram [12], and combi-
nation index (CI) was calculated by the CI=d1/
D1 + d2/D2 formulation. CI values were defined 
as follows: smaller than 1 synergism, equal to 1 
additive, and over 1 antagonism. 

Data analysis
Isobologram analyses and graphics were car-

ried out using CalcuSyn for Windows 1.1 soft-
ware program.

RESULTS
Calculated IC50 values of imatinib mesylate 

for K562 and Meg01 were 0.8 and 0.29 μM, and 

Figure 2.  Isobologram analyses of K562 (A) and Meg-01 (B). 

Table 1. Combination indexes of imatinib mesylate and fludarabine 
combinations for cell lines 

IC20 IC50 IC75

K562 0.58
(synergism)

0.28
(strong synergism)

0.17
(strong synergism)

Meg-01 0.15
(strong synergism)

0.30
(synergism)

0.55
(synergism)
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IC50 values of fludarabine for K562 and Meg-01 
were 504 and 219 μM, respectively (Figure 1). 
According to obtained data from proliferation-
inhibition tests, five different effective concen-
trations of each drug (for imatinib mesylate 0.1, 
0.2, 0.4, 0.8 and 1.6 μM and for fludarabine 
62.5, 125, 250, 500 and 1000 μM) in 25 differ-
ent combinations were tested. 

At IC20, imatinib mesylate and fludarabine 
combination showed synergism (CI=0.58) and 
strong synergism (CI=0.15) in K562 and Meg01 
cells, respectively. At IC50, CIs were 0.28 (strong 
synergism) and 0.30 (synergism), and at IC75, CIs 
were 0.17 (strong synergism) and 0.55 (syner-
gism) (Table 1 and Figure 2). 

DISCUSSION
CML in the chronic phase can be control-

led by anticancer agents such as interferon al-
pha, hydroxyurea, cytarabine, and busulfan, 
but survival is extremely short after the onset 
of blastic crisis. Leukemia cells in blastic phase 
are extremely resistant to antileukemic agents. 
Allogeneic bone marrow transplantation is the 
best chance to cure CML, and more than 50% of 
patients will be cured. However, transplantation 
is only available for less than 30% of patients. It 
is obvious that development of novel therapies 
is required to decrease morbidity and mortality 
of CML. 

Imatinib mesylate, a specific inhibitor of bcr-
abl tyrosine kinases when used as a single agent, 
demonstrates significant activity in patients with 
CML. Imatinib mesylate also inhibits the growth 
of Ph+ cell lines in vitro [1-3]. However, the apop-
tosis of Ph+ cells by imatinib mesylate may be 
incomplete. In order to further improve its ef-
fectiveness against different Ph+ cell lines, many 
combinations of imatinib mesylate with different 
antileukemic drugs including hydroxyurea, in-
terferon alpha or cytarabine have been investi-
gated. Even though the highly varied experimen-
tal conditions and analytical methods for evalu-
ating the effects of the drug combinations have 
yielded different findings, the vast majority of the 
studies imply that addition of standard agents 
used for the treatment of various stages of CML 
to imatinib mesylate produces better antileuke-
mic activity than monotherapy [8-10]. 

An experiment by Kano et al. [8] was conducted 
using four human Ph+ leukemia cell lines: KU812, 
K-562, and TCC-S from patients with CML my-

eloblastic crisis, and TCC-Y from a patient with 
pre-B-cell acute lymphoblastic leukemia (ALL). 
In this study, viable cell growth was determined 
by MTT reduction assay, and the cytotoxic inter-
actions of imatinib mesylate with other agents at 
the point of IC80 were evaluated by isobologram. 
They showed that when combined with imat-
inib mesylate, recombinant interferon alpha had 
synergistic activity against TCC-S cell line, and 
4-hydroperoxy-cyclophosphamide had synergis-
tic activity against all Ph+ four cell lines, and that 
except for methotrexate, which had antagonis-
tic activity, other agents including hydroxyurea, 
cytarabine, homoharringtonine, doxorubicin, 
etoposide and vincristine exhibited additive prop-
erties against four Ph+ cell lines. Barteneva et al. 
[9] reported that imatinib mesylate pretreatment 
enhanced cytotoxic activity of interferon alpha in 
K562 cells. Thiesing and coworkers [10] studied 
the activity of combinations of imatinib mesylate 
with antileukemic agents including interferon, 
hydroxyurea, daunorubicin and Ara-C on MO7e, 
a human megakaryoblastic cell line, MO7p210, 
a derivative of MO7e engineered to express Bcr-
Abl,  and K562 cell line, and showed that there 
was no change in the inhibition of proliferation 
of MO7e cells when imatinib mesylate was add-
ed to interferon, hydroxyurea, daunorubicin and 
Ara-C compared with each of the antileukemic 
agents alone. When imatinib mesylate was com-
bined with interferon, MO7p210 cells were high-
ly sensitive to imatinib mesylate. However, when 
imatinib mesylate was combined with daunoru-
bicin or Ara-C, the IC60 for these agents dropped 
to concentrations lower or equal to those of the 
MO7e parental cell line. There was no change in 
the IC60 when imatinib mesylate was combined 
with hydroxyurea. As with the MO7p210 cells, 
the combinations of imatinib mesylate plus in-
terferon or daunorubicin produced additive anti-
leukemic effects on K562 cells. Imatinib mesylate 
plus Ara-C produced a synergistic effect. 

In view of these studies, we aimed to inves-
tigate the effect of combination of imatinib me-
sylate and fludarabine against Ph+ K562 and 
Meg01 cell lines in vitro, and we have shown that 
imatinib mesylate significantly augmented the 
sensitivity of the Ph+ cell lines against fludara-
bine.  

Compared with the results of the combina-
tion studies by Kano et al., Barteneva et al. and 
Thiesing et al., which were mainly additive, com-
bination of imatinib mesylate and fludarabine 
resulted in synergistic to strong synergistic ac-
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tivity on K562 and Meg01 cell lines. The exact 
mechanism of this combined cytotoxic activity 
of these two different drugs remains to be elu-
cidated.

Although the pharmacokinetic interaction and 
the toxic effects of the drug combinations can not 

be measured in vitro and the differences between 
in vitro and clinical systems would influence the 
cytotoxic interaction of imatinib mesylate and 
other agents, the fludarabine-based chemother-
apy regimens, which are fairly toxic, were used in 
AMLs quite successfully [13,14], and can be used for 
those patients with CML blastic phase.

References
 1.  Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal 

GM, Fanning S, Zimmermann J, Lydon NB. Effects of 
a selective inhibitor of the Abl tyrosine kinase on the 
growth of Bcr/abl positive cells. Nat Med 1996;2:561-6.

 2.  Deininger MW, Goldman JM, Lydon N, Melo JV. The 
tyrosine kinase inhibitor CGP57148B selectively in-
hibits the growth of BCR-ABL-positive cells. Blood 
1997;90:3691-8.

 3.  Gora-Tybor J, Deininger MW, Goldman JM, Melo JV. 
The susceptibility of Philadelphia chromosome posi-
tive cells to FAS-mediated apoptosis is not linked to 
the tyrosine kinase activity of BCR/ABL. Br J Hae-
matol 1998;103:716-20.

 4.  Dinndorf PA, Avramis VI, Wiersma S, Krailo MD, 
Liu-Mares W, Seibel NL, Sato JK, Mosher RB, Kel-
leher JF, Reaman GH. Phase I/II study of idarubicin 
given with continuous infusion fludarabine followed 
by continuous infusion cytarabine in children with 
acute leukemia: a report from the Children’s Cancer 
Group. J Clin Oncol 1997;15:2780–5.

 5.  Korycka A, Smolewski P, Robak T. The influence 
of farnesyl protein transferase inhibitor R115777 
(Zarnestra) alone and in combination with purine 
nucleoside analogs on acute myeloid leukemia pro-
genitors in vitro. Eur J Haematol 2004;73:418-26.

 6.  Hubeek I, Litvinova E, Peters GJ, Broekhuizen R, 
Haarman EG, Huismans DR, Cloos J, Zwaan CM, 
Fleischhack G, Creutzig U, Kaspers GJ. The effect of 
G-CSF on the in vitro cytotoxicity of cytarabine and 
fludarabine in the FLAG combination in pediatric 
acute myeloid leukemia. Int J Oncol 2004;25:1823-9.

 7.  Korycka A, Robak T. The influence of imatinib me-
sylate (STI571) used alone or in combination with 
purine nucleoside analogues on the normal and 
chronic myelogenous leukaemia progenitor cells in 
vitro. Leuk Lymphoma 2003;44:1549-55.

 8.  Kano Y, Akutsu M, Tsunoda S, Mano H, Sato Y, 
Honma Y, Furukawa Y. In vitro cytotoxic effects of 
a tyrosine kinase inhibitor STI571 in combination 
with commonly used antileukemic agents. Blood 
2001;97:1999-2007.

 9.  Barteneva N, Stiouf I, Donato S, Kornblau S, Domain 
VD, Talpaz M. Altered interferon-a responsiveness in 
K562 cells pretreated with abl-tyrosine kinase inhibi-
tor CGP57148B. Blood 1999;94:272b [abstract].

 10.  Thiesing JT, Ohno-Jones S, Kolibaba KS, Druck-
er BJ. Efficacy of an abl tyrosine kinase inhibitor 
in conjunction with other anti-neoplastic agents 
against bcr-abl positive cells. Blood 1999;94:100a 
[abstract].

 11.  Chou TC, Zhang XG, Balog A, Su DS, Meng D, Savin 
K, Bertino JR, Danishefsky SJ.  Desoxyepothilone B: 
an efficacious microtubule-targeted antitumor agent 
with a promising in vivo profile relative to epothilone 
B. Proc Natl Acad Sci U S A 1998;95:9642-7.

 12.  Chou TC, Talalay P. Quantitative analyses of dose-
effect relationships: the combined effects of multi-
ple drugs or enzyme inhibitors. Adv Enzyme Regul 
1984;22:27-55.

 13.  Clavio M, Venturino C, Pierri I, Garrone A, Miglino 
M, Canepa L, Balleari E, Balocco M, Michelis GL, 
Ballerini F, Gobbi M. Combination of liposomal 
daunorubicin (DaunoXome), fludarabine, and cy-
tarabine (FLAD) in patients with poor-risk acute 
leukemia. Ann Hematol 2004;83:696-703. Epub 
2004 Aug 18.

 14.  Giles FJ, Cortes JE, Kantarjian HM, O’Brien SM, Es-
tey E, Beran M. A fludarabine, topotecan, and cytara-
bine regimen is active in patients with refractory acute 
myelogenous leukemia. Leuk Res 2004;28:353-7.


