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Abstract

Purpose The prodrug cytosinearabinoside (ara-C) is
widely used in the treatment of acute leukemias. The
active drug is the intracellular metabolite cytosine-
arabinoside-5'-triphosphate (ara-CTP). The purpose of
the present study was to investigate the relation be-
tween sensitivity and pharmacokinetic parameters
Cax» 112 and AUC of ara-CTP. The obtained results
were compared to previous studies.
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Experimental design Cyax, t1, and AUC of ara-CTP
were assessed in leukemic cells of 17 pediatric patients
with acute lymphoblastic leukemia (ALL) and in 6
lymphoblastic cell lines and compared with normal
lymphocytes of 9 healthy donors by high pressure
liquid chromatography (HPLC). The sensitivity of the
cells against ara-C was determined by the MTT assay.
Results The intracellular accumulation of ara-CTP
was significantly lower in normal lymphocytes (Cpax
47.7-60.9 pmol/10° cells) compared to leukemic cell
lines (Cpax 11-1128 pmol/lO6 cells) and leukemic cells
of our patients (Cpay 85.9-631 pmol/10° cells). Similar
results were found for the AUC. There was no signif-
icant difference between initial and relapsed leukemias
in our small cohort. A correlation between sensitivity
in terms of ICsy values and the intracellular ara-CTP
accumulation was observed in cell lines, but not in
leukemic cells and normal lymphocytes from healthy
donors.

Conclusions Pharmacokinetic parameters varied tre-
mendously in leukemic cells in contrast to normal
lymphocytes without a difference in sensitivity. It is
worthwhile to compare literature data to assess an
optimal dosage of ara-C in pediatric patients.

Keywords Ara-C - Pharmacokinetics - Ara-CTP -

High pressure liquid chromatography - Acute
lymhoblastic leukemia

Introduction
The prodrug cytosinearabinoside (ara-C) is one of the

most effective agents in the treatment of acute lym-
phoblastic and myelogenous leukemia (ALL, AML)
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[40, 54]. Ara-C is administered at different doses: low,
conventional and high dose. Administration of a high
dose of ara-C augmented remission rates but due to
severe side effects no improvement in the overall sur-
vival could be obtained [4]. The ara-C therapy may be
improved if the optimal dose is selected according to
the pharmacokinetics of the intracellular active
metabolite of ara-C, cytosinearabinoside 5’-triphos-
phate (ara-CTP).

The rate limiting step in ara-C metabolism is the
phosphorylation to ara-C monophosphate which is
catalysed by the deoxycytidine kinase (dCK) [32, 41].
The capacity of the cells to accumulate and retain ara-
CTP seems to play a pivotal role for the cytotoxic ef-
fect of ara-C [14, 48]. Moreover, it has been shown that
ara-C directly leads to apoptosis [26]. The amount of
intracellular ara-CTP is influenced by the extracellular
concentration of ara-C, the ara-C transport through the
cell membrane, deamination and the rates of phos-
phorylation and dephosphorylation.

Miscellaneous mechanisms of cellular resistance to
ara-C have been proposed based on in vitro and in vivo
studies: low accumulation of the active metabolite ara-
CTP due to reduced influx of ara-C by nucleoside
transporter [19, 59], reduced phosphorylation by the
dCK or even the abscence of the dCK. Furthermore,
high intracellular levels of dNTPs, being competing
metabolites, lead to an inhibition of ara-C phosphory-
lation [3]. To prevent high levels of dNTPs and,
consequently, augment the accumulation of ara-CTP,
protocols have been established using the sequential
administration of a purine nucleoside analogue and
ara-C [22]. Further drug combinations are under
investigation in order to overcome or at least modulate
ara-C resistance. Another approach to overcome
resistance is to administer high dose ara-C (HIDAC)
regimens. Several trials provide evidence of a dose-
response effect [4, 14, 24].

There are investigations which indicate a relation-
ship between accumulation and retention of ara-CTP
on one the hand and clinical parameters like remission
and response to ara-C on the other [42, 45, 48]. A study
with leukemic cells taken from pediatric patients
showed that ara-CTP retention was inversely corre-
lated with the risk groups defined by the ALL-BFM
treatment protocols [51]. However, the precise mech-
anisms by which ara-C induces a cytotoxic effect are
still unknown. Comparisons between normal and
malignant cells as well as between pediatric patients
with initial and relapsed leukemia regarding pharma-
cokinetics and sensitivity are rare in the literature. The
aim of the present study was to determine differences
among these groups.
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Materials and methods
Materials

Ara-CTP, tartaric acid and other nucleotides were
obtained from Sigma (Deisenhofen, Germany). ACN
was purchased from Zinsser (Frankfurt, Germany);
KH,PO, and H;PO, from Baker (Gross-Gerau, Ger-
many); Tetrabutyl-ammonium-phosphate from Waters
(Eschborn, Germany) and MTT from Serva (Heidel-
berg, Germany).

Cell lines

Molt-4, a human T-cell leukemia cell line was obtained
from the German collection of microorganisms and cell
cultures (DSMZ). H9 is of cutaneous T-lymphocyte
origin and was purchased at the American type culture
collection (ATCC). The cell lines KFB-1 and KFB-2
are of B-lypmhoblastic (B-ALL), the others of T-
lymphoblastic (T-ALL) origin, all derived from re-
lapsed patients in our hospital [30]. Molt-4r has been
selected for resistance to ara-C by exposure to stepwise
increasing ara-C concentrations from 0.5 to 24.3 ng/ml
(0.1 uM). All cells were cultured in RPMI 1640 med-
ium (Biochrom, Berlin, Germany) supplemented with
10% fetal calf serum (Biopro, Karsruhe, Germany),
1% penicillin (Seromed, Berlin, Germany), 1% strep-
tomycin (Griinenthal, Stolberg, Germany) and 1 mM
L-glutamine (Seromed, Berlin, Germany) at 37°C,
5%CO, exponential growth phase.

Patients and healthy donors:

Pharmacokinetic investigations were performed in
bone marrow blasts of 17 pediatric patients (age range
0.3-18 years) with ALL (initial » = 10 and relapsed
n =7 including cALL, pre-pre-B-ALL as well as T-
ALL; Table 1) and in normal lymphocytes of healthy
donors (n = 9) after informed consent of the parents or
the patients. Patients with an initial ALL were treated
according to the ALL-BFM95/2000 protocol; both
including ara-C treatment at a concentration of 75—
2,000 mg/m? depending on the risk group [34, 52, 53].
Patients with a relapse of leukemia received HIDAC
therapy according to the ALL-REZ BFM95/2000
protocol. The leukemic cells of patients with an initial
leukemia were still ara-C naive, while leukemic cells of
patients with a relapse may have acquired ara-C
resistance. Normal lymphocytes from healthy donors
were directly isolated (3/9) or from buffy coats (6/9).
Mononuclear cells were separated by Ficoll density
gradient centrifugation.



Cancer Chemother Pharmacol (2007) 60:467-477

469

Table 1 Pharmacokinetic parameters Cpay, t12 and AUC of ara-CTP

cell lines Diagnosis Cinax tyne AUC* AUC* AUC*
patients rel (relapsed) 10 pM + 0-4 4-0 total
init (initial)
[pmol /100 cells] [h] [pmol-h/10%¢ells] | [pmol-h/10%¢ells] | [pmol-h/100¢ells]
Molt-4 T-ALL 1128.2 23 3.0 0 2875 4940 7815
H9 T-ALL 225.8 12 1.9 0 563 583 1146
KFB-1 B-ALL 86.5+9.6 | 1.6 "2 235 200 435
KFB-2 B-ALL 640.4 24 51 7% 1144 5012 6156
KFT-1 T-ALL 69.3 £10
Molt-4r T-ALL resistant 10.7 £3.8
1 pre-pre-B-ALL init 105.1 73 210 1109 1319
2 pre-pre-B-ALL init 1092+17.9| 6.7 o2 218 1059 1277
3 CALL init 237.0+29.5
4 cALL init 2152 +44.7
5 CALL init 1817118 49 37 363 1289 1652
6 CALL init 155.7+7.8
7 CALL init 318.5+51.0
8 cALL init 301.3+42.1| 2.8 5 603 1238 1841
9 CALL init 133.9 32 W 268 626 894
10 T-ALL init 136.9 +18.0
11 pre-pre-B-ALL rel 185.3
12 cALL rel 161025 | 47 &) 322 1099 1421
13 cALL rel 85.9+11.8| 13 77 172 157 329
14 cALL rel 2063+205| 89 413 2640 3053
15 cALL rel 631.0£93.7| 23 F 1262 2069 3331
16 T-ALL rel 90.8 +26.7
17 T-ALL rel 591.1+38.6|11.2 1182 9533 10715
LI normal lymphocytes 51414 | 26 55 119 202 312
L2 normal lymphocytes 58.6+33 | 2.1 % 129 170 304
L3 normal lymphocytes 51.8+2.1 | 29 55 126 218 342
L4 normal lymphocytes 60.9
L5 normal lymphocytes 50.8+£6.2
L6 normal lymphocytes 59.3+£3.8
L7 normal lymphocytes 47.7+2.0
L8 normal lymphocytes 542+12.6
L9 normal lymphocytes 59.6+7.3

1-17 Lymphatic bone marrow blasts of patients, L1-9 normal lymphocytes from healthy donors
+ Mean = SD, to determine ara-CTP plateau level, 10 ml cell suspension (1-10° cells/ml) was incubated for 4 h with 10 uM extra

cellular ara-C

o To determine half-life of ara-CTP, at the end of the 4 h incubation period cells were washed with fresh medium to remove drug. Then
the cells were reincubated in medium without ara-C and extracted after 1, (2), 3, (4), 16 and (18) h

* AUCota1, AUCy 4 and AUC, .. were calculated as described in ‘‘pharmacokinetics and statistical methods”

Each value is the mean of four experiments run in triplicate in cell lines and the mean of 1-2 experiments run in duplicate in

lymphocytes and in leukemic cells of the patients

Formation and determination of ara-CTP

The intracellular formation of ara-CTP is saturated at a
concentration of 10 uM ara-C after 4 h incubation as
described previously [30]. Hence, all experiments were
performed with 10 uM ara-C. 10 ml cell suspension
was kept at a density of 5x 10° or 1 x 10° cells/ml.

Control cells were incubated without ara-C. At the end
of the incubation time with ara-C, cells were washed
twice with PBS in order to remove excess drug. All
steps of extraction procedure were performed on ice.
After the supernatant was discarded, the cell pellet was
resuspended in 300 pl PBS containing 100 mM tartaric
acid and gently vortexed. After 100 pl were removed
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for cell counting, cells were extracted using 100 pl
buffer solution. The extraction buffer was the mobile
phase of the HPLC procedure, which was adjusted to
pH 2.35 with H3;PO,. Following vigorous vortex-mix-
ing, centrifugation at 1,000 g for 10 min at 4°C, the
supernatant was collected. Ara-CTP was stable after
storage of the sample for 9 months at —20°C at a pH of
2.6-2.7. This pH was adjusted by adding 100 pl of the
buffer (pH 2.35) to the cell pellet. The number of total
cells was counted with an electronic blood cell counter.

HPLC determination of ara-CTP in cellular acid
extracts

The ara-CTP concentration was quantified by a HPLC
method (LDC/Milton Roy system) as described pre-
viously [5, 10, 30]. In brief, a reversed phase ODS2
C18-column, 5 um, 4.6 mm x 25 cm (Grom, Herren-
berg, Germany) was used with a solution of 0.1 M
KH,PO4, 5 mM tetrabutylammoniumphosphate and
0.5% acetonitrile as the mobile phase, which was ad-
justed to pH 2.6-2.7 with H3PO,. During the initial
16 min the flow rate was 0.8 ml/min and increased
linearly to 1.8 ml/min until the 18th min and main-
tained until the end of separation at the 25th min. The
detection limit of ara-CTP was 5 pmol using a UV-
detector LDC spectro monitor D (LDC, Darmstadt,
Germany) with a wavelength of 280 nm. The amounts
of ara-CTP in the cell extracts were measured by
integrating the area under the peak in the cell lysate
compared to known concentrations of external stan-
dards. The AUC was calculated by the trapezoid
method. The concentration of ara-CTP in cells was
calculated by dividing the amount of ara-CTP in each
sample analysed by the number of cells in the extract.
Values were expressed in pmol/10° cells. The intra
assay variation coefficient was <3% (n = 15), and the
day to day variation was <5% (n =13) for a 25 ul
injection of 1 pg/ml ara-CTP-standard. The precision of
ara-CTP determination in cell extracts of all studied
cell lines was <10% for an incubation with 10 uM ara-
C for 4 h (n = 10).

To compare the intracellular ara-CTP concentrations
expressed in pmol/10° cells with values expressed in
mol/l, the average volume of a lymphoblast/myeloblast
must be considered. Leukemic lymphoblasts in children
have a mean volume of 200 +50 um? [58], hence 1 x 10°
leukemic cells have a volume of 2x107*ml It
follows: 1 pmol/10° cells = 5 x 10° pmol/ml = 5 uM.
Leukemic myeloblasts in adults have a mean volume
of 275 +125pum® [46], hence 1 pmol/10°cells =
3.63 x 10° pmol/ml = 3.63 uM.

@ Springer

MTT-assay

The sensitivity of the cells to ara-C was determined in
terms of the ICsy by the MTT-assay as described pre-
viously [30]. Briefly, cells were incubated on 96 well
plates with different concentrations of ara-C for 4 days
(density of cell lines 2.5-5 x 10°/ml; of leukemic cells
and lymphocytes 2 x 10°/ml). The outer wells were
filled with medium only and used for blanking the
reader. For control, cells were cultured drug-free.
After the end of incubation with ara-C 10 pl of the
MTT-solution (5 mg/ml in PBS) was added to each
well followed by another incubation period of 4 h. Fi-
nally, the enzyme reaction was stopped by the addition
of 150 pl 0.04 M HCl in isopropanol and the extinction
was measured on a multiscan ELISA plate spectro-
photometer using a test wavelength of 540 nm and a
reference wavelength of 630 nm. At the beginning and
the end of the experiment viability was checked by
trypan blue exclusion.

Pharmacokinetics and statistical methods

During the in vitro incubation of the cell lines with
10 uM ara-C the maximum of ara-CTP formation was
reached within 3—4 h. For that reason C,,,, of ara-CTP
was determined after 4 h incubation period with the
saturation dose of 10 uM ara-C. The half-life ¢/, of ara-
CTP elimination was estimated according to the
method of semilogarithmic regression. The dispersion
of t;, was assessed with the standard deviation of the
elimination constant as follows:

In2

Atyp =—— — ¢

up kel =Sk, 1/2

In2

At, = —

down Ker + St 12
Aty = upper dispersion of the half-life
Atgown = inferior dispersion of the half-life
i = half-life of elimination
ke = elimination constant
Skel = standard deviation of the elimination

constant

For the calculation of the area under the concentration
curve, AUC 4 Was subdivided into the area under the
curve from 0 to 4 h (AUCy4 and the area under
the curve during ara-CTP elimination (AUC,_..). The
AUC_4 for the accumulation of ara-CTP was calcu-
lated according to the trapezoid method. The AUC, ..
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for the elimination of ara-CTP was determined by t;,,
and Cp,, as well as by applying the trapezoid method.
If AUC, .. was calculated with the trapezoid method,
t1, was used for the extrapolation to ... AUCs, Was
the sum of AUCy_4 and AUC,...

Differences in the pharmacokinetics of ara-CTP
between leukemic cells and normal lymphocytes, and
between leukemic cells of patients with an initial and
with a relapsed leukemia were analysed using the
Mann-Whitney U-test and the rank dispersion test of
Siegel and Tukey [48].

Results

Differences in the pharmacokinetics of ara-CTP
in lymphoblasts and in normal lymphocytes

Ara-CTP maximum concentration

The patient with the lowest Cp,,x of ara-CTP accumu-
lated 85.9 + 11.8 pmol/10° cells (mean + SD). The
highest accumulation in leukemic bone marrow cells of
patients was 631.0 + 93.7 pmol/10° cells (Table 1). The
median of all ALL patients was 181.7 pmol/10° cells
after 4 h in vitro incubation with 10 uM ara-C. Similar
ara-CTP concentrations were found in lymphoblastic
cell lines ranging from 10.7 + 3.8 (Molt-4r) up to
1128.2 + 22.7 pmol/10° cells (Molt-4). Hence, the ara-
CTP formation in the resistant cell line Molt-4r was
about 100 times lower than in the sensitive cell line
Molt-4. In contrast to the great variability in the
amount of ara-CTP formation in malignant cells, ara-
CTP accumulation in lymphocytes of the nine healthy
donors was rather similar (Fig. 1la). Moreover, the
median of ara-CTP formation was significantly (3
times) lower in lymphocytes than in malignant bone
marrow cells of patients as determined by the Mann—
Whitney U-test (U1 = O,Uz = 153,U17;9:0_002 = 21) In
normal lymphocytes the lowest Cy,x Was 47.7 £ 2.0
and the highest 60.9 + 3.3 pmol/10° cells (the median
of the 9 healthy donors was 54.2 pmol/10° cells).
Anyhow, in leukemic cells of three patients with a re-
lapsed leukemia and in two cell lines the ara-CTP
maximum concentration was only 1.3-1.6 times higher
than in normal lymphocytes.

Neither was a significant difference found in ara-
CTP formation between normal lymphocytes of buffy
coats and those directly isolated from healthy donors,
nor between lymphoblasts of patients with initial leu-
kemia and relapsed leukemia. Albeit the range of C,.«
in patients with initial leukemia appeared to be smaller
than in patients with relapsed leukemia (Fig. 1a), no

significant difference was found for the dispersion of
Chax in the two groups determined by the rank dis-
persion test of Siegel and Tukey. Comparison of Cyy,x
in patients and in cell lines did not show a statistically
significant difference either.

In two patients the ara-CTP concentration was
determined in both leukemic peripheral and bone
marrow cells. The results were very similar (patient 1:
161 and 173 pmol/10° cells; patient 2: 105 and
110 pmol/10° cells).

Half-life of ara-CTP

The elimination kinetics of ara-CTP was monoexpo-
nential with a £, of 1.3-11.2 h in leukemic cells of
patients, 1.6-5.1 h in cell lines and 2.1-2.9 h in normal
lymphocytes (Table 1). There was neither a significant
difference between normal lymphocytes and patients,
nor between patients and cell lines. Moreover, no sig-
nificant difference was found in the ¢, values between
patients with an initial and a relapsed leukemia.

Area under the concentration curve

The AUC values of ara-CTP were small and varied
very little in normal lymphocytes (Table 1 and
Fig. 1b). Patients with initial leukemia had higher
AUC values with some variations. In contrast, AUC of
ara-CTP in relapsed patients and in cell lines showed
great variations with a range of 329-10,715 pmol h/
10° cells and 435-7,815 pmol h/10° cells, respectively.
AUC values in normal lymphocytes were significantly
different from AUC values in lymphoblastic cells of
patients (U; = 0,U, = 30,U103.001 = 0). But there was
no significant difference between AUC values in pa-
tients with an initial and with a relapsed leukemia. Nor
was there a significant difference between these two
groups regarding the dispersion of AUC values in these
two groups determined by the rank dispersion test of
Siegel and Tukey, even though Fig. 1b shows a smaller
spreading of AUC values in lymphoblasts of patients
with an initial leukemia than with a relapsed leukemia.

Relationship of sensitivity to pharmacokinetics
of ara-C

Ara-CTP plateau level C,.x and sensitivity of the cells
to ara-C correlated well in 5/6 cell lines (Fig. 2a). The
correlation coefficient was r = —-0.967 without the value
of KFB-1 and r = —0.697 including the value of KFB-1.
In the second case r was not significantly different from
zero—the value of KFB-1 was out of the 95% confi-
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Fig. 1 Ara-CTP and AUC formation in leukemic cells and
normal lymphocytes. The spreading in ara-CTP accumulation is
shown for each cell type after a 4 h incubation with 10 uM ara-C
(a). Ara-CTP accumulation in normal lymphocytes was signifi-
cant lower and very uniform compared to higher values and a

dence interval. As described previously, omitting the
outlier KFB-1 may be justified on the grounds of an
increased activity of unspecific phosphatases in this cell
line [30].

There was no correlation between ara-CTP plateau
levels and sensitivity of the cells to ara-C in lympho-
blastic bone marrow cells of patients and in normal
lymphocytes (Fig. 2b). The correlation coefficient was
r = —-0.292 for normal lymphocytes and r = —-0.608 for
leukemic bone marrow cells of patients. Similar results
were found for sensitivity and AUC values. The cor-
relation in cell lines reached r = -0.999 without the
outlier KFB-1 (r = -0.521 including KFB-1). In normal
lymphocytes the correlation coefficient was r = —-0.564
and in leukemic bone marrow cells r = —0.744 (data not
shown).

Molt-4r

|C50-ara-c [n M]

KFB-2

v
A

KFB-1
200 400 600 800 1000 1200
Crmax-aracTp [PMOI/10° cells]

Molt-4

Fig. 2 Relation between ara-CTP accumulation and drug sensi-
tivity against ara-C. There is a high correlation between
intracellular accumulation of ara-CTP and sensitivity against
ara-C in leukemic cell lines when the outlier KFB-1 is omitted
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great variability in leukemic cell lines and leukemic cells of
pediatric patients. No significant difference was found in
leukemic cells of initial leukemia compared to relapsed disease.
Similar results could be shown for the AUC of ara-CTP (b)

There was no correlation between half-life of ara-
CTP and sensitivity of the cells to ara-C in cell lines,
normal lymphocytes and leukemic bone marrow cells
of patients (data not shown).

Discussion

In this study the pharmacokinetics of ara-CTP in nor-
mal lymphocytes and leukemic cells of pediatric pa-
tients were compared. To investigate differences, an
extracellular concentration of 10 uM ara-C was se-
lected at which formation of ara-CTP was saturated in
all cells. This is in accordance with our previous find-
ings and other studies, in vivo and in vitro [29, 30, 43,
48]. The fact that the activity of the ara-C phosphory-
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(a). In contrast, in leukemic cells of patients (x) and in normal
lymphocytes (open circle) there was no correlation between ara-
CTP accumulation and sensitivity against ara-C (b)
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lating enzyme dCK is saturated within a range of 7-
10 pM ara-C might be considered as an explanation.
Because of our short incubation period of 4 h, deami-
nation as the overlying inactivation mechanism of
ara-C to arabinosyluracil should not have affected the
results. Besides, the enzyme cytidine deaminase is only
present at low levels in plasma. The major part of
deamination occurs in the liver, spleen and kidney
[8, 9].

The present work exhibited great interpatient vari-
ations in the pharmacokinetic parameters Cp,.y, #1/2 and
AUC of ara-CTP. The ratio between the highest and
the lowest maximum concentration as well as between
the highest and lowest half-time value was nine. The
largest AUC value was 30 times higher than the lowest.
Analogous results were reported in the literature by
various studies with a focus on leukemic cells of adult
patients (Table 2). To give a review for comparison of
the clinical and experimental studies about the phar-
macokinetics of ara-CTP, we translated all values into
the unit of pmol/10° cells as described in Materials and
methods.

In the small cohort used in the present study, the
range of the pharmacokinetic parameters of ara-CTP
seemed to be lower in the lymphoblastic leukemic cells
of patients with an initial than with a relapsed leukemia
but no statistical significance was reached. We also
investigated the accumulation of ara-CTP in myelog-
enous cells but only of two patients (in relapse) since
AML is less common in children compared to ALL.
Cmax values were small (71.5 +15.8 and 2402 +
109 pmol/10° cells) but due to the small sample size
and the observed great variability in patients hardly
interpretable (data not shown).

In contrast to the considerable variability of ara-
CTP pharmacokinetics in leukemic cells, Cyax, AUC
and t;, values of normal lymphocytes have a small
margin of deviation. Furthermore, the median of ara-
CTP maximum concentration is significantly lower
(3 times) in normal lymphocytes than in leukemic cells.
Simultaneously, there were two cell lines and three
patients with ALL exhibiting similar C,,x and AUC
values as normal lymphocytes. In addition, we found a
similar small Cp,,x of ara-CTP in 1 of 2 pediatric pa-
tients suffering from a relapsed AML (data not
shown). It should be noted that even though we could
show a reduced accumulation of ara-CTP in normal
lymphocytes they were similarly sensitive as leukemic
cells of patients expressed in ICsy values. Normal
lymphocytes as being mature cells in contrast to
immature leukemic cells might contain less dCK since
they have lost their self-renewal capacity. This would
result in reduced accumulation of ara-CTP. Simulta-

neously, mature lymphocytes may have not acquired
mechanisms for escape from DNA repair and apop-
tosis. Anyhow, a recent study by Hubeek et al. showed
that normal bone marrow cells were significantly more
resistant to ara-C than leukemic blasts from patients
[28].

In cell lines we could only demonstrate a correlation
between sensitivity and Cy,,x when KFB-1 was con-
sidered as an outlier. If KFB-1 is included there will be
no correlation in cell lines as there is no correlation in
leukemic cells of patients and in normal lymphocytes.
KFB-1 is highly susceptible to ara-C without strongly
accumulating ara-CTP. But may be ara-CTP was only
quickly dephosphorylated and, therefore, impossible to
detect even though a sufficiently cytotoxic amount was
already incorporated into the DNA. To become sus-
ceptible to ara-C, cells need a certain amount of
intracellular ara-CTP. Beyond that other cellular
mechanisms (phosphatases, DNA incorporation, repair
of DNA, induction of apoptosis, etc.) play an impor-
tant role influencing laboratory and clinical results.

At an extracellular concentration of 10 uM ara-C,
which correlates with an intermediate and high-dose
ara-C therapy regimen the formation of ara-CTP was
saturated. It is striking that some studies [24] underline
the enhanced efficacy of HIDAC, although we showed
a saturation generally reached with intermediate doses
of 250 mg/m? [43, 44, 47], alluding there may be addi-
tive effects above saturation. On the other hand it has
been shown that an intensification of ara-C doses do
not necessarily correlate with a therapeutic gain but
only with increased toxicity [4, 49]. In most studies the
investigation was confined to a dose-response effect
without measuring the intracellular accumulation of
ara-CTP or the intracellular ara-CTP levels were
monitored without analysing the therapeutic outcome
[7, 31, 60]. Hence it is hard to judge from these data if
HIDAC augments the wanted cytotoxic effects by
simply raising ara-C plasma levels or if there really is a
correlation between intracellular ara-CTP levels and
response of the patients. Furthermore, the doses that
are administered vary widely from protocol to protocol
(Table 2). The term intermediate dose of ara-C has
been used in a variety of different meanings and there
is no clear definition with regard to dose or dose rate
[31].

In order to elevate intracellular ara-CTP levels, a
combination of ara-C with purine nucleoside analogues
has been introduced. Suitable drugs are fludarabine
(FLA regimen), cladribine (CLA regimen) and, more
lately, clofarabine. Even though the data are conflict-
ing several in vitro and in vivo studies by Gandhi et al.
demonstrated the feasibility of augmenting ara-CTP
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Table 2 continued

Source

t1» ara-CTP AUC ara-CTP

Cax ara-CTP

Drugs

Incubation/
infusion

Adult (A) PB/BM

child (C)

Cells

range (m: median)
(x: mean)
[pmol x h/10° cells]

[h]

range (m: median)
(x: mean)

range (m:median)

(x: mean)
[pmol/10° cells]

time*
[(h]

Stam [55]

20-156 (m: 67)

15
8
5

1 uM ara-C

24

PB/
BM
PB/
BM
PB

C<12m
C>12m
A

ALL

< 30-140 (m: 28)
57-412 (m: 172)

Elgie [13]

Low retention

10 uM ara-C

20

AML

High retention

80-412 (m: 191)

ND-32

11

Noordhuis [37]

10

1 uM ara-C

24

AML

Braess [6]

5-246
(x: 20)
(x: 40)

10
18
18

20 uM ara-C

10 uM ara-C
4 uM ara-C

18

BM

AML

present work

1.3-11.2 (m:4.8) 329-10715 (m:1604)

86-631 (181.7)

17

BM 10 uM ara-C

ALL

# Conversion formula for leukemic lymphoblasts 1 pmol/10° cells = 5 x 10° pmol/ml = 5 pM [58], leukemic for myeloblasts

1 pmol/10° cells = 3.63 x 10° pmol/ml

3.63 uM [46]; values have been converted as described in ‘“Materials and methods”

* Incubation or infusion time, ND not detectable

accumulation [11, 12, 16, 21, 22, 54, 56]. The rationale
for the development of such a combination chemo-
therapy is the inhibition of the ribonucleotide reduc-
tase by purine nucleoside analogues resulting in lower
levels of deoxynucleotides. This includes a decline in
the intracellular deoxycytidine triphosphate (dCTP)
pool. Due to a feedback mechanism dCTP inhibits the
dCK, thus preventing phosphorylation of ara-C. Vice
versa low levels dCTP prevents inhibition and pro-
motes accumulation of ara-CTP [18].

Regarding clinical parameters, especially overall
survival, results were not as promising as expected and
similar to results previously achieved with HIDAC.
Therefore, another agent, the growth factor G-CSF,
has been introduced the FLAG and CLAG regimen
for fludarabine and cladribine, respectively in order to
make leukemic cells more susceptible. The mechanism
of action of G-CSF is not elucidated completely but it
is assumed that it pushes cells to the S phase of the cell
cycle where they are most vulnerable to ara-C.

A study using AML cells of children in vitro could
not show an increased cytotoxicity with the pre-expo-
sure of G-CSF before incubation with fludarabine and
ara-C although the results indicate a benefit of using
the combinations G-CSF with ara-C and fludarabine
with ara-C [27]. Recent clinical trials comparing FLA
versus FLAG demonstrate the capacity of FLAG to
enhance ara-CTP accumulation but clinical outcome in
terms of complete remission, overall survival, event
and disease free survival was not significantly improved
[36, 39].

In summary, there was no significant difference ob-
servable between leukemic cells of patients (initial and
relapsed leukemia) and cell lines with regard to max-
imum concentration, area under the curve and half-life.
In contrast, AUC and C,,x in normal lymphocytes
were significantly smaller than in patient leukemic
cells. Nevertheless, normal lymphocytes did not show
reduced sensitivity. Further studies are desirable to
reveal differences between normal lymphocytes and
malignant cells in more recent therapy regimens as
FLA/CLA and FLAG/CLAG in order to reduce tox-
icity while preserving efficacy.
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