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In vitro sensitivity and cross-resistance to
deoxynucleoside analogs in childhood acute leukemia 

The introduction of refined schedules
of combination chemotherapy has
considerably improved the prognosis

of childhood acute leukemia during the
past decades. Long-term survival has
reached 80% for acute lymphoblastic
leukemia (ALL) and 60% for acute myeloid
leukemia (AML).1-3 The deoxynucleoside
analog cytarabine (ara-C) forms the back-
bone of treatment for AML and is also fre-
quently given in high-risk de novo and
relapsed ALL. Ara-C enters the cell via the
nucleoside transporter. Inside the cell, ara-
C is phosphorylated by deoxycytidine
kinase (dCK). Ara-C cytotoxicity results
from DNA polymerase alpha inhibition
and incorporation into DNA, leading to
inhibition of chain elongation and a block-
ade in DNA synthesis.4 Ara-CTP levels cor-
relate with prognosis, and improved clini-
cal outcome has been associated with
increased ara-CTP accumulation and reten-
tion.5,6 Resistance to ara-C may, therefore,
contribute to treatment failure. In addition,
we have previously reported in vitro ara-C
resistance in some types of childhood

leukemia, such as T-ALL and AML FAB
types M1 and M2.7,8 The use of deoxynu-
cleoside analogs other than ara-C may cir-
cumvent resistance to ara-C, this was
addressed in our in vitro study. 

Cladribine, fludarabine and gemcitabine
share several characteristics with ara-C
(e.g. transport mediated by membrane
transporters, intracellular activation by
dCK and formation of active phosphate
derivatives), but also differ with respect to
their preferential transporters and interac-
tion with intracellular targets (Figure 1).9

Because of their unique properties these
deoxynucleoside analogs may be able to
circumvent resistance to ara-C in child-
hood leukemia. With the aim of identifying
particular AML and/or ALL subtypes that
might preferentially benefit from subtype-
directed therapy with deoxynucleoside
analogs, we investigated in vitro sensitivity
patterns in different AML (FAB type) and
ALL (immunophenotype) subtypes. In
addition, we studied toxicity of these drugs
in normal bone marrow mononuclear cells
from healthy children in order to determine
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Background and Objectives. Cytarabine (ara-C) is a key drug in the treatment of acute
leukemia. Resistance to ara-C might be circumvented by the use of other deoxynucle-
oside analogs. 

Design and Methods. Using the MTT assay, we determined in vitro sensitivity and
cross-resistance to deoxynucleoside analogs in 362 acute leukemia samples from
untreated children and 32 normal bone marrow mononuclear cell samples. 

Results. Normal bone marrow samples were significantly more resistant to ara-C,
cladribine and fludarabine than were acute myeloid leukemia (AML) samples and signif-
icantly more resistant to ara-C and fludarabine than were acute lymphoblastic leukemia
(ALL) samples. The only drug to which AML samples were more sensitive in vitro than
ALL was cladribine. AML FAB M5 was significantly more sensitive in vitro to ara-C and
cladribine than FAB M1/2 or FAB M4. T-ALL was significantly more resistant to cladrib-
ine than B-cell precursor ALL. A paired analysis of 60 AML and 99 ALL samples demon-
strated significant cross-resistance between all four deoxynucleoside analogs. Cross-
resistance was also observed between ara-C and etoposide (Rp=0.54, p<0.0001), and
ara-C and daunorubicin (Rp=0.48, p<0.0001) in AML. In ALL blasts, cross-resistance
was observed between ara-C and vincristine (Rp=0.50; p<0.0001), and between ara-C
and daunorubicin and L-asparaginase (Rp=0.25; p=0.01; Rp=0.28; p=0.005).

Interpretation and Conclusions. Cladribine appears to be a useful drug in AML, partic-
ularly in FAB M5. We observed cross-resistance between ara-C and other deoxynucle-
oside analogs, as well as between ara-C and drugs with different modes of action in
childhood acute leukemia.
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analogs, cross-resistance.
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therapeutic indices. Finally, we investigated whether
or not ara-C shows cross-resistance in vitro to
deoxynucleoside analogs (cladribine, fludarabine and
gemcitabine) and other drugs used in the treatment of
acute leukemia, in the leukemic blasts of children with
newly diagnosed acute leukemia.

Design and Methods

Patients’ samples
Bone marrow and peripheral blood samples were

collected from children with acute leukemia, with
informed consent. Several collaborative groups par-
ticipated in the study: (i) the Dutch Oncology Group
(DCOG), The Hague, The Netherlands; (ii) the MRC
Childhood Leukaemia Working Party, UK; (iii) the
AML Berlin-Frankfurt-Münster (BFM) Study group,
Münster, Germany; and (iv) the COALL Study group,
Hamburg, Germany. AML (DCOG/AML-BFM/
MRC) samples were collected between December
1993 and September 2002. Patients were all treated
with intensive cytarabine/anthracycline-based proto-
cols: AML-BFM 93 and 98; DCOG AML 87, 94 and
97.1,2,10-12 ALL (DCOG/COALL) samples were collect-
ed between January 1994 and October 2002. The
diagnosis, data collection, FAB-classification and
immunophenotype were centrally reviewed by the
reference laboratories and data centers of these study
groups. The FAB classification was assigned accord-
ing to the criteria described by Bennett et al., includ-
ing the diagnostic modifications for FAB M0 and FAB
M7.13 The immunophenotype of ALL blast cells was
determined by either flow cytometry or immunocy-
tochemistry. 

B-cell precursor ALL (BCP-ALL) was defined as sur-
face immunoglobulin (sIg)–/terminal deoxynu-
cleotidyl transferase+/human leukocyte antigen-
DR+/CD19+, and included both CD10- (pro-B ALL), as
well as CD10+ and/or cytoplasmic µ-chain+ (com-
mon/pre-B) ALL. T-cell ALL was defined as cytoplas-
mic CD3+/CD7+. The patients’ characteristics (gen-
der, age, white blood cell count at diagnosis) were
recorded by the study centers. Normal bone marrow
samples were collected from children undergoing
elective eye surgery, with informed consent. Samples
were collected at the VU University Medical Center
between August 1999 and December 2002. This
study was performed with the approval of the local
Medical Ethical Committee.

Cells
Mononuclear cells were separated by density gradi-

ent centrifugation at 480 g for 15 minutes
(Lymphoprep, 1.077 g/mL, Nycomed Pharma, Oslo,
Norway). After washing, the cells were resuspended
in culture medium consisting of RPMI 1640 (Dutch
modification without L-glutamine; Gibco BRL, Breda,
The Netherlands) containing 20% fetal calf serum
(FCS; Integro, Zaandam, The Netherlands), 2 mM L-
glutamine (ICN Biochemicals, Costa Mesa CA, USA),

ITS media supplement (5 µg/mL insulin, 5 µg/mL
transferrin, 5 ng/mL sodium selenite) (Sigma, St Louis
MO, USA), 80 IU/mL penicillin (Gibco BRL, Breda,
The Netherlands) 80 µg/mL streptomycin (Gibco
BRL), 0.1 µg/mL fungizone (ICN Biochemicals) and
0.2 mg/mL gentamycin (Flow laboratories, Irvine,
Scotland). Contaminating lymphocytes were
removed using immunomagnetic beads as described
previously.14 Isolated cells were suspended in culture
medium. Only samples that contained more than
80% blasts, as determined by May-Grünwald-Giemsa
(Merck, Darmstadt, Germany) staining, were includ-
ed.

MTT-assay 
In vitro drug resistance was determined using the 

4-day total cell kill MTT assay, as described previous-
ly.15 Briefly, isolated cells were exposed to six concen-
trations of a selected drug. After 4 days of incubation
in 5% CO2 humidified air at 37ºC, 3-(4,5-dimethylth-
iazol-2,5-diphenyl) tetrazolium bromide (MTT,
Sigma, St. Louis, MO, USA) was added and cells were
incubated for another 6 hours. Subsequently, the for-
mazan crystals that had developed were dissolved in
acidified isopropanol. The optical density (OD) is lin-
early related to the number of viable cells. Control
wells, containing leukemic cells with culture medium
but no drugs were used to determine the control cell
survival. Wells with culture medium only were used
as blanks. Results were considered evaluable only if
the control wells contained ≥70% leukemic cells
(determined by morphology after May-Grünwald
Giemsa staining) after 4 days of culture and if the
mean control OD, after correction for the back-
ground, at day 4 exceeded 0.05 arbitrary units. The
LC50 value, the drug concentration needed to kill 50%
of the leukemia cells, was used as a measure of resist-
ance. Sample source (bone marrow or peripheral
blood) and cryopreservation do not influence the
results obtained by cellular drug resistance testing and
the results were therefore analyzed together.15 The
following drugs were tested (minimal and maximal
concentration) in duplicate: ara-C 0.04–41.1 µM
(Cytosar®; Pharmacia&Upjohn, Woerden, The
Netherlands), cladribine 0.001–40.0 µM (Leustatin®,
Ortho Biotech, US), daunorubicin 0.004–3.5 µM
(Cerubidine®, Rhone Poulenc Rorer, Amstelveen, The
Netherlands), etoposide 0.08–85.0 µM (Vepesid®,
Bristol-Myers Squib, Woerden, The Netherlands), flu-
darabine 0.04–43.8 µM (Fludara®, Schering AG, The
Netherlands), gemcitabine 0.04–1335.0 µM
(Gemzar®, Eli Lilly, Houten, The Netherlands), L-
asparaginase 0.003–10 IU/mL (Christiaens, Breda,
The Netherlands), vincristine 0.05−54.2 µM
(Oncovin®, Eli Lilly, Houten, The Netherlands) and
prednisolone disodium phosphate 0.0008−2.58 µM
(Brocacef, The Netherlands). 

Statistical analysis
Differences in the distribution of variables between

groups were analyzed by the Mann-Whitney U test.
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Cross-resistance patterns were determined in a group
of AML samples in which all four deoxynucleoside
analogs had been tested successfully with the MTT-
assay. Similarly, cross-resistance between ara-C and
2-CdA was evaluated in a group of 144 ALL samples,
in which all samples were tested successfully for
these two drugs. The Pearson correlation coefficient
was calculated, after log transformation of the data.
The therapeutic index of the effect of ara-C, gemc-
itabine, fludarabine and cladribine on normal bone
marrow and blast cells was calculated by the follow-
ing equation: therapeutic index=LC50 normal bone
marrow/median LC50 value leukemic blasts cells. All
analyses were two-tailed, with a significance level of
p≤0.01. 

Results

Patients’ characteristics
In vitro sensitivity to deoxynucleoside analogs was

studied in 362 acute leukemia samples from untreat-
ed children and 32 normal pediatric bone marrow
mononuclear cell samples. The patients’ characteris-
tics are listed in Table 1. In a subgroup of these
patients we studied cross-resistance patterns
between ara-C and deoxynucleoside analogs, and
other drugs used in the treatment of acute leukemia.
Sixty AML and 99 ALL samples were selected for
which the in vitro drug sensitivity (MTT-assay) had
been tested successfully for all drugs in each patient.
In this group, the median white cell count was
58.1×109/L and 35.7×109/L in the AML and ALL
patients, respectively. These values did not differ sig-
nificantly from those of the whole group of patients
described in Table 1 (AML, p=0.28 and ALL, p= 0.27).
The median age of the AML patients (10.4 years,
p=0.99) in the cross-resistance group was similar to
that of the total group. The ALL patients (median age
6.2 years) in the cross-resistance group were, howev-

er, older than the patients in the total group (p=0.01). 

In vitro sensitivity to deoxynucleoside analogs in nor-
mal bone marrow mononuclear cells and leukemic
blasts (AML and ALL)

We selected samples that had tested successfully for
at least one drug. We have previously published data
on potential selection bias of samples due to different
assay failure rates in specific AML and ALL subtypes.7,16

In AML, failure rates were higher in samples with a
low white cell count, in FAB M6/7 subtypes (not
included in the present study) and in morphologically
unclassified samples.7 In ALL, failure rates were higher

Table 1. Patients’ characteristics.

AML ALL Normal
bone marrow

Number 134 228 32
Sex (male:female), n 73:60 124:104 14:16

(1 unknown) (2 unknown)

Median age, yrs 8.9 4.8 7.2
25th-75th percentile (2.7-13.3) (3.0-9.5) (5.1-9.6)

Median WBC,×109/L 51.8 28.3
25th-75th percentile (17.9-125.5) (7.2-71.9)

FAB-type, n
M0 7
M1 15
M2 28
M3 7
M4 46
M5 27
RAEB-t 1
Unknown 3

Immunophenotype, n
Pro-B 4
C/preB 184
T 39
Unknown 1

Table 2. Comparison of in vitro drug sensitivity to deoxynucleoside analogs between samples from children with newly diagnosed AML
and ALL, and normal bone marrow (NBM) samples.

Drug LC50 value (µM) AML ALL NBM AML vs ALL AML vs NBM ALL vs NBM
p-value RR p-value RR p-value RR

Ara-C Median 1.88 2.34 12.18 0.02 0.80 <0.0001* 0.15 <0.0001* 0.19
p25-p75 0.97-3.07 1.11-6.24 9.28-56.56

n 134 228 32

Cladribine Median 0.07 0.10 0.19 0.0001* 0.7 <0.0001* 0.37 0.34 0.53
p25-p75 0.03-0.10 0.07-0.74 0.08-0.28

n 129 149 21

Fludarabine Median 1.27 0.70 2.56 0.06 1.81 0.0001* 0.50 <0.0001* 0.27
p25-p75 0.64-2.26 0.42-1.68 1.98-5.38

n 81 22 27

Gemcitabine Median 7.06 12.26 11.50 0.91 0.58 0.08 0.61 0.24 1.07
p25-p75 2.06-20.86 1.51-24.70 2.55-69.54

n 83 20 27

Results are expressed as LC50 values (µM). Median indicates the median LC50 value; p25, the 25th percentile; p75, the 75th percentile; n, the number of patients.
RR (resistance ratio) indicates the median LC50 for AML divided by the median LC50 value for ALL etc. RR>1.0 indicates that for the given drug AML is more resistant
than ALL. *p-values determined with the Mann-Whitney U-test at a significance level of 0.01 (2-tailed).
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in samples with a low white cell count and in hyper-
diploid samples.16 Dose-response curves could be
obtained for all four deoxynucleoside analogs and we
observed marked differences in LC50 values between
individual patients (Table 2). Normal bone marrow
mononuclear cells were significantly more resistant to
ara-C (6.5 fold; p<0.0001), cladribine (2.7 fold;
p<0.0001) and fludarabine (2.0 fold; p<0.0001) than
were the AML blasts, but they were not more resistant
to gemcitabine (1.6 fold; p=0.08). Normal bone marrow
mononuclear cells were also more resistant to ara-C
(5.2 fold; p<0.0001) and fludarabine (3.7 fold; p<0.0001)
than were ALL samples but they were not more resist-
ant to cladribine (1.9 fold; p=0.34) or gemcitabine (0.9
fold; p=0.24). The therapeutic index was highest for
ara-C in both AML and ALL, indicating a relative high
sensitivity of leukemia cells to this drug compared to
the sensitivity of normal bone marrow cells (Table 3). 

AML blasts were more sensitive in vitro to cladribine
(1.4 fold; p<0.0001) than were ALL blasts (Figure 2).
Additionally, AML blasts tended to be more sensitive
to ara-C than were ALL blasts (1.2 fold; p=0.02). AML
and ALL blasts did not, however, differ in sensitivity to
gemcitabine or fludarabine (Table 2). 

In vitro sensitivity to deoxynucleoside analogs in
different AML and ALL subtypes

AML is a heterogeneous disease and different AML
FAB type subgroups display different in vitro sensitiv-

ity profiles.7 We therefore also compared the drug
sensitivity profiles of different AML FAB-type sub-
groups (Table 4). Patients were divided into three sub-
groups: FAB M1/2, FAB M4 and FAB M5. FAB M1 and
FAB M2 were combined for analysis because they did
not differ in drug sensitivity (data not shown). FAB M0
and FAB M3 were not included because of low sam-
ple numbers. In vitro, FAB M5 was significantly more
sensitive to ara-C and cladribine than was FAB M1/2
(2.2 fold; p<0.0001 and 2.0 fold; p=0.001, respective-
ly) or FAB M4 (1.8 fold; p=0.002 and 1.8 fold;
p=0.003, respectively). Sensitivity to gemcitabine and
fludarabine did not differ significantly between AML
FAB types, although FAB M1/2 tended (3.2 fold;
p=0.03) to be more resistant than FAB M4. 

Previous studies have reported a relationship
between both immunophenotype and in vitro drug
resistance in ALL.17 Therefore, ALL samples were
divided into two subgroups based on immunopheno-
type: B-cell precursor (BCP) ALL or T-ALL (Table 5).
T-ALL was more resistant to cladribine (7 fold;
p=0.001), and tended to be more resistant to ara-C

Table 3. Therapeutic index of deoxynucleoside analogs.

Therapeutic index* AML ALL

Ara-C 6.5 5.2
Cladribine 2.7 1.9
Fludarabine 2.0 3.6
Gemcitabine 1.6 0.9

*Therapeutic index = median LC50 normal bone marrow/median LC50 value blast
cells 

Figure 1. Structures of 2’-deoxycy-
tidine, 2’-deoxyadenosine, cytara-
bine, gemcitabine, fludarabine
and cladribine.
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Figure 2. Sensitivity (expressed as the LC50 value) to cladribine in
AML and ALL, as well as in different acute leukemia subgroups,
determined with the MTT assay. *Indicates a significant difference
(p-value determined with the Mann-Whitney U-test).
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(2.2 fold; p=0.04) and fludarabine (3.5 fold; p=0.03),
than BCP ALL. BCP and T-ALL did not significantly
differ in their sensitivity to gemcitabine.

Cross-resistance patterns
We studied cross-resistance patterns between de-

oxynucleoside analogs in AML (n=60) and ALL
(n=99) samples. In each patient in vitro drug sensitiv-
ity for all deoxynucleoside analogs (ara-C, cladrib-
ine, fludarabine and gemcitabine) was successfully
tested with the MTT assay. In AML, we observed
cross-resistance between ara-C and cladribine
(Rp=0.53; p<0.0001), fludarabine (Rp=0.44;
p<0.0001) and gemcitabine (Rp=0.67; p<0.0001).
Moreover, we observed considerable cross-resist-
ance between all four deoxynucleoside analogs
(Table 5), with the highest level of cross-resistance
being between cladribine and fludarabine (Rp= 0.72;
p<0.0001). In ALL, we also observed moderate cross-
resistance between ara-C and cladribine (Rp=0.49;
p<0.0001). Gemcitabine and fludarabine sensitivity
was not tested in this group of ALL samples.

We also tested cross-resistance between ara-C and
other drugs frequently used in the treatment of acute
leukemia. In AML, cross-resistance was observed
between ara-C and etoposide (Rp=0.54; p<0.0001),
as well as with daunorubicin (Rp=0.48; p<0.0001). In
ALL blasts we observed cross-resistance between
ara-C and vincristine (Rp=0.50; p<0.0001). Weak
cross-resistance was observed between ara-C and
daunorubicin and L-asparaginase (Rp=0.25; p=0.01
and Rp=0.28; p=0.005, respectively). We did not
observe cross-resistance between ara-C and pred-
nisolone (Rp=0.12; p=0.24) in ALL.

Discussion

In the present study we compared in vitro sensitiv-
ity to deoxynucleoside analogs in childhood AML
and ALL, and in subgroups of these leukemias. In
addition, we studied whether cladribine, fludara-
bine or gemcitabine could circumvent in vitro resist-
ance to ara-C in childhood AML and ALL. Previous
studies have shown that for most drugs AML shows
more resistance in vitro than ALL. However, AML
and ALL are equally sensitive to a few drugs includ-
ing ara-C.7 While our results show that AML cells
tend to be more sensitive than ALL cells to ara-C,
cladribine is the only drug to which AML cells are
significantly more sensitive. Like ara-C, cladribine is
phosphorylated intracellularly and incorporated
into the DNA of dividing cells, resulting in inhibi-
tion of DNA synthesis and cell death. However,
cladribine is resistant to deamination and is able to
induce apoptosis in non-dividing cells, by impairing
DNA repair and causing strand breaks. Other
groups have studied in vitro cladribine sensitivity in
leukemic blasts. Nagourney et al., found no differ-
ence in cladribine sensitivity between blasts from
five AML and seven ALL patients, using a differen-

Table 4. Comparison of in vitro drug sensitivity to deoxynucleoside
analogs between samples from different childhood AML (FAB) and
ALL (immunophenotype) subgroups.

LC50 value Ara-C Cladribine Fludarabine Gemcitabine
(µM)

AML

FAB M1/2 Median 2.21 0.08 1.42 11.17
p25-p75 1.39-5.61 0.05-0.10 0.66-2.29 2.51-50.00

n 43 40 24 26

FAB M4 Median 1.80 0.07 1.22 3.51
p25-p75 1.16-2.75 0.04-0.11 0.57-2.36 0.11-15.15

n 46 43 29 29

FAB M5 Median 0.99 0.04 1.29 3.79
p25-p75 0.45-2.01 0.01-0.07 0.65-2.03 2.15-13.08

n 27 28 16 16

FAB M1/2 p-value 0.28 0.60 0.69 0.03
vs FAB M4 RR 1.23 1.14 1.16 3.18

FAB M1/2 p-value <0.0001* 0.001* 0.77 0.06
vs FAB 5 RR 2.23 2.00 1.10 2.95

FAB M4 p-value 0.002* 0.003* 0.94 0.87
vs FAB M5 RR 1.82 1.75 0.95 0.93

ALL

BCP Median 2.13 0.09 0.55 8.53
p25-p75 1.09-5.81 0.06-0.13 0.32-0.89 1.59-28.96

n 188 111 16 14

T Median 4.66 0.63 1.92 20.09
p25-p75 1.55-8.10 0.09-6.10 0.64-31.74 0.46-66.63

n 39 38 6 6

BCP vs T p-value 0.04 0.001* 0.03 0.60
RR 0.46 0.14 0.29 0.42

Results are expressed as LC50 values (µM). Median indicates the median LC50

value; p25, the 25th percentile; p75, the 75th percentile; n, the number of patients.
RR (resistance ratio) indicates the median LC50 for FAB M1/2 divided by the
median LC50 value for FAB M4, etc. RR>1.0 indicates that for the given drug FAB
M1/2 is more resistant than AML FAB M4. *p-value determined with the Mann-
Whitney U-test at a significance level of 0.01 (2-tailed).

Table 5. Cross-resistance between deoxynucleoside analogs in
childhood AML.

Pearson’s correlation Ara-C Cladribine Fludarabine Gemcitabine
coefficient

Ara-C − 0.53 * 0.44* 0.67*

Cladribine 0.53* − 0.72* 0.59*

Fludarabine 0.44* 0.72* 0.49*

Gemcitabine 0.67* 0.59* 0.49* −

*indicates a significant correlation (p≤0.01).
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tial staining cytotoxicity (DISC) assay.18 Larsson et
al. tested 17 ALL and 34 AML samples using a fluo-
rimetric microculture cytotoxicity assay, and found
cladribine to be active against both diseases.19

Clinically, cladribine administered by continuous
infusion resulted in a 59% response rate (27% com-
plete remission) in pediatric casses of relapsed AML,
but in pediatric ALL the response was poor (one out
of seven cases responding).20 Cladribine was able to
induce complete or partial responses in approxi-
mately 60% of children with de novo AML.21 In
adults results with cladribine have been disappoint-
ing22-24 and further studies have focused on the role
of cladribine in combination chemotherapy. Gandhi
et al. reported that ara-CTP accumulation increased
in adult patients with AML when cladribine was
given before ara-C.25 In pediatric AML the combina-
tion of cladribine and ara-C also seemed effective.26 

Another purine analog that has shown efficacy in
AML in combination with ara-C is fludarabine. In
our in vitro study, fludarabine was equally effective
against AML and ALL. The FLAG regimen, which
consists of fludarabine, ara-C and granulocyte
colony-stimulating factor is one of the most active
regimens in AML.27,28 

Experience with gemcitabine in AML has been
limited, although phase I studies have suggested
activity in heavily pre-treated patients with acute
leukemia.29-31 Our in vitro results demonstrated that
the therapeutic index for gemcitabine was low. ALL
and AML samples were not significantly more sen-
sitive to gemcitabine than were normal bone mar-
row cells. Moreover, we could not identify a sub-
group of acute leukemia patients with increased
sensitivity to gemcitabine in vitro. However, this
drug may have a role as a modulator of ara-C activ-
ity. Gemcitabine has been reported to increase the
activity of dCK, resulting in a three-fold increase in
intracellular accumulation of ara-CTP and a subse-
quent increase in cytotoxicity in leukemic cell
lines.32,33

We observed several subgroup-related differences
in sensitivity to deoxynucleoside analogs in both
AML and ALL. Acute monocytic leukemia, or FAB
M5, is a distinct AML subtype with characteristic
clinical features and a specific in vitro drug resistance
profile.7,34 Within AML, we found FAB M5 to be sig-
nificantly more sensitive to both ara-C and cladrib-
ine. These in vitro data are in line with clinical stud-
ies showing that FAB M5 patients are sensitive to
cladribine and have a high complete response rate
after treatment with cladribine.35 Within ALL, T-
ALL blasts were significantly more resistant to
cladribine than were BCP ALL blasts. This was not
the case for ara-C, suggesting that cladribine might
not be an effective alternative to ara-C in the treat-
ment of T-ALL. 

In vitro drug sensitivity testing has been shown to
provide significant prognostic information in child-
hood acute leukemia and can also be used to deter-
mine cross-resistance patterns between drugs.36,37

Our paired analysis in 60 AML samples suggests
that gemcitabine, fludarabine and cladribine could
not circumvent ara-C resistance. We observed sig-
nificant cross-resistance between all deoxynucleo-
side analogs. A high degree of cross-resistance
among deoxynucleoside anaologs has been reported
previously in resistant variants of the human
leukemic cell line K562.38 Ara-C and gemcitabine
displayed the highest degree of cross-resistance,
which is consistent with their structural similarity.
The purine analogs fludarabine and cladribine also
displayed considerable cross-resistance.

Furthermore, we observed cross-resistance between
ara-C and several structurally unrelated drugs in both
AML and ALL samples. Cross-resistance between ara-
C and other classes of anti-leukemic drugs has been
described in leukemic cell lines.39-41 Our results show
that cross-resistance also occurs in primary cells.
Although we observed cross-resistance between ara-C
and cladribine, fludarabine and gemcitabine in this
study, deoxynucleoside analogs can be used in combi-
nation with ara-C as resistance modulators. We have
previously demonstrated synergistic interactions
between ara-C and cladribine, and ara-C and gemc-
itabine in the HL60 leukemic cell line42 and samples
from ten AML patients (Hubeek et al., Br J Haematol, in
press). 

In conclusion, we observed several subgroup-related
differences in sensitivity to deoxynucleoside analogs
in childhood acute leukemia. In vitro resistance to ara-
C does not appear to be circumvented by cladribine,
fludarabine or gemcitabine. Our results suggest that
cladribine is a useful drug in AML, and in FAB type M5
in particular. Cross-resistance between ara-C and
other deoxynucleoside analogs, and also between ara-
C and drugs with different modes of action, suggests
that downstream factors might be involved. Therefore
drug resistance in childhood acute leukemia may be
explained by drug-type specific but also by more gen-
eral downstream mechanisms (e.g. the apoptosis
machinery or DNA repair pathways).
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