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Abstract

Purpose The alkylating agent treosulfan exerts a high
cytotoxic activity against various malignant cells. Due to
limited non-hematological toxicity, treosulfan might be a
promising compound in myeloablative therapy for hema-
topoietic transplantation in children. Since in vitro data
regarding the activity of treosulfan against childhood leu-
kemic cells are limited, we compared the effect of
treosulfan and busulfan against pediatric leukemic and
non-malignant cells.

Experimental design Both agents were tested alone and
in combination with fludarabine by means of the MTT and/
or a five color-flow cytometric assay. Moreover, the
induction of apoptosis by treosulfan was investigated via
regulation of the proteinase caspase 3.
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Results Treosulfan was more active against leukemic
cells of 20 children as well as against 3 leukemia-derived
cell lines than busulfan, with increasing ICs, values from
initial diagnosis to relapse. Overall purified stem cells were
most sensitive, followed by CD56"CD3~ NK and CD3* T
cells. The combination of treosulfan with fludarabine
resulted in a synergistic effect against leukemic cells. In
malignant cells, treosulfan induced rapid cell apoptosis
measured by the activation of the centrally proteinase
caspase 3.

Conclusion Our results indicate that treosulfan has
activity against pediatric leukemic cells, myeloablative
potential and immunosuppressive properties suitable for
conditioning regimen in childhood malignancies.

Keywords Treosulfan - Busulfan - Leukemia

Introduction

Treosulfan is an alkylating agent that is structurally related
to busulfan. It is used in the treatment of ovarian carcinoma
and currently considered in clinical trials as a conditioning
agent prior to autologous and allogeneic stem cell trans-
plantation (SCT) [6, 26]. While high-dose busulfan is
associated with severe dose-limiting adverse effects such
as interstitial pneumonia, hemorrhagic cystitis, convulsion,
mucositis [1, 19, 31, 32] and an increased risk for veno-
occlusive disease, high-dose treosulfan has been found to
be less toxic on non-hematological tissues [3, 26]. In
addition, treosulfan combines favorably myeloablative and
immunosuppressive efficacy and might be a preferential
agent in combination with the immunosuppressive drugs
fludarabine or cyclophosphamide for conditioning proto-
cols. Therefore, it seems an ideal candidate to replace
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busulfan in myeloablative therapy for allogeneic SCT. First
successful results in adult hematological malignancies have
been reported by Casper et al. [6]. Although childhood and
adult leukemias are biologically different [13], treosulfan
might be of interest for the treatment of childhood leuke-
mia as well, because of both its very low non-
hematological toxicity and its broad spectrum of antineo-
plastic activity against various cancers [9, 11, 14, 16, 20,
27]. To date, the prognosis of children with relapsed or
therapy refractory leukemia remains still dissatisfactory
despite multimodal chemotherapy and SCT. This is
necessitating optimization of high-dose chemotherapy
(HDC) protocols similar to the approach of Den Boer et al.
[8] for patient stratification based on drug resistance pro-
files in children with leukemia. Accordingly, the
development of new HDC protocols requires several stages
of pre-clinical and clinical investigations including in vivo
and in vitro studies.

There is little data available describing in vitro and in
vivo efficacy of treosulfan compared to busulfan in leu-
kemic cells, and literature lacks such in vitro data in
leukemic cells of pediatric patients. Lanvers-Kaminsky
et al. [18] show a high sensitivity of adult leukemic cell
lines towards treosulfan, which has been superior, com-
pared to busulfan incubation. Most importantly, xenograft
mouse models described by Fichtner et al. [12] yielded
promising in vivo results for three childhood leukemias
when comparing treosulfan with busulfan.

We, therefore, sought to evaluate the cytotoxic effect
and dose response of treosulfan and busulfan on both
freshly isolated leukemic pediatric cell samples and normal
hematological cells like stem cells, T cells and natural
killer (NK) cells. The nucleoside-analogue fludarabine was
added in some experiments to evaluate possible interac-
tions, because fludarabine is commonly combined with
busulfan. Additionally, the rapid cell apoptosis was
accessed by increased cleavage of pro-caspase 3 in the high
active parts of this proteinase to detect the apoptotic action
in leukemic cells.

Materials and methods
Primary leukemic cells

Primary leukemic cells were obtained from 20 children at
diagnosis (n = 13), during therapy (n = 4) or at relapse
(n = 6). The mononucleated cells (MNC) from bone
marrow aspirates, pleural effusions and/or peripheral blood
samples were isolated by density gradient centrifugation
(Biocoll, Biochrome, Berlin, Germany), with a median
proportion of 82% leukemic cells. Immunophenotyping
and immunological subclassification with four color-flow
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cytometry (FACSCalibur™, Beckton Dickinson, Heidel-
berg, Germany) according to EGIL criteria [4] showed
cALL (common acute lymphoblastic leukemia) (n = 12),
mature B-ALL (n = 1), mature T-ALL (n = 5), prae T-
ALL (n = 1), AML (acute myeloid leukemia) (» = 3) and
biphenotypical leukemia (AML/T-ALL, n = 1) (Table 1).
Informed consent was given by the parents and the use of
the samples has been approved by the University Hospital
Ethics Committee (Frankfurt, Germany). Moreover, leu-
kemic cells of three additional pediatric patients suffering
from ALL were used to determine caspase 3.

Cell lines

For comparison with the data in the literature, three com-
mercially available leukemic cell lines were used: H9 cells
(T-ALL, ATCC No HTB-167), K562 cells (CML, ATCC
No CCL-243) and Molt4/8 cells (T-ALL, ATCC No CRL-
1582).

Purification of non-malignant cells from healthy donors

After informed consent, 20 ml blood or 5 ml of leuka-
pheresis products from five healthy donors were used to
isolate CD3* T cells, CD56"CD3~ NK cells or CD34*
hematopoietic stem cells, respectively. Subpopulations
were positively selected using either immunomagnetic
microbeads on the MACS device (Miltenyi Biotec, Berg-
isch Gladbach, Germany) or the Rosette Sep enrichment
Kits™ (CellSystems Biotechnology, St. Katharinen, Ger-
many) as described previously [2]. Purity of the enriched
cells was >93%.

Cell culture and expansion
Primary leukemic cells

Leukemic cells of the patients were cultivated in RPMI
1640 medium (Sigma, Poole, Hants, UK) supplemented
with 20% FCS (Fetal Calf Serum Gold; PAA Laboratories
GmbH, Austria) and 2 mM L-glutamine (Gibco, Paisley,
UK) at 37°C in a humidified atmosphere with 5% CO,. The
viability was tested by flowcytometry using propidium
iodide (PI) staining.

Cell lines

HO9 and K562 cells were cultivated in RPMI 1640 medium,
while Molt4/8 cells were maintained in IMDM (Iscoves
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Table 1 ICs, values for treosulfan and busulfan in leukemic cells of pediatric patients suffering from leukemia, in leukemic cell lines and in
purified cells of healthy donors

Material Diagnosis Disecase status 1Csg 1Csg Bu:Treo  Bu/Treo
treosulfan busulfan ratio pre-treatment? *
(M) (uM)
Patients
1 cALL Initial 0.7 8.1 11.6 No/no
2 cALL Initial 52.5 243.6 4.6 No/no
3 cALL Initial 42.0 111.7 2.7 No/no
4 cALL Initial 13.1 81.2 6.2 No/no
5 cALL Initial 35.0 81.2 23 No/no
6 cALL Initial 6.0 122.5 20.4 No/no
7 cALL Progression during initial therapy  61.3 243.6 4.0 No/no
8 cALL Progression during initial therapy  61.3 263.9 4.3 No/no
9 cALL Relapse 245.0 446.6 1.8 No/no
10 cALL Relapse 183.8 162.4 0.9 No/no
11 cALL Relapse 122.5 162.4 1.3 No/no
12 cALL Relapse 122.5 406.0 33 No/no
13 Mature T-ALL Initial 13.1 60.9 4.6 No/no
14 Mature T-ALL Initial 53 355 6.7 No/no
15a Mature T-ALL Initial 1.8 12.2 6.8 No/no
15b Mature T-ALL Relapse 1.8 52.8 29.3 No/no
15¢ Mature T-ALL Progression during relapse therapy  14.0 89.1 6.4 No/no
16 Pre T-ALL Initial 53 126.0 23.8 No/no
17 Mature B-ALL Initial 490.0 538.0 1.1 No/no
18 AML Initial 9.8 140.0 14.3 No/no
19a AML Initial 30.6 365.4 11.9 No/no
19b AML d15 of initial therapy 30.6 365.4 11.9 No/no
20 AML/T-ALL biphenotypic ~ Relapse 280.0 284.2 1.0 Yes/no
Cell lines
H9 T-ALL 55.0 £ 8.8 122.0 £ 54 22
Molt4/8 T-ALL 9.8 £2.7 15.7 £ 2.1 1.6
K562 CML 147.0 £ 22.3  540.0 £ 29.9 3.7

Healthy donor cells

T cells Donor 1 12.3 122.0 9.9
T cells Donor 2 45.5 89.8 2.0
T cells Donor 3 49.7 144.6 2.9
NK cells Donor 4 1.8 9.0 5.0
NK cells Donor 5 4.6 12.0 2.6
Stem cells  Donor 2° <0.4 7.3 >18

Cell survival of fresh leukemic cells of pediatric patients, of leukemic cell lines and purified donor cells was determined after incubation with
various concentrations of busulfan and treosulfan for 72 h. ICs, values were determined by plotting the drug concentration versus cell viability.
Surviving cells in patient samples and in samples of healthy donors were then analyzed by using a flowcytometric assay, which allows
discrimination of leukemic cells and lymphocytes as described in materials and methods. In cells lines, both the MTT and the flow cytometric
assay was used

Cells of two patients (No. 15 and 19) were investigated twice or three times initially, at the time point of relapse or during therapy, respectively
(a—¢)

Bu busulfan, Treo treosulfan, AML acute myeloid leukemia, ALL acute lymphoblastic leukaemia, cALL common acute lymphoblastic leukaemia,
CML chronic myeloid leukemia, NK cells natural killer cells

4 Cyclophosphamide was included as an alkylating agent on day 36 and 64 during the initial therapy

® CD34 selected stem cells were investigated in one single experiment in duplicate, only
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modified Dulbeccos medium, Sigma—Aldrich, St. Louis-
Missouri, USA). Both media were supplemented with 10%
FCS and 2 mM L-glutamine. Cells were cultured at 37°C
with 5% CO, to exponential growth phase.

Non-malignant cells

Purified stem cells were cultivated in X-Vivo 10 (Bio
Whittacker Europe, Verviers, Belgium) complete medium
supplemented with 5% fetal bovine serum (FBS, Sigma—
Aldrich, Steinheim, Germany), 2 mM L-glutamine (Gibco,
Paisley, UK), and the following recombinant human pro-
teins: flt3-ligand and stem cell factor (100 ng/ml each) and
interleukin-3 and -6 (20 ng/ml each) (Cellsystems Bio-
technology, St. Katharinen, Germany).

T cells and NK cells were cultivated in X-Vivo 10
supplemented with recombinant human interleukin-2 (IL-2,
Chiron, Ratingen, Germany) at 100 or 1,000 U/ml for T
cells or NK cells, respectively. In addition, T cells were
stimulated with soluble antibodies against CD3 (20 ng/ml,
Orthoclone®OKT3, Janssen Cilag, Neuss, Germany) and
CD28 (1 pg/ml, Beckman Coulter Immunotech, Krefeld,
Germany). The activating agents were added to keep cells
alive. Drug sensitivity was tested directly after isolation (T
cells) or after 3-5 days of culture (NK cells), when cells
were stable but more or less non-proliferating [15].

Drugs

Treosulfan was kindly provided by medac GmbH (Ham-
burg, Germany). A stock solution of 50 mg/ml was
prepared with acidic media and stored at —20°C until use.
Busulfan (Busilvex, Pierre Fabre, Boulogne, France) and
fludarabine (Fludara, medac Schering GmbH, Munich,
Germany) stock solutions (busulfan: 6,000 pg/ml and flu-
darabine: 10,000 pg/ml) were obtained as freshly prepared
clinical grade pharmacy preparations for each experiment.

Drug sensitivity tests

Cells were incubated for 72 h in culture flasks with con-
centrations of 0.1, 0.3, 1, 3, 10, 30, 100, 300 and
1,000 pmol/l of busulfan or treosulfan, respectively, either
alone or in combination with fludarabine at 2.5, 6.25 and
12.5 pmol/l. An incubation period of 72 h was considered
necessary, because treosulfan is only meaningful in long-
term drug incubation due to its action via non-enzymatic
formation of alkylating epoxides. Cells in the correspond-
ing media but without drugs added served as controls. All
experiments were performed in triplicate.
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MTT assay

The MTT assay was used as an in vitro drug sensitivity test
for the experiments with leukemic cell lines. The assay
measures the ability of viable cells to convert the soluble
tetrazolium salt 3-(4,5-dimethyl-2-tetrazolyl)-2,5-diphenyl-
2H tetrazolium-bromide (MTT) into the insoluble forma-
zan precipitate [21]. A volume of 10° cultured cells was
transferred to a 96 well plate, 500 pg/ml MTT/well was
added and incubated for 4 h at 37°C. In order to lyse cells
and solubilize the formazan precipitate, isopropanol + 2%
2N HCI was added. The optical density of the formazan
solutions was measured on the Tecan Spectra-mini
(Crailsheim, Germany) using a 540 nm filter.

Flow cytometric assay

To determine the cytotoxicity of drugs against leukemic
cells in patient samples containing >20% of normal
peripheral blood cells, we have used a modified flow
cytometric assay as described previously [35]. Because
lymphocytes may differ from leukemic cells in their sus-
ceptibility to cytotoxicity of treosulfan and busulfan, a
differentiation of both the cell types seemed to be essential.
Briefly, the assay is based on differential immunostaining
of both leukemic and normal cells in combination with
propidium iodide (PI) and Annexin. PI and Annexin V
(Annexin V-FITC Apoptosis-Detection-Kit, BD Biosci-
ence Pharmingen, San Diego, USA) were used to stain
apoptotic and necrotic cells, respectively. Phycoerythrine
(PE) and phycoerythrine-cyanine 7 (PC7) conjugated
monoclonal antibodies, possible suited to distinguish the
leukemic cells from lymphocytes, were chosen according
to the known immunologic phenotype of the leukemia for
optimal staining of the leukemic cells. In most cases, the
antibodies were directed against CD10, CD19, CD34,
CD13 and/or CD133. The percentage of leukemic cells in
the patient samples ranged from 41—98%. Five color-flow
cytometric analysis was performed with a Cytomics FC500
flow cytometer (Beckman Coulter, Krefeld, Germany).

Statistics and calculations

Cytotoxicity was calculated for both the MTT assay and
flow cytometric assay with the following equation:

Experimental percentage

% Cytotoxicity = x 100

Control percentage

ICso values (the drug concentrations that kill 50% of the
cell population) were determined by plotting the drug
concentration versus cell viability.
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Synergistic and antagonistic effects of treosulfan or
busulfan and fludarabine were evaluated with median
effect analysis according to Chou and Talalay [7]. Thereby,
the dose-effect curve was plotted for each agent and the
indicated ratio-combination using the equation:

f/fs = (D/Dp)"

In this equation, D is the dose administered, D,, is the
dose required for 50% inhibition of growth, f, is the
fraction affected by dose D, f, is the unaffected fraction
and m is the coefficient denoting the sigmoidicity of the
dose-effect curve. In a computerized program (CalcuSyn
software, Biosoft, Cambridge, UK) the f, values from
each single concentration as well as from their mixture
from our dose-response curves were entered in the Cal-
cuSyn software and the combination index (CI) was
calculated. CI values >1 indicate synergism, values >1
show antagonism and values of 1 indicate additive
effects. The CI values obtained from the classical and
the conservative isobologram equations are presented in
this report.

For statistical analysis, we used GraphPadPrism version
4-00 for Windows (GraphPad Software, San Diego, CA,
USA, http://www.graphpad.com. Data were compared by
the nonparametric Mann—Whitney rank sum test. Two-
sided P <0.05 was considered to be statistically
significant.

Caspase 3 determination

An absolute cell number of 20 x 10° cells was used for
Western blot protein preparation. First, the cells were
incubated for 40 h with increasing treosulfan concentra-
tions. Then, the total protein was precipitated (1.5 ml of
100% isopropanol) from a phenol—ethanol supernatant, and
the precipitate was dissolved in 1% SDS. The protein
(40 ng per lane) was fractionated on Laemmli gels and
electroblotted onto nitrocellulose filters (Protrans; Schlei-
cher & Schuell). After blocking overnight at 4°C, the blots
were incubated for 2 h at room temperature with a rabbit
antibody (IgG) directed against caspase 3 in a 1:100 dilu-
tion with blocking buffer (Santa Cruz Biotechnology Inc.,
Heidelberg, Germany). The blots were washed and devel-
oped with a peroxidase A-conjugated goat-anti rabbit-IgG
(1:10,000) (Merck Biosciences, Darmstadt, Germany).
Immunoreactive peptides were visualized by chemilumi-
nescence and exposure to X-ray film. The autoradiographs
were analyzed by scanning densitometry. Equal protein
loading and blotting was verified by « -tubulin immuno-
staining (Santa Cruz Biotechnology Europe, Heidelberg,
Germany).

Results

Correlation between the MTT and flowcytometric
assays for evaluation of cytotoxicity

The MTT assay provides an easy method to measure cyto-
toxic effects in cell lines but does not allow distinguishing the
effect on leukemic and non-malignant cells contained in the
same sample. Percentage of leukemic cells in the 23 samples
of our pediatric patients ranged from 41-98%. Therefore, our
newly established four and five-color flowcytometric assay,
which allows a distinct differentiation between normal and
leukemic cells [35], was applied to the patients’ samples. To
compare the results obtained with both the methods, we
conducted a series of experiments with leukemic cell lines.
The experiments yielded a good correlation (r > 0.95) as
shown exemplarily for Molt4/8 cells (Fig. 1a). As measured
by flow cytometry, the percentage of apoptotic and dead cells
increased substantially with rising concentrations of treo-
sulfan in Molt4/8 cells (Fig. 1b, c). Similar results were
obtained from K562 and H9 cells (data not shown).

Cytotoxicity of treosulfan and busulfan against
leukemic and non-malignant cells

Both treosulfan and busulfan ICsq values varied widely in
23 samples of primary childhood leukemia (Table I).
Overall, treosulfan was more effective against the malig-
nant cells than busulfan (median four times). Moreover, the
median ICsy values of treosulfan and busulfan increased
from diagnosis to relapse in samples (including progression
under therapy), from 13.1 to 91.9 umol/I for treosulfan and
111.7 to 253.8 umol/l for busulfan, respectively. Signifi-
cant differences between initial and relapsed leukaemia
could be shown for treosulfan (P = 0.02; Mann—Whitney
rank sum test), only, but not for busulfan.

Interestingly, initial T-ALL samples were more sensitive
to treosulfan compared to cALL samples. In initial T-ALL
samples, treosulfan was nine times more active compared to
busulfan, while in initial and relapsed cALL samples the
median activity was only four and two times higher.
Thereby, sensititivity of T-ALL compared to cALL cells has
been significantly different for both treosulfan and busulfan,
respectively (P = 0.02 and 0.03). Similarily, a wide varia-
tion was found in the cell lines as well, with median ICs
values ranging from 9.8 to 147 pmol/I (treosulfan) and 15.7
to 540 pumol/1 (busulfan). In addition, we found that NK cells
were more sensitive to either drug as compared to T cells of
healthy donors with a three times lower median ICs, value
for treosulfan versus busulfan (Table 1). In a single experi-
ment, purified stem cells seemed to be most sensitive to both
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Fig. 1 a. Comparison of the flowcytometric and MTT assay for the
evaluation of cytotoxicity. The percentage of dead cells was
determined with both 5-color flowcytometric assay and MTT assay
in Molt4/8 cells for 72 h after incubation with increasing concentra-
tions of treosulfan; » = 0.98. b. Differentiation of apoptotic and dead
cells via staining with Annexin V and PI. Apoptotic as well as dead
cells were evaluated in Molt4/8 cells using the 5-color flowcytometric
assay during incubation with increasing concentrations of treosulfan.
Filled square Annexin V* PI™ cells (early apoptotic cells), Filled
diamond PI* Annexin V™ cells (late apoptotic/necrotic cells), Filled
triangle X whole amount of apoptotic and dead cells. c.

the agents. However, sensitivity of lymphocytes against both
the cytostatic drugs was nonsignificant compared to the
leukemic cells of our patients.

Interaction of fludarabine with treosulfan and busulfan

We saw a highly synergistic effect of a combination of
treosulfan with fludarabine for concentrations of treosulfan
higher than 1 pmol/l in combination with either 2.5, 6.25
or 12.5 pmol/l fludarabine (Fig. 2a). At lower concentra-
tions, synergism was converted to antagonism. In contrast,
the combination of busulfan and fludarabine resulted in
antagonism (Fig. 2b).

Caspase 3 activity in treosulfan-treated leukemic cells

The apoptosis was investigated in freshly isolated ALL
cells of three pediatric patients and in the T-cell derived
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Flowcytometric dot plots of apoptotic and dead cells. Molt4/8 cells
were incubated with no (control) or increasing concentrations of
treosulfan and cytotoxicity was measured using Annexin V and PI
staining. PI*/Annexin V~ dead cells via non-apoptotic mechanism.
PI"/Annexin V™ late apoptotic/necrotic cells. PI"/Annexin V™ living
cells. PI"/Annexin V' early apoptotic cells. With increasing drug
concentrations, a slide of viable cells from the living cells to the early
apoptotic cells appears, which ends up in the quarter “late apoptotic/
necrotic cells” because of cell death. If cells are going into the
apoptotic pathway, phosphatidylserine is switched to the cellsurface,
visualized by Annexin V

leukemic cell line Molt4/8. Treosulfan induced rapid cell
apoptosis enhanced cleavage of the inactive pro-caspase 3
into the high active effector elements of the active caspase
3 (17 and 11 kDa) in a dose-dependent manner (Fig. 3).

Discussion

The alkylating agent treosulfan, structurally related to
busulfan, is known for its favorable side-effect profile. This
has led to its high-dose use in pediatric solid tumors with
acceptable organ toxicity [10]. Whereas treosulfan has
been used for both myeloablative and non-myeloablative
conditioning therapy in adult allogeneic SCT for hemato-
logical malignancies [3, 6, 17, 25], literature lacks
equivalent data on children. While on one hand the scarce
pharmakodynamic data on adult leukemic cells seem to
favor the use of treosulfan as antileukemic drug, on the
other hand, childhood acute leukemias are known to be
biologically different from that of adults [13]. Therefore,
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Fig. 2 Interaction between treosulfan or busulfan and fludarabine.
Molt4/8 cells were incubated for 72 h with treosulfan or busulfan (0—
1,000 pmol/l), alone or in combination with various concentrations of
fludarabine (2.5; 6.25 and 12.5 pmol/l). Cytotoxicity was determined
by the 5-color flowcytometric assay. Combination Index (CI) plots
were generated by computerized median-effect analysis using the
mutually non-exclusive isobologram equation (upper curves) and the
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Fig. 3 Induction of apoptosis via caspase 3 activation by treosulfan.
Molt4/8 cells (a) and cultured leukemic cells of a pediatric patient
suffering from ALL (b) were incubated with increasing concentra-
tions of treosulfan for 72 h compared to control cells without drugs.
Pro-caspase 3 and its active cleavage products were monitored by
immunoblot method. Representative Western blot analysis from one
of three independent cell line (Molt4/8) experiments (left side) and
from one of three different pediatric patients suffering from ALL are
displayed

our study aimed at gathering data on the in vitro efficacy of
treosulfan against childhood leukemic cells and at com-
paring treosulfan with busulfan, which to date is used for
conditioning therapy prior to allogeneic SCT.

Because patient samples frequently contain non-malig-
nant cells that can distort the results unless excluded from
analysis, the patient samples were analyzed by our recently
established flow cytometric assay [35]. This allowed dis-
crimination of dead as well as apoptotic leukemic cells
from normal cells. First, this method was compared with
the simpler MTT assay with the cell lines K562, Molt4/8
and H9. Our results obtained with both the methods after
72 h of drug incubation were similar resulting in ICsg
values in the range of 10-147 umol/l and 16-560 pmol/l
for treosulfan and busulfan, respectively. This was in
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mutually exclusive isobologram equation (lower curves), which
resulted in highly synergistic effect of treosulfan with fludarabine
for concentrations of treosulfan higher than 1 pmol/l in combination
with fludarabine (a). In contrast, the combination of busulfan and
fludarabine resulted in antagonism (b). The values of combination
index higher than 1 represents antagonism and below than 1
synergism as described in “Material and methods”

accordance with data in these cell lines reported in the
literature [18, 24]. Similar differences between both the
drugs were seen for several tumor cell lines, where treo-
sulfan showed a range of ICsq values from 1 to 600 pmol/l
[9, 16, 18, 33]. For busulfan, ICs, values from 3-—
5,000 pmol/l for several tumor- and leukemia cell lines
were given [18, 23, 24, 33, 34]. Of note, comparison of
these studies is hampered due to various incubation periods
ranging from 24 to 96 h.

However, our major goal was the comparison of treo-
sulfan and busulfan in freshly isolated leukemic cells of
pediatric patients because of both the necessity of in vitro
data prior to optimization of new chemotherapy protocols
and the relevance of in vitro data about cytotoxic drugs for
tailored therapy in childhood leukemia as demonstrated by
Den Boer et al. [8]. In our 23 childhood ALL and AML
samples, ICsq values were four times lower in the primary
leukemic cells for treosulfan than for busulfan (median
ICs0: 31 and 126 pmol/l). Moreover the median ICs, val-
ues of treosulfan and busulfan increased from diagnosis
(treosulfan: 13 pmol/l; busulfan 92 pmol/l) to relapse
(treosulfan: 112 pumol/l; busulfan 254 pmol/l) in samples.
Similarly, for treosulfan, Styczynski et al. [30] described a
median ICsy value of 6 and 77 pmol/l for leukemic cells
from children with AML who relapsed after hematopoietic
stem cell transplantation (HSCT) compared to those who
stayed in remission. Schmidmaier et al. [27, 30] reported in
vitro ICsq values of approximately 10 pmol/l in leukemic
cells of five adult patients with AML. Interestingly, in our
pediatric samples, where the majority has been ALL
samples, treosulfan was nine times more active compared
to busulfan in initial T-ALL cells, which has been signif-
icantly different.

In summary, this suggests that in vitro treosulfan is more
efficacious at lower doses than busulfan. In accordance
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with data acquired by Scheulen et al. and Hilger et al. [14,
26], the concentrations shown to be effective in our
experiments were about tenfold lower than those that can
be achieved in the blood (>1 mmol/l) of patients [3, 14].
Plasma levels after busulfan treatment are two-tenths
power lower compared to treosulfan [31]. Interestingly,
although only one of our patients had received busulfan
and no treosulfan, ICsy values seemed to be increased in
the overall samples from diagnosis to relapse, which might
be due to cross-resistance with other drugs. Alternatively,
this may be a statistical phenomenon due to limited and
heterogeneous sample numbers or the higher instability of
busulfan. To exclude airborne influence of treosulfan [5],
in our experiments single cell culture flasks for each drug
concentration has been used.

In clinical treatment protocols, the maximum tolerated
dose of treosulfan has been determined to be 47 g/m* body
surface area [26] in adults when combined with SCT. This
is almost 100 times more than the maximally accepted dose
of 16 mg/kg body weight [1] of busulfan. This corroborates
the results from a NOD/SCID xenograft mouse model
using leukemic cells of children (n = 3) suffering from
T-ALL, B-ALL and pre-B-ALL. In this setting, treosulfan
could also be administered in a 100 times higher concen-
tration (1 x 3,000 or 3 x 1,500 mg/kg) compared to
busulfan (3 x 20 mg/kg) [12]. Taken together these clin-
ical differences between busulfan and treosulfan regarding
plasma level as well as maximum tolerated dose and our in
vitro ICsq values in leukemic cells of pediatric patients may
suggest that treosulfan is efficious at lower doses than
busulfan.

Beside the use of treosulfan in autologous SCT as
reported by Drabko et al. [10] in two pediatric patients,
treosulfan has been noted for its immunosuppressive
potential in adult allogeneic SCT [3, 6, 17, 26]. From the
results of studies in mice, this has been attributed to its
toxicity against T cells [34] and a preclusive effect on the
“cytokine storm” that precedes the development of graft-
versus-host disease and is involved in the pathogenesis of
veno-occlusive disease [29]. Ploemacher et al. [22] showed
that non-myeloablative conditioning regimen using treo-
sulfan led to enhanced chimerism and immunologic
tolerance in a mouse model. We demonstrate an increasing
effect of treosulfan and busulfan against purified T cells
and NK cells. In a single experiment, stem cells were most
sensitive. Again, in the lymphocyte subsets, treosulfan was
threefold and in stem cells 20 times more effective than
busulfan.

Schmidmaier et al. [28] could show that treosulfan can
induce considerable cell death in the human bone marrow
stromal cell line HS-5 and in primary bone marrow stromal
cells. Impaired stromal cell viability could reduce the
integrin binding of malignant and stromal cells and

@ Springer

diminished cell adhesion mediated drug resistance (CAM-
DR) so that enhanced tumor cell apoptosis should be
expected after HSCT.

In our experiments, we could show that treosulfan acts
via apoptosis by increasing activation of caspase 3 by
cleavage into the active products. Schmidmaier [27] as
well as Meinhardt [20] also demonstrated the induction of
the apoptosis pathway like Bcl2 during treosulfan
incubation.

The nucleoside analogon fludarabine is an established
antimetabolic drug in conditioning therapy for allogeneic
SCT, especially in low toxicity regimens and haploidentical
transplantation. We, therefore, investigated the interaction
between treosulfan or busulfan and fludarabine in vitro.
Treosulfan showed a synergistic effect with fludarabine,
while busulfan did not show any notable synergism.

In summary, treosulfan showed better in vitro activity
against the patients’ leukemic cells at concentrations below
those achieved in a clinical setting and was also effective
against lymphocytes. Together with its already known
favorable clinical side-effect profile, it seems a promising
agent for myeloablative therapy in childhood allogeneic
transplantation for leukemia.
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