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Imatinib activity in vitro in tumor cells from patients with
chronic myeloid leukemia in chronic phase and blast crisis
Ulla Olsson-Strömberga, Anna Åleskoga, Anneli Björnbergb, Martin Höglunda,
Bengt Simonssona, Mats Bengtssonc, Gisela Barbanyd, Rolf Larssonb

and Elin Lindhagenb

The aims of this study were to evaluate the feasibility of

using the non-clonogenic fluorometric microculture

cytotoxicity assay in drug sensitivity testing of tumor cells

from patients with chronic myeloid leukemia. In nine

samples (six chronic phase, three blast crisis), the drug

sensitivities in tumor cells from blood versus from bone

marrow and fresh tumor cells versus cryopreserved were

compared. In 26 samples obtained in chronic phase

(pretreatment), in six samples from patients in blast crisis

and in the K 562 cell line, the activity of imatinib alone and

in combination with cytarabine, vincristine, daunorubicin,

interferon, arsenic trioxide and homoharringtonine was

evaluated. All chronic myeloid leukemia chronic phase

samples were sensitive to imatinib, with a mean IC50 at

10.3 lmol/l. The chronic myeloid leukemia samples from

blast crisis (n = 6) were significantly more sensitive to

imatinib than the samples from chronic phase (n = 26)

(P < 0.05), with an IC50 mean at 0.4 lmol/l. In blast crisis

samples, significant positive interaction effects were

observed between imatinib and all other tested drugs

except for interferon. In chronic phase samples, interferon,

daunorubicin and arsenic trioxide were the drugs with the

highest frequency of positive interactions with imatinib

(P < 0.05). We conclude that the fluorometric microculture

cytotoxicity assay may be a useful method for drug

sensitivity testing in chronic myeloid leukemia patient

samples from both chronic phase and blast crisis, and that

testing primary tumor cells may have advantages over cell

line studies. Imatinib shows a higher in vitro activity and

more positive drug interactions in cells from blast

crisis than chronic phase chronic myeloid leukemia

patients. Combinations between imatinib and interferon,

daunorubicin and arsenic trioxide may be interesting

for future clinical trials in patients with chronic myeloid

leukemia chronic phase. Anti-Cancer Drugs 17:631–639
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Introduction
Chronic myeloid leukemia (CML) is a hematopoietic

stem cell disorder. More than 95% of the patients show a

reciprocal translocation between chromosome 9 and 22,

the so-called Philadelphia (Ph) chromosome [1]. This

translocation results in the head-to-tail fusion of the

breakpoint cluster region (BCR) gene on chromosome 22

at band q11 with the ABL proto-oncogene located on

chromosome 9 at band q34 [2]. The p210 BCR/ABL

transcript is expressed in almost all Ph+ CML cases. The

BCR/ABL protein has an antiapoptotic activity and is

believed to play a central role in the development of

CML [3,4]. At present, allogeneic stem cell transplanta-

tion is the only curative approach for CML [5–9].

Treatment with interferon alone or in combination with

hydroxyurea or cytarabine prolongs the time to blast crisis

(BC) as well as survival, compared with treatment with

hydroxyurea or busulfan alone [10–13]. Imatinib

(imatinib mesylate, STI 571 Glivec; Novartis, Basel,

Switzerland), a signal transduction inhibitor that acts

specifically on the BCR/ABL tyrosine kinase [14,15], has

emerged as the first-line treatment in CML with a

complete cytogenetic remission rate of 76% after a

median of an 18-month follow-up [16–18].

In the development of a new drug or drug combinations,

in vitro studies of the effect on human cell lines and, in

many cases, on primary tumor cells are performed. Several

methods for testing cellular drug sensitivity in vitro have

been described. They can be divided into two main groups:

cell proliferation assays (clonogenic assay and short-term

assays) and total cell kill (TCK) assays. TCK assays are

believed to measure cell death in the whole population of

tumor cells [e.g. methyl-thiazol-tetrazolium assay, differen-

tial staining cytotoxicity assay and fluorometric microculture

cytotoxicity assay (FMCA)]. In most in vitro studies on

primary CML chronic phase (CP) cells clonogenic assays are

used, but this method is quite time consuming [19,20]. The
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clonogenic assay relies on the proliferative capacity of a

small fraction of cells, presumed to be stem cells. The drug

effects are measured only in a small fraction of proliferating

cells and effects on resting cells, which might have

proliferative potential in vivo, are not measured. Clonogenic

and differential staining cytotoxicity assays have shown good

predictive capacity, but are intensive and time consuming

[21–24]. The FMCA is a sensitive TCK assay capable of

detecting small numbers of cells, and is easy to perform and

has a high capacity [24]. The non-clonogenic cytotoxicity

assay FMCA has been found to be suitable for drug

sensitivity testing of leukemia and lymphoma cells [24–27]

as well as of solid tumors, but has not previously been

evaluated in primary CML tumor cells.

Most in vitro studies of imatinib have been performed in

CML cell lines, which originate from patients in BC and

not in the CP. Established cell lines, however, might have

lost some of their original tumor characteristics. Thus,

the use of in vitro assays based on patient tumor cells

might be an attractive alternative. In the clinic, a small

fraction of CML patients are primarily resistant to

imatinib, and responding patients may ultimately develop

resistance and relapse. Combining imatinib mesylate with

other antileukemic agents may be one way to further

increase the remission rate and to prevent the outgrowth

of resistant clones. Indeed, in vitro studies, using BCR/

ABL-positive cell lines, have shown synergistic effects

of imatinib and cytarabine [19,28], vincristine [29], and

interferon [19,29] as well as both additive and synergistic

effects of imatinib combined with daunorubicin [19] and

homoharringtonin [20]. Alternatively, agents that are still

active in imatinib-resistant cells, such as BMS-354825

(Bristol Myers Squibb, Wallingford, Connecticut, USA)

and AMN 107, may be used [30].

One aim of this study was to evaluate the feasibility of

using the non-clonogenic cytotoxicity assay FMCA in

drug sensitivity testing of tumor cells from patients with

CML in CP and BC. The other aim was to study the

effect of the BCR/ABL tyrosine kinase inhibitor imatinib

alone and in combination with other antileukemic agents.

Materials and methods
Patient population

The local ethics committee at the Uppsala University

Hospital approved the study.

Methodological study

In nine samples (six CP, three BC), the drug sensitivities

in tumor cells from blood versus from bone marrow and

fresh tumor cells versus cryopreserved were compared.

The CML diagnosis was established by morphology,

conventional karyotyping and reverse transcriptase-poly-

merase chain reaction [31]. All samples, both diagnosis

and BC, were from patients with 100% Ph + , as assessed

by karyotyping. Samples were taken from both bone

marrow and peripheral blood at the same occasion. After

cell preparation, one portion of the cells was used directly,

and the rest was frozen and analyzed later.

Imatinib single-drug study

For this study, tumor cells from 37 newly diagnosed,

untreated CML patients in CP, eight from CML patients

in BC and three from acute myeloid leukemia (AML)

patients were used. The presence of t(9;22) was assessed

by bone marrow cytogenetic analysis and blood real-time

reverse transcriptase-polymerase chain reaction in all

CML patients. Both the diagnosis and BC samples were

100% Ph + , and the BCR/ABL mRNA levels were very

high, as seen in newly diagnosed CML patients.

Cytogenetic analysis revealed the classical balanced

reciprocal translocation t(9;22) as the sole abnormality

in all but one CP sample. One patient had a variant

translocation with the presence of additional material of

unknown origin on derivative chromosome 9. The same

variant translocation and no additional aberrations were

observed at BC. The karyotypes from the samples in BC

are presented in Table 1. The BC and the CP samples

were from patients not treated with imatinib. All cells

were cryopreserved. In addition to the primary tumor

cells, the K 562 cell line (kind gift from Dr A. Gruber,

Karolinska Hospital), a BCR/ABL-positive human cell

line derived from a CML patient in BC, was used.

Triplicate cultures of the cell line were used. The K 562

cell line was maintained in RPMI 1640 medium

supplemented with 10% heat-inactivated fetal bovine

serum and antibiotics.

Imatinib combination study

Tumor cells from 37 CML patients in the CP at diagnosis

and eight from CML patients in BC (the same samples as

in the imatinib single-drug study) were used. In 11 of the

samples, additional data were collected for arsenic trioxide.

Table 1 Karyotype at diagnosis and at blast crisis for six chronic myeloid leukemia patients

Patient no. At diagnosis Karyotype at blast crisis Blast crisis

1 46,XY,t(9;22)(q34;q11) 46,XY,del(6)(q?21), – 7,t(9;22)(q34;q11),del(13)(q?22), + mar myeloid
2 46,XX,t(9;22)(q34;q11) 45,XX, – 5,t(9;22)(q34;q11), – 18, + mar myeloid
3 46,XX,add(9)(q34),der(22)t(9;22)(q34;q11) 46,XX,add(9)(q34),der(22)t(9;22)(q34;q11) myeloid
4 46,XY,t(9;22)(q34;q11) 46,XY,t(9;22)(q34;q11)i(17)(q10)[12]/48;XY,idem + der(22)t(9;22)q34;q11)[8] myeloid
5 46,XY,t(9;22)(q34;q11) 55–56,XY, + 6,t(9;22)(q34;q11), + 11, + 13, + 14, + 15, + 15, + 17,

+ 19, + 20, + 21, + der(22)t(9;22)(q34;q11), + 2B6 mar[cp5]
lymphoblastic

6 46,XX,t(9;22)(q34;q11) not done myeloid

Five patients had a myeloid blast crisis and one patient had a lymphoid blast crisis.
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Cell preparation

Tumor cells from bone marrow or peripheral blood were

isolated within 24 h after collection by 1.077 g/ml Ficoll-

Isopaque (Pharmacia Biotech, Uppsala, Sweden) density

gradient centrifugation. Viability was determined by the

Trypan blue exclusion test and the proportion of tumor

cells was judged by the inspection of May–Grünwald–

Giemsa-stained cytocentrifugate preparations on days 0

and 3. Culture medium RPMI 1640 (Hyclone, North-

umberland, UK) supplemented with 10% heat-inacti-

vated fetal calf serum, 2 mmol/l glutamine, 100 U/ml

penicillin and 100 mg/ml streptomycin was used through-

out. Cells were cryopreserved in 10% dimethylsulfoxide

(Sigma, St Louis, Missouri, USA) and 90% fetal calf

serum by initial freezing for 24 h in – 701C followed by

storing in a – 1501C freezer. Both fresh and cryopreserved

cells were used in the methodological study, and only

cryopreserved in the imatinib studies.

Drug preparation

The cytotoxic drugs were in general tested at a

concentration associated with a large scatter of survival

indices as observed in previous studies on hematological

human cells [25]. The choice of concentration was made

purely from in vitro data aiming at optimizing the

conditions for differentiation between sensitive and

resistant tumor samples [32].

Methodological study

For the methodological study, all drugs were chosen on the

basis of data from previous studies in CML cells;

cytarabine 2 and 10.2mmol/l, melphalan 8.2mmol/l,

cladribine 0.7mmol/l, fludarabine 8.7mmol/l, mitoxantrone

1.1mmol/l, cisplatin 6.6mmol/l, etoposide 8.5mmol/l,

vincristine 6mmol/l, 6-thioguanin 59mmol/l, prednisolone

138mmol/l, idarubicin 0.2mmol/l, amsacrine 2.5mmol/l, and

doxorubicin 0.9mmol/l.

Imatinib single-drug study

Imatinib was tested at a 10-fold serial dilution ranging

from 100 to 0.01 mmol/l. The concentration of 1.0 mmol/l

imatinib resulted in approximately 50% cell survival of

Ph + cells and was chosen for the combination study.

Imatinib combination study

The cytotoxic agents in this study were selected on the

basis of clinical usefulness in CML or from the literature

data. To study whether the response of imatinib was

enhanced when acting together with other antileukemic

agents, the leukemia cells were exposed to imatinib in

combination with the following six cytotoxic drugs:

cytarabine, vincristine, daunorubicin, interferon, arsenic

trioxide and homoharringtonine. The concentrations for

the other drugs were based on data from previous in vitro
studies on CML cells and chosen to induce intermediate

cytotoxicity; cytarabine 10 mmol/l, vincristine 0.5 mmol/l,

daunorubicin 0.2 mmol/l, arsenic trioxide 1 mmol/l, inter-

feron 50 000 IE/ml and homoharringtonine 0.1 mmol/l.

Nine different concentrations of imatinib ranging from

0.12 to 32 mmol/l and nine different concentrations of

arsenic trioxide ranging from 0.06 to 8 mmol/l were used

for a more thorough interaction evaluation using the

median effect method.

All drugs were obtained from commercial sources.

Imatinib was kindly provided from Novartis and dissolved

in dimethylsulfoxide to a concentration of 10 mmol/l.

Ninety-six-well V-shaped microtiter plates were prepared

with 20 ml/well of drug solution in triplicate at 10 times

the desired final concentration with the aid of a

programmable pipetting robot (Biomech 2000; Beckman

Instrument, Fullerton, USA).

Fluorometric microculture cytotoxicity assay

The FMCA is a TCK assay, based on the measurement of

fluorescence generated from hydrolysis of fluorescein

diacetate (FDA) to fluorescein by cells with intact plasma

membranes as described in detail previously [24,33].

Briefly, 180ml of the tumor cell suspension (50 000–

100 000 cells/well) was added into 96-well micro-titer

plates preprepared with drug solution. The culture plates

were incubated for 72 h, after which the plates were

centrifuged (200 g, 5 min) and the medium was removed.

After one wash with phosphate-buffered saline (PBS),

100ml/well of N-2-hydroxyl piperazine-N0-2-ehane sulfonic

acid, buffered saline containing FDA (10ml/ml) was added

column wise. The plates were incubated for 40 min before

reading the fluorescence in a scanning fluorometer,

Fluoroscan II (Lab Systems, Helsinki, Finland). The

fluorometer was blanked against wells containing PBS

including the dye, but without cells. Standard quality

criteria for a successful assay included a fluorescence signal

in control cultures of above 5�mean blank values and a

mean coefficient of variation (CV) in control cultures

below 30%. The results obtained were presented as

survival index (SI) defined as fluorescence in percent of

control cultures with blank values subtracted. Low

numerical values indicate a high cytotoxic effect.

Definitions and statistical analysis

IC50 was defined as the drug concentration resulting in

50% cell survival compared with the control, interpolated

from the concentration–effect curve. Mean values for

different groups were compared using the Mann–

Whitney test for unpaired comparisons. To compare

samples from peripheral blood versus bone marrow and

cryopreserved samples versus fresh, Wilcoxon’s test was

used. Two-sided P-values with a significance limit of 0.05

were used throughout.

When the effect of drug combinations was analyzed, the

cytotoxic effect of the combination was compared with
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the effect of the most active constituent alone (best

drug). If the ratio between the observed SI and the SI

after treatment with the most effective single agent was

0.8–1.2, the effect of the combination was considered to

be caused by the best drug only. Ratios below 0.8 were

defined as a positive interaction and above 1.2 as

antagonism. All statistical analyses were performed using

Stat View 4.01 software program (Abacus Concept,

Berkeley, California, USA).

The ‘best drug model’ for interaction between two drugs

was compared with the median effect method proposed by

Chou and Talalay [34]. In 11 of the samples, a more

thorough evaluation was performed of the drug interaction

between imatinib and arsenic trioxide. We did not have

enough tumor cells from patients to do it with all drugs, so

we choose arsenic trioxide. In this study, nine concentra-

tions (2-fold dilutions) of imatinib (0.12–32mmol/l)

and arsenic trioxide (0.06–16mmol/l) and a combination

between the two drugs in a fixed ratio (2:1) was tested.

The concentrations were chosen to span a large effect range

and the combination ratio was chosen to represent equitoxic

doses of the two drugs. Drug interaction was evaluated

using the combination index (CI) equation with the

software CalcuSyn (Biosoft, Ferguson, Missouri, USA)

[35], assuming that the substances act mutually non-

exclusive (conservative isobologram) [34]. A CI was

simulated for 50% drug effect and a CI of 1 indicated

additive interaction. A CI below 0.8 was arbitrarily

considered as synergy and above 1.2 as antagonism. A

comparison between the result of this model and the effect

of the best constituent alone for imatinib 4mmol/l + arsenic

trioxide 2mmol/l was performed using data from the same

experiment.

Results
Methodological study

The overall technical success rate was 90%. The most

common cause of assay failure both in CP and BC samples

was too low signal in controls compared with blanks. No

difference in drug sensitivity between tumor cells

obtained from peripheral blood and bone marrow was

found (not shown). On the other hand, there was a

tendency for the cryopreserved cells to be more drug

sensitive than fresh cells, reaching statistical significance

only for vincristine and fludarabine (not shown). The

median viability for the fresh cells was 98%, compared

with 87% for the cryopreserved cells, and FMCA was

performed only when the viability was above 70%.

Considering this, only cryopreserved cells were used in

the imatinib single and combination studies.

Imatinib single-drug study

The technical success rate of samples with sufficient

number of cells was 32/45 (70%). The cause of assay

failure both in CP and BC samples was too low signal in

controls compared with blanks (n = 13). All CML

samples were sensitive to imatinib. IC50 (mean) was

10.3 mmol/l for the CP samples, 0.4 mmol/l for the CML

BC samples and 0.7 mmol/l for the K 562 cell line (Fig. 1).

The CML samples from BC were significantly (P < 0.05)

more sensitive to imatinib than the samples from

diagnosis at the concentrations 1, 10 and 100 mmol/l

(Mann–Whitney test). The AML samples tended to be

less sensitive than the CML BC samples (NS).

Imatinib combination study

Arsenic trioxide, interferon and daunorubicin were the

drugs with the highest frequency of positive interactions

with imatinib in CML CP samples, defined as an effect of

the combination higher than the effect of the most active

constituent alone. According to the ‘best drug model’,

imatinib was found to have positive interactions with

arsenic trioxide in 54%, with interferon in 48% and with

daunorubicin in 42% of the CML CP samples. No

samples showed antagonistic interactions. (Table 2 and

Fig. 2a). Imatinib in combination with cytarabine,

vincristine, arsenic trioxide and homoharringtonine was

found to have positive interactions in 100% of the BC

samples tested (Table 3 and Fig. 2b). Remarkably,

interferon in combination with imatinib had an antag-

onistic effect in two of the BC samples (33%). Notably,

tumor cells from patients obtained in BC were more

sensitive to combinations (imatinib + other cytotoxic

drug) than samples from CP (P < 0.05, Mann–Whitney

test).

Imatinib in combination with arsenic trioxide

When investigating imatinib in combination with arsenic

trioxide, the effect of the combination in sample 6

tended to be higher than that of the single agents alone at

Fig. 1
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most concentrations (Fig. 3a). The CI analysis showed an

additive interaction at low effect levels, but synergy at

higher levels (Fig. 3b). This was reflected in a CI of 0.88

at ED50 and a best drug ratio of 0.75 (Table 4). On the

other hand, the sample from patient 10 showed a

combination effect closer to the effect of arsenic trioxide

alone (Fig. 3c), which was reflected as CI values above or

around 1 at most effect levels (Fig. 3d) (CI 1.28 at ED50,

best drug ratio 0.95, Table 4). When the two methods of

interaction evaluation for arsenic trioxide in CML CP

samples were compared, both methods indicated a

modest combination effect. Both methods resulted in

an additive (six out of 11 for CI method) or best drug

(nine out of 11 for best drug method) interaction for most

samples (Table 4). Two samples showed a slightly

positive interaction in the best drug model and two were

considered synergistic using the median effect method

with the limit of 0.8 used for synergy. Three samples

showed an antagonistic interaction using the CI method.

Discussion
In vitro cytotoxicity assays are important tools in the

preclinical development of new anticancer agents. In

previously published in vitro experiments with CML

patient samples, the clonogenic assay has been most

commonly used, measuring the proliferative capacity of a

small fraction of cells presumed to be stem cells. The

FMCA, used in this study, is a TCK assay and is believed

to measure cell death in the whole tumor cell population.

The FMCA is easier to perform and less time consuming

than a clonogenic assay, but requires a fairly pure tumor

cell population, as it cannot distinguish between normal

and malignant cells. In this experimental setting, there-

fore, we chose to assay only CML samples that were 100%

Ph + . Others have shown that 100% cytogenetic Ph-

positivity corresponds to 80–92% BCR/ABL fusion

measured with fluorescence in situ hybridization [36].

This can still be considered a high purity of malignant

cells and a tumor cell fraction exceeding 70% is the

quality criterion normally used for the FMCA. The need

for a high proportion of Ph + cells in the cell preparation

currently makes testing of samples from drug-treated

Table 2 Interaction between imatinib and six other anticancer
agents in tumor cells from patients with chronic myeloid leukemia
in chronic phase

Drug combination
Imatinib and

n Positive interaction As best drug Antagonistic

Cytarabine 25 5 (20%) 20 (80%) 0
Arsenic trioxide 24 13 (54%) 11 (46%) 0
Vincristine 26 5 (19%) 21 (81%) 0
Daunorubicin 26 11 (42%) 15 (58%) 0
Interferon 25 12 (48%) 13 (52%) 0
Homoharringtonine 26 3 (12%) 23 (88%) 0

The ratio between the measured cell survival index of the drug combination and
best single drug was calculated. A ratio below 0.8 was interpreted as a positive
interaction, between 0.8 and 1.2 as best drug, and above 1.2 as antagonistic
effect according to the ‘best-drug model’.

Fig. 2
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blast crisis (n = 6) for imatinib and six drugs as single drugs, and in
combination (b). The error bars show ± SEM.

Table 3 Interaction between imatinib and six anticancer agents in
tumor cells from patients with chronic myeloid leukemia in blast
crisis (n = 6)

Drug combination
Imatinib and

n Positive interaction As best drug Antagonistic

Cytarabine 6 6 (100%) 0 0
Arsenic trioxide 6 6 (100%) 0 0
Vincristine 5 5 (100%) 0 0
Daunorubicin 5 4 (80%) 1 0
Interferon 6 1 (17%) 3 (50%) 2 (33%)
Homoharringtonine 5 5 (100%) 0 0

The ratio between the measured cell survival index of the drug combination and
best single drug was calculated. A ratio below 0.8 was interpreted as a positive
interaction, between 0.8 and 1.2 as best drug, and above 1.2 as antagonistic
effect according to the ‘best-drug model’.

Imatinib mesylate in vitro in CML Ulla et al. 635

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



patients difficult, because the separation of malignant

cells from normal granulocytes is not possible. Many

studies have been performed using the FMCA in other

hematological malignancies as well as in solid tumors [24–

27,33], but this is the first systematic investigation of the

feasibility of assaying primary CML tumor cells.

Some limitations of the present approach should be

noted. From a theoretical point of view, short-term in vitro
assays (methyl-thiazol-tetrazolium, FMCA, ATP) mea-

suring early cell damage in the entire CML cell

population (the majority being Ph + quiscent G0 cells)

will primarily reflect short-term clinical responses

although it has been argued that such assays may also

accurately predict for a multiple-log stem cell kill and

meaningful (long-term) clinical responses in several

diagnoses [23]. Emprically, these short-term assays have

in general been shown to compare favorably with

clonogenic assays in predicting clinical responses. One

problem with classical clonogenic assays is the possibility

that true tumor stem cells determining long-term

outcome may be largely non-dividing (G0) cells, whereas

cells forming colonies are exclusively dividing cells. This

appears to be the case for CML containing a small

fraction of very early BCR/ABL-positive quiescent

progenitors sustaining the disease. It would be interest-

ing, albeit technically difficult, to compare the bulk mass

of mature CML cells with those of the Ph + quiescent

stem cells with respect to imatinib sensitivity. Specula-

tively, the mature CML cells might reflect the sensitivity

of the target quiescent stem cells better than the dividing

stem cells detected by the clonogenic assay. In any case,

the short-term assays like the FMCA will at least be able

to mirror the short-term clinical effects of imatinib on the

bulk mass of CML cells.

The observation that cryopreserved cells tended to be

more drug sensitive than fresh cells suggests that it may

not be optimal to use fresh and cryopreserved samples

together in the same study. For our future prospective

studies, fresh samples may be preferred because of better

Fig. 3
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using CalcuSyn. CI as a function of effect level is shown for samples from patient nos 6 (b) and 11 (d). SI, survival index.

Table 4 Interaction between imatinib and arsenic trioxide in tumor
cells from 11 patients with chronic myeloid leukemia in chronic
phase

Patient no. Combination index (ED50) Best drug ratio

1 1.09 1.02
2 1.03 0.86
3 1.00 0.98
4 0.6 0.73
5 1.00 0.98
6 0.88 0.75
7 0.64 0.89
8 1.41 0.90
9 1.04 0.80
10 1.28 0.95
11 2.03 1.17

Two different methods of data evaluation are presented. The combination index is
simulated at 50% drug effect using CalcuSyn software assuming mutual non-
exclusivity. Best drug ratio is the ratio between the observed survival index after
treatment with a fixed combination of imatinib and arsenic trioxide
(4mmol/l + 2mmol/l), and the effect of the most effective single agent. Ratios
below 0.8 are marked as positive interaction
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viability. No difference in drug sensitivity between tumor

cells obtained from peripheral blood and bone marrow

was observed, indicating that peripheral blood can be

used to make sampling easier for the patient.

Tumor cell lines are the most commonly used model

system in cancer drug development, but the use of

primary cultures of tumor cells from patients has gained

increased interest [37]. A difference exists in using cell

lines and primary cells, as the human tumor cell lines are

generally high proliferating, which is not the case for

primary tumor cells. The primary patient cells in general

share more properties with the tumor cells to be treated

in the clinical situation. Primary cultures have been

shown to more adequately reflect the disease-specific

activity of new compounds and may therefore be more

relevant than cell lines when the effect of new drugs on

different tumor types is studied [37].

The diagnosis-specific activity of cytotoxic drugs mea-

sured in tumor cells from patients has been shown to

correlate well with the clinical disease-specific activity

pattern, indicating usefulness in the selection of diag-

noses for clinical phase II studies [37,38]. FMCA on

primary tumor cells has also been used to differentiate

the in vitro drug effects between different diagnostic

subgroups in chronic lymphocytic leukemia, AML and

acute lymphoblastic leukemia [39–41], and to relate in
vitro drug resistance to prognosis and survival in child-

hood AML and ALL [27,42]. In CML primary cells, the

relationship to clinical outcome has not been studied.

Most of the published in vitro studies of imatinib are

performed in CML cell lines, which originate from

patients in BC [28,29]. Some studies also use a small

(n = 1–5) number of samples from CML patients [19,20].

The current study is thus the first investigation showing

the activity of imatinib in a larger material of primary

CML samples from both CP and BC. All CML cell lines

available originate from patients in BC, and the current

results indicate a similar activity of imatinib in the K 562

cell line and the BC samples. Using CML cell lines to

draw conclusions concerning CML in CP may be

suboptimal, risking an overestimation of drug efficacy

and combination effects. Our data suggest that primary

CML CP samples, as in this study, are preferred for use in

in vitro studies.

Imatinib has a good activity in patients with CML in CP

[17,18], whereas, in accelerated or phases of CML, the

clinical effects of imatinib are moderate and transient,

and remissions are short [43,44]. In this study, however,

the BC samples were significantly more sensitive to

imatinib than the samples taken in CP at diagnosis,

including the two samples with additional Ph chromo-

somes, which is a known mechanism to render the cells

relatively resistant to imatinib. The reasons for this are

still partly unclear. One reason may be that BC cells are

more immature cells, which in general have less

mechanisms of protection against foreign stimuli. This

phenomenon has also been observed in chronic lympho-

cytic leukemia, where the more immature unmutated

subgroup is clinically more aggressive but also tend to be

more drug-sensitive in vitro [39]. Another potential

explanation may be a higher proliferation capacity of BC

cells, but this explanation may in this case be less likely as

most primary cells do not seem to proliferate under the

current assay conditions. In the clinical setting, factors

other than cellular drug sensitivity also come into play.

For example, the tumor cell regrowth potential may be

higher in BC cells, indicated by transient drug effects in

this patient group. This can result in treatment failure,

but cannot be measured by a TCK assay as the FMCA.

Maybe the CML CP samples reflect the clinical situation

better, and therefore it would be of importance to use

patient samples. The K 562 cell line had a drug sensibility

comparable to that of the BC samples.

As imatinib is an inhibitor of the BCR/ABL tyrosine

kinase expressed by the Ph chromosome, diseases with

Ph + cells would be expected to be more imatinib-

sensitive than Ph – diseases. This was the case in the

diagnoses tested in the current study, and was observed

also in the study by Hallbook et al. [41] in which normal

lymphocytes responded to imatinib only at 100 mmol/l.

The same study also showed a difference in response

between Ph + and Ph – ALL cells, when exposed to

imatinib.

As primary and acquired resistance to imatinib therapy is

a major problem in CML therapy today, combination of

imatinib with other CML active agents is of large

interest. Most previous combination studies have been

performed in BCR/ABL-positive cell lines, and have

shown the synergistic effects of imatinib and cytarabine,

vincristine and interferon, and both additive and syner-

gistic effects of imatinib combined with daunorubicin and

homoharringtonin [19,20,29,45,46]. In the current study,

higher combination effects were generally observed in BC

cells than in cells from CP. The BC results are similar to

previous results published using CML cell lines, as well

as results on Ph + ALL cells [41]. Generally, smaller

combination effects exist in cells from CP, indicating that

cell line studies may overestimate the effects in CML CP.

In the current combination study, interferon, daunorubi-

cin and arsenic trioxide were the drugs with the highest

frequency of positive interactions with imatinib in the

samples in CP. In general, the combination effects were

larger in BC cells, but interestingly this was not the case

for interferon. Interferon in combination with imatinib

even showed an antagonistic effect in two of the BC

samples. This may reflect the clinical situation, where

interferon is used only in patients in CP. The exact
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molecular mechanism behind the antileukemic activity of

interferon remains to be elucidated, but as a large fraction

of the effect is indirect and not a cellular cytotoxicity, it

may not be possible to measure the full effect of this

agent by using the FMCA. In clinical studies of

combinations between imatinib and interferon and

cytarabine [47] in CML CP, the dose of imatinib has

been maintained at or near 400 mg/day, whereas the

second drug dose had to be reduced.

The information obtained by testing single concentra-

tions in combination studies is limited, because combina-

tion effects may differ between effect levels and drug

ratios. It may, however, be a valuable tool for screening

and getting indications of interesting combinations for

further testing. It is also feasible to perform when there is

a limited amount of primary tumor cells as in this study.

The CI method using a larger range of concentrations

gives more information. The current data indicate similar

results for the combination between imatinib and arsenic

at intermediate drug effect levels with both methods.

We conclude that the FMCA may be a useful method for

drug sensitivity testing in CML patient samples from

both CP and BC, and that testing primary tumor cells may

have advantages over cell line studies. Imatinib shows a

higher in vitro activity and more positive drug interactions

in cells from BC than CP CML patients. Combinations

between imatinib and interferon, daunorubicin and

arsenic trioxide may be interesting combinations for

future clinical studies in patients with CML in CP.
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