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Abstract

The oxazaphosphorine agent cyclophosphamide (CP) is an alkylating agent with a relative low stem cell toxicity. The aim of this study
was to further evaluate the stem cell toxicity of the active metabolites of CP and its structural analogue ifosfamide (IFO) in comparison to
their antileukemic efficacy. Cells of different malignant hematologic disorders (HL-60, HS-Sultan and THP-1) and CD34+ stem cells
were treated with cytotoxic CP-metabolite mafostamide (MAFO) and IFO-metabolites 4-hydroxy-IFO (4-OH-IFO) and chloroacetal-
dehyde. The clonogenity of the cells was investigated by using a colony-forming assay. All metabolites reduced the formation of both
tumor-derived colonies and stem cell-derived CFU-GMs in a concentration-dependent manner. Our data showed a relative tumor-specific,
stem cell protecting action of the substances tested with a higher toxicity against tumor cells (icsy against HS-Sultan: MAFO 1.1 pM;
4-OH-IFO 1.3 uM; CAA 3 pM) than against stem cells (icso MAFO 14.8 uM; 4-OH-IFO 16.9 uM; CAA 14 uM). However, while the
cytotoxic action of 4-OH-IFO corresponded to MAFOs activity, CAAs cytotoxic effect against the hematologic tumor cells was lower. In
conclusion, the results confirm the observed cytotoxicity of CAA against solid tumors for cells of malignant hematologic disorders.
Although the relative cytotoxic specificity of CAA is lower than for 4-OH-IFO and MAFO, also CAA, like 4-OH-IFO and MAFO, was
found to be in part a tumoricidal, stem cell protecting substance. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

CP and IFO belong to the group of oxazaphosphorine
agents and are structural analogues. Both are prodrugs and
require microsomal hepatic activation to the 4-hydroxy-
metabolite before they can exert their cancerotoxic activ-
ities [1,2]. In contrast to CP, a second metabolic pathway
with liberation of chloroacetaldehyde (CAA) and the
inactive metabolites 2- and 3-dechloroethyl-IFO is impor-
tant for [FO. CAA was made responsible for specific side
effects of IFO such as neurotoxicity [3-5] and nephrotoxi-
city [6] only. Brain et al. [7] recently proposed modulation
of the different liver cytochrome P450 isoenzymes shifting
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IFO metabolism from CAA to 4-OH-IFO to decrease CAA
levels. However, our group was the first who showed a
toxic effect of CAA against solid tumor cells (MX-1
mamma carcinoma and S117 thyroid gland sarcoma) in
vitro and in vivo [8,9]. The generation of CAA may explain
in part the clinically observed lack of complete cross-
resistance between CP and IFO and the higher remission
rates achievable by IFO in certain tumor types [10,11].
Suppression of CAA metabolic pathway [7], although it
may be beneficial as a means of reducing neurotoxic
responses, might also be associated with a reduction in
antitumor effect.

Although bone marrow toxicity is a frequent side effect
and may be dose-limiting, alkylating agents are commonly
used for chemotherapy of several malignancies. CP is an
alkylating agent with a relative low toxicity against hema-
topoietic stem cells [12,13]. Therefore, CP is used for stem
cell mobilization in high-dose chemotherapy regimens
followed by autologous blood stem cell transplantation.
In the past years, MAFO, an active CP derivative, is used
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for ex vivo purging of the autologous bone marrow [12—16]
and more recently this strategy was adapted to leukapher-
esis products [17,18]. The reason for the comparatively low
bone marrow toxicity of CP is that hematopoietic stem
cells contain high amounts of aldehyde dehydrogenase
(ALDH) [19], which inactivate aldophosphamide, the
ring-opened tautomeric form of 4-hydroxy-cyclophospha-
mide (4-OH-CP) [20-24]. Because CP and IFO are struc-
tural analogues, the same metabolic pathways might be
responsible not only for activating, but also for deactivating
both substances.

Different reactions of CAA, which might also cause a
cell kill, had been found [25-31], but no direct antitumor
effect of CAA had been described prior to the findings of
our group [8,9]. However, the concentration of CAA used
by Sood and O’Brien [26] to induce a 50% cell kill in
hepatocytes, cells with a high content of ALDHs, had been
30-fold higher than in our in vitro studies [8]. Furthermore,
Sood and O’Brien found out that inhibition of ALDHs even
increased the glutathione-depleting action of CAA [32], a
well known mechanism to facilitate the attack of alkylating
metabolites [33]. Those results indicate that, apart from 4-
OH-CP and 4-OH-IFO, also CAA might be deactivated by
ALDHs. Thus, CAA might also be a cytotoxic metabolite
with a relative low stem cell toxicity.

The aim of this study was to compare the cytotoxic
potency of CAA, 4-OH-IFO and 4-OH-CP with the toxi-
city against hematopoietic progenitor cells. Therefore,
cells of three different human hematologic tumor cell lines
and human CD34+ stem cells were treated with CAA or
with the 4-hydroxymetabolites of CP and IFO.

2. Materials and methods
2.1. Patients and stem cell preparation

The stem cells were obtained from aliquots of 10
leukapheresis products of patients aged 45-58 years (med-
ian age 54 years) with different hematologic malignancies,
who were treated with high-dose chemotherapy followed
by peripheral blood stem cell transplantation. After
informed consent, a 1:100 diluted aliquot gathered from
the stem cell products for quality assessments such as flow
cytometric CD34+ enumeration and short-term culturing
were used for these investigations. The mononuclear cells
were washed twice in RPMI 1640 (Biochrom) supplemen-
ted with 1% L-glutamine and 1% penicillin—streptomycin
(both: Bioproducts, Boehringer Ingelheim).

2.2. Cell lines and cell cultures

Three different cell lines of human hematologic malig-
nancies (HL-60: acute promyelocytic leukemia, HS-Sul-
tan: B-lymphocytic Burkitt-lymphoma, THP-1: acute
monocytic leukemia) (European Collection of Cell

Cultures, CAMR) were used. The cells were cultured in
75 cm? culture flasks (Nunclon). RPMI 1640 medium,
supplemented with 10% fetal calf serum (PAA Labora-
tories GmbH), 1% L-glutamine and 1% penicillin—strepto-
mycin was used; for THP-1 2.5 pl. mercaptoethanol
(Merk-Schuchard)/500 mL medium was added.

2.3. Reagents

4-Hydroperoxy-IFO and MAFO were kindly provided
by J. Pohl (ASTA Medica Oncology). After dissolution in
RPMI 1640 medium, 4-hydroperoxy-IFO rapidly decom-
poses to 4-OH-IFO without enzymatic involvement [28],
MAFO decomposes to equimolar 4-OH-CP and mesna.
Therefore, equimolar mesna was added in CAA and 4-OH-
IFO experiments. Mesna (ASTA Medica Oncology) and
CAA (Aldrich) were dissolved in a 0.9% NaCl solution
before use. All reagents were diluted with RPMI 1640
medium.

2.4. Drug treatment and colony-forming assay

A total of 10 experiments was performed for each
concentration of the metabolites tested. An amount of
1 mL cell suspension containing 1 x 107 mononuclear
cells with different amounts of CD34+ cells or 1 x 10°
tumor cells was centrifuged and the cells were resuspended
in medium. CAA, MAFO and 4-OH-IFO were added with
(CAA and 4-OH-IFO) or without mesna (MAFO) giving
concentrations of 1-100 umol/L. The incubation of the
cells at 37° was stopped after 30 min by chilling to 4° and
the cells were washed twice with cooled medium (tumor
cells: RPMI 1640, stem cells: IMDM (BioWhittaker)).

The optimum number of cells plated into 35 mm dishes
and the preferable incubation time for the clonogenity
assays were evaluated by microscopic scoring criteria.
After flow cytometric quantification, 500 tumor or 1000
CD34+ cells were suspended in 100 pL. medium (tumor
cells: RPMI 1640; stem cells: IMDM) and plated on
35 mm cell culture dishes. An amount of 1 mL methyl-
cellulose supplemented with different cytokines (Metho-
Cult™ H4434, Stem Cell Technologies Inc.) was added
and cells were cultured in a semisolid short-term culture
assay in triplicate. The number of colonies was scored
on an inverted microscope after an incubation time of 7
(HL-60 and HS-Sultan) or 12 days (THP-1 and CD34+
cells) at 37° and 5% CO,. Colonies are defined as contain-
ing more than 40 cells. In regard to stem cells only CFU-
GMs were counted.

3. Results and discussion
In the past, the advantages of the use of IFO instead of

CP were not generally accepted [34]. In addition, side
chain metabolite CAA was assumed to cause IFO-specific
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side effects such as nephro- and neurotoxicity only. Our
group was the first who demonstrated cytotoxic activity
against human tumor cells (breast carcinoma MX-1 and
thyroid gland sarcoma S117) in vitro in concentrations as
observed in human pharmacokinetics [8]. This effect was
confirmed in vivo on xenotransplanted nude mice [9]. The
present experiments show the demanded head to head
comparison of the two drugs [34] with similar cytotoxic
effects of the two 4-hydroxy-metabolites. Moreover, also
CAA could be shown to be effective against cells of the
various hematologic malignancies.

Incubation of the leukemia and lymphoma cells with the
three metabolites show a logarithmic concentration-depen-
dent reduction of colonies. CAA, 4-OH-IFO and MAFO in
equimolar concentrations exert similar cytotoxic effects
against HL-60 (Fig. 1a) and HS-Sultan (Fig. 1b) without
significant differences. Concentrations of 100 umol/L lead
to a nearly complete inhibition of colony growth for all
metabolites. The results for THP-1 differ in two notable
ways (Fig. 1c). In comparison to HL-60 and HS-Sultan,
THP-1 demonstrates a reduced sensitivity to the metabo-
lites tested. 4-OH-IFO in a concentration of 2.5 umol/L
shows a 21% inhibition of colony growth for THP-1,
however, the development of colonies of HL-60 and
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HS-Sultan is reduced by about 39 and 55%, respectively.
MAFO and CAA lead to similar results. Additionally,
THP-1 shows a remarkable concentration-dependent dif-
ference in colony reduction between CAA and the 4-
hydroxy-metabolites of [FO and CP. At low concentrations
of 2.5 umol/L, the metabolites exert similar effects with a
reduction of colonies of 19—21%. In contrast, CAA is less
effective than 4-OH-IFO and MAFO when higher concen-
trations are used. Whereas the colony growth is almost
completely suppressed by the use of 50 pmol/L 4-OH-IFO
or MAFO, incubation of THP-1 with 50 pumol/L CAA
reduces the formation of colonies only to about 50%. In
a recent study, we demonstrated cytotoxic activity against
human tumor cells. In comparison to 4-OH-IFO, CAAs
cytotoxicity had been shown to be as high or even higher
and CAA was found to enhance 4-OH-IFOs cytotoxic
effect. However, although the new results differ from those
of our previous studies, our present experiments expand the
observation of a cytotoxic activity against solid tumor cells
for cells of malignant hematologic disorders. A possible
explanation for those differences between the efficacy of 4-
hydroxy-metabolites and CAA against various malignan-
cies could be a distinct mechanism of action of CAA
compared to the 4-hydroxy-metabolites.
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Fig. 1. Reduction of colony-formation of the cell lines (a) HL-60; (b) HS-Sultan; (c) THP-1; (d) CD34+ expressing hematopoietic progenitor cells. Cells
were incubated for 30 min with MAFO, 4-OH-IFO and CAA in concentrations of 1-100 pmol/L. The number of colonies was scored after an additional

incubation period of 7 days at 37° and 5% CO,. Mean £ SEM; n = 10.
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Table 1

Comparison of 1cso and RCS of MAFO, 4-OH-IFO and CAA for three
different tumor cell lines and CD34+ expressing hematopoietic progenitor
cells

Cell line
HL-60 HS-Sultan THP-1 CD34+
ICso (pmol/L)*
MAFO 3.7 1.1 8.3" 14.8
4-OH-IFO 43" 1.3 8 (ns) 16.9
CAA 5.8" 3+ 39.3 (ns) 14
RCS
MAFO 4 13.5 1.8
4-OH-IFO 3.9 13 2.1
CAA 24 47 0.4

Cytotoxic effects on tumor cells vs. CD34+ cells; ns: not significant.
2 RCS = 1c59 CD34+ cells/icsy tumor cells.
*P <005 ™ P<0.0L

As with the tumor cells, the three metabolites lead to a
concentration-dependent reduction of the colony growth of
human hematopoietic CD34+ progenitor cells. Fig. 1d
shows comparable cytotoxic effects of CAA, 4-OH-IFO
and MAFO. CAA in a concentration of 100 pumol/L
reduces the formation of CFU-GMs by about 89%; 4-
OH-IFO and MAFO lead to a reduction of colony growth
of 77 and 86%, respectively.

Table 1 summarizes the results with regard to the 1csq
calculations and the relative cytotoxic specificity (RCS) of
the metabolites on all cell lines. The icsy values indicate
that HS-Sultan are the most, the CD34+ cells the least
sensitive cells with HL-60 followed by THP-1 in between.
This ranking holds true for all metabolites with the excep-
tion of the 1c5q of CAA on THP-1, which is three times the
1c50 of CD34+- cells. RCS is quite similar for MAFO and 4-
OH-IFO for all cell lines, being highest for HS-Sultan,
lowest for THP-1. Whereas CAA is less specific for HS-
Sultan and HL-60 than the alkylating metabolites MAFO
and 4-OH-IFO, no tumor-specific activity could be found
for CAA on THP-1.

A possible explanation for the tumor-specific, stem cell
protecting action of MAFO is that stem cells contain high
amounts of ALDHs, which inactivate aldophosphamide,
the ring-opened tautomeric form of 4-OH-CP to carbox-
yphosphamide [19,20,35,36]. Several studies [20-24] have
shown that the ALDH content is an important determinant
of cell sensitivity against CP toxicity. Certain human tissues
with high ALDH activity, e.g. CD34+ progenitor cells
[20,35,36], were less influenced by CP than those with a
lower content of ALDHs like several tumors [36,37]. This
observation is in line with the use of MAFO as a purging
drug for bone marrow or peripheral blood. Additionally,
elevated ALDH activity has been discussed as being
responsible for resistance of several tumor cell lines
against CP [22,24,37,38]. Although urinary excretion of
inactive carboxy-IFO is comparatively low [39-41], the
similar structure, metabolism and efficacy of 4-hydroxy-

metabolites of IFO and CP suggest that ALDHs inactivate
aldophosphamide not only in CP but also in IFO metabo-
lism. As with 4-OH-IFO and MAFO, CAA is less cytotoxic
against hematopoietic progenitor cells than against the
tumor cells HL-60 and HS-Sultan. The observation that
the same concentrations of CAA lead to a similar effect
against stem cells as the 4-hydroxy-metabolites supposes
that also CAA might be inactivated by the ALDHs of the
hematopoietic progenitor cells. Moreover, hepatocytes con-
taining high amounts of ALDHs were found to be resistant
against CAA; inhibition of ALDHs was shown to enhance
CAAs cytotoxicity [26,32]. However, in contrast to CP, the
influence of ALDHs on IFO metabolism remains unclear.
Other cell type-dependent differences in the metabolic
inactivation of CAA may exist or predominate.

In summary, 4-OH-IFO exerts a relative tumor-specific
activity comparable to MAFO. In addition, also CAA was
found to be a tumortoxic stem cell protecting substance
confirming our previous finding of a cytotoxic activity of
CAA against solid tumor cells in vitro and in vivo for
leukemia and lymphoma cells. CAA had also been shown
to enhance the cytotoxic activity of 4-OH-IFO in solid
tumor cells [8]. Thus, apart from the possibility of a
different mechanism of cytotoxic action of CAA and
consequently of IFO compared to CP, which is the subject
of further investigations, CAA might contribute to 4-OH-
IFOs efficacy against cells of hematologic malignancies.
As a conclusion, our head to head comparison of CP and
IFO shows that IFO is not just a simple analogue of CP.

Acknowledgments

We thank David Sass (Albert Einstein Medical Center,
Philadelphia, PA) for proofreading the manuscript.

References

[1

—

Connors TA, Cox PJ, Farmer PB, Foster AB, Jarman M. Some studies
of the active intermediates formed in the microsomal metabolism of
cyclophosphamide and isophosphamide. Biochem Pharmacol 1974;
23:115-29.

Brock N, Hohorst HJ. Metabolism of cyclophosphamide. Cancer
1967;20:9004.

DiMaggio JR, Brown R, Baile WF, Schapira D. Hallucinations and
ifosfamide-induced neurotoxicity. Cancer 1994;73:1509-14.

Goren MP, Wright RK, Pratt CB, Pell FE. Dechloroethylation of
ifosfamide and neurotoxicity [letter]. Lancet 1986;2:1219-20.
Lewis LD, Meanwell CA. Ifosfamide pharmacokinetics and neuro-
toxicity [letter]. Lancet 1990;335:175-6.

Skinner R, Sharkey IM, Pearson AD, Craft AW. Ifosfamide, mesna,
and nephrotoxicity in children. J Clin Oncol 1993;11:173-90.

Brain EG, Yu LJ, Gustafsson K, Drewes P, Waxman DJ. Modulation
of P450-dependent ifosfamide pharmacokinetics: a better under-
standing of drug activation in vivo. Br J Cancer 1998;77:1768-76.
Briiggemann SK, Kisro J, Wagner T. Ifosfamide cytotoxicity on
human tumor and renal cells: role of chloroacetaldehyde in
comparison to 4-hydroxyifosfamide. Cancer Res 1997;57:2676-80.

[2

[

3

—

[4

=

[5

—

[6

—_

[7

—

[8

—



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

S.K. Brueggemann et al./Biochemical Pharmacology 63 (2002) 13371341

Borner K, Kisro J, Briiggemann SK, Hagenah W, Peters SO, Wagner
T. Metabolism of ifosfamide to chloroacetaldehyde contributes to
antitumor activity in vivo. Drug Metab Dispos 2000;28:573-6.
Brade WP, Herdrich K, Varini M. Ifosfamide-pharmacology, safety
and therapeutic potential. Cancer Treat Rev 1985;12:1-47.
Bramwell VH, Mouridsen HT, Santoro A, Blackledge G, Somers R,
Verwey J, Dombernowsky P, Onsrud M, Thomas D, Sylvester R, et al.
Cyclophosphamide vs. ifosfamide: final report of a randomized phase
II trial in adult soft tissue sarcomas. Eur J Cancer Clin Oncol
1987;23:311-21.

Carlo SC, Mangoni L, Almici C, Garau D, Craviotto L, Piovani G,
Caramatti C, Rizzoli V. Differential sensitivity of adherent CFU-
blast, CFU-mix, BFU-E, and CFU-GM to mafosfamide: implications
for adjusted dose purging in autologous bone marrow transplantation.
Exp Hematol 1992;20:328-33.

Douay L, Giarratana MC, Labopin M, Bardinet D, Bouchet S, Gorin
NC. Characterization of late and early hematopoietic progenitor/stem
cell sensitivity to mafosfamide. Bone Marrow Transplant
1995;15:769-75.

Motta MR, Mangianti S, Rizzi S, Ratta M, Campanini E, Fortuna A,
Fogli M, Tura S, Lemoli RM. Pharmacological purging of minimal
residual disease from peripheral blood stem cell collections of acute
myeloblastic leukemia patients: preclinical studies. Exp Hematol
1997;25:1261-9.

Douay L, Mary JY, Giarratana MC, Najman A, Gorin NC.
Establishment of a reliable experimental procedure for bone marrow
purging with mafosfamide (ASTA Z 7557). Exp Hematol
1989;17:429-32.

Domenech J, Desbois I, Linassier C, Gihana E, Chenault S, Bremond
JL, Colombat P, Lamagnere JP, Binet C. Sensitivity of human CFU-
GM to mafosfamide: analysis of the factors affecting individual
variations. Bone Marrow Transplant 1993;11:425-31.

Schlenke P, Weber K, Kirchner H, Wagner T. Mafosfamide-purged
peripheral blood stem cell harvest: case report of a 54-year-old
patient with relapsed acute myeloid leukemia. Infus Ther Transfus
Med 2001;28:161-4.

Fauth F, Martin H, Sonnhoff S, Bialleck H, Wiesneth M, Mihanovic
B, Hoelzer D. Purging of G-CSF-mobilized peripheral autografts in
acute leukemia with mafosfamide and amifostine to protect normal
progenitor cells. Bone Marrow Transplant 2000;25:831-6.

Kastan MB, Schlaffer E, Russo JE, Colvin OM, Civin CI, Hilton J.
Direct demonstration of elevated aldehyde dehydrogenase in human
hematopoietic progenitor cells. Blood 1990;75:1947-50.

Kohn FR, Sladek NE. Aldehyde dehydrogenase activity as the basis
for the relative insensitivity of murine pluripotent hematopoietic
stem cells to oxazaphosphorines. Biochem Pharmacol 1985;34:
3465-71.

Sahovic EA, Colvin M, Hilton J, Ogawa M. Role for aldehyde
dehydrogenase in survival of progenitors for murine blast cell
colonies after treatment with 4-hydroperoxycyclophosphamide in
vitro. Cancer Res 1988;48:4804-6.

Sladek NE, Landkamer GJ. Restoration of sensitivity to oxazapho-
sphorines by inhibitors of aldehyde dehydrogenase activity in
cultured oxazaphosphorine-resistant L1210 and cross-linking agent-
resistant P388 cell lines. Cancer Res 1985;45:1549-55.

Sreerama L, Sladek NE. Identification and characterization of a novel
class 3 aldehyde dehydrogenase overexpressed in a human breast
adenocarcinoma cell line exhibiting oxazaphosphorine-specific
acquired resistance. Biochem Pharmacol 1993;45:2487-505.
Sreerama L, Rekha GK, Sladek NE. Phenolic antioxidant-induced

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

1341

overexpression of class 3 aldehyde dehydrogenase and oxazapho-
sphorine-specific resistance. Biochem Pharmacol 1995;49:669-75.
Lind MJ, McGown AT, Hadfield JA, Thatcher N, Crowther D, Fox
BW. The effect of ifosfamide and its metabolites on intracellular
glutathione levels in vitro and in vivo. Biochem Pharmacol 1989;38:
1835-40.

Sood C, O’Brien PJ. Molecular mechanisms of chloroacetaldehyde-
induced cytotoxicity in isolated rat hepatocytes. Biochem Pharmacol
1993;46:1621-6.

Ishikawa M, Takayanagi Y, Sasaki K. Influence of buthionine
sulfoximine on the lethality of ifosfamide and ifosfamide-induced
urotoxicity in mice. Res Commun Chem Pathol Pharmacol 1989;63:
455-8.

Meier T, Allenbacher A, Mueller E, Multhoff G, Botzler C, Wiesnet
M, Issels R. Ifosfamide induced depletion of glutathione in human
peripheral blood lymphocytes and protection by mesna. Anticancer
Drugs 1994;5:403-9.

Spengler SJ, Singer B. Formation of interstrand cross-links in
chloroacetaldehyde-treated DNA demonstrated by ethidium bromide
fluorescence. Cancer Res 1988;48:4804—6.

Kandala JC, Mrema JE, DeAngelo A, Daniel FB, Guntaka RV. 2-
Chloroacetaldehyde and 2-chloroacetal are potent inhibitors of DNA
synthesis in animal cells. Biochem Biophys Res Commun 1990;
167:457-63.

Chen G, Waxman DJ. Identification of glutathione S-transferase as a
determinant of 4-hydroperoxycyclophosphamide resistance in human
breast cancer cells. Biochem Pharmacol 1995;49:1691-701.

Sood C, O’Brien PJ. Chloroacetaldehyde-induced hepatocyte cyto-
toxicity. Mechanisms for cytoprotection. Biochem Pharmacol 1994;
48:1025-32.

Saito G, Yoshimura S, Iwasaki K, Kuroshima Y, Moriuchi T.
Suppression of plasma glutathione peroxidase activity by ifosfamide.
Asia Oceania J Obstet Gynaecol 1994;20:441-7.

Kamen BA, Frenkel E, Colvin OM. Ifosfamide: should the
honeymoon be over? [editorial]. J Clin Oncol 1995;13:307-9.
Jones RJ, Barber JP, Vala MS, Collector MI, Kaufmann SH,
Ludeman SM, Colvin OM, Hilton J. Assessment of aldehyde
dehydrogenase in viable cells. Blood 1995;85:2742-6.

Kohn FR, Landkamer GJ, Manthey CL, Ramsay NK, Sladek NE.
Effect of aldehyde dehydrogenase inhibitors on the ex vivo sensitivity
of human multipotent and committed hematopoietic progenitor cells
and malignant blood cells to oxazaphosphorines. Cancer Res 1987;
47:3180-5.

Hilton J. Role of aldehyde dehydrogenase in cyclophosphamide-
resistant L1210 leukemia. Cancer Res 1984;44:5156-60.

Russo JE, Hilton J. Characterization of cytosolic aldehyde dehy-
drogenase from cyclophosphamide resistant L1210 cells. Cancer Res
1988;48:2963-8.

Gilard V, Malet Martino MC, de Forni M, Niemeyer U, Ader JC,
Martino R. Determination of the urinary excretion of ifosfamide and its
phosphorated metabolites by phosphorus-31 nuclear magnetic reso-
nance spectroscopy. Cancer Chemother Pharmacol 1993;31:387-94.
Martino R, Crasnier F, Chouini Lalanne N, Gilard V, Niemeyer U, de
Forni M, Malet Martino MC. A new approach to the study of
ifosfamide metabolism by the analysis of human body fluids with
31P nuclear magnetic resonance spectroscopy. J Pharmacol Exp Ther
1992;260:1133-44.

Lind MJ, Roberts HL, Thatcher N, et al. The effect of route of
administration and fractionation of dose on the metabolism of
ifosfamide. Cancer Chemo Pharmacol 1989;23:121-2.



	Stem cell toxicity of oxazaphosphorine metabolites in comparison to their antileukemic activity
	Introduction
	Materials and methods
	Patients and stem cell preparation
	Cell lines and cell cultures
	Reagents
	Drug treatment and colony-forming assay

	Results and discussion
	Acknowledgements
	References


