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ABSTRACT

The IM fico sensitivity of human multipotent and committed hemato-
poietic progenitor cells and several cultured human malignant blood cell
lines to analogues of "activated" cyclophosphamide, namely, 4-hydrope-

roxycyclophosphamide and mafosfamide, and to phosphoramide mustard
was quantified with and without concurrent exposure to an inhibitor of
aldehyde dehydrogenase activity, namely, disulfiram, cyanamide, dieth-
yldithiocarbamate, or ethylphenyl(2-formylethyl)phosphinate. Inhibitors
of aldehyde dehydrogenase activity potentiated the cytotoxic action of 4-
hydroperoxycyclophosphamide and mafosfamide toward all of the he-
matopoietic progenitors; they did not potentiate the cytotoxic action of
phosphoramide mustard toward these cells. Potentiation of the cytotoxic
action of mafosfamide toward cultured human malignant blood cells was
minimal. Spectrophotometric assay revealed little NAD-linked aldehyde
dehydrogenase activity present in the cultured human tumor cell lines as
compared to that found in normal mouse liver or oxazaphosphorine-
resistant LI 210 cells. Cellular aldehyde dehydrogenases are known to
catalyze the oxidation of 4-hydroxycyclophosphamide/aldophosphamide,
the major intermediate in cyclophosphamide bioactivation, to the rela
tively nontoxic acid, carboxyphosphamide. Thus, our findings indicate
that (a) human multipotent hematopoietic progenitor cells contain the
relevant aldehyde dehydrogenase activity, (b) the relevant activity is
retained upon differentiation to progenitors committed to the megakary-
ocytoid, granulocytoid/monocytoid, and erythroid lineages, and (c) the
relevant activity may be lost or diminished upon transformation of
hematopoietic progenitors to malignant cells.

INTRODUCTION

The Oxazaphosphorines, of which cyclophosphamide is the
prototypic compound, are a clinically important group of anti-
neoplastic and immunosuppressive agents. Recently, analogues
of "activated" cyclophosphamide, namely, 4-hydroperoxycyclo-

phosphamide and mafosfamide, have also shown clinical utility
when used ex vivo to purge occult tumor cells from autologous
bone marrow samples prior to reinfusion into leukemic patients
(1-3). Under physiological conditions, these agents rapidly and
spontaneously (without benefit of enzymatic involvement) give
rise to 4-hydroxycyclophosphamide/aldophosphamide, the ma
jor intermediate in cyclophosphamide bioactivation. Upon ÃŸ-
elimination of acrolein, 4-hydroxycyclophosphamide/aldo-
phosphamide gives rise to phosphoramide mustard, the phar
macologically active metabolite. Alternatively, 4-hydroxycyclo-
phosphamide/aldophosphamide can be oxidized to the rela
tively nontoxic acid, carboxyphosphamide, thereby decreasing
the amount of phosphoramide mustard that can be formed (4-
7). In mice at least, this reaction is catalyzed by a minimum of
three isozymes of aldehyde dehydrogenase.3 Thus, all else being

equal, target cell sensitivity to the Oxazaphosphorines should
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be inversely proportional to the amount of the relevant aldehyde
dehydrogenase activity present in these cells (4-6, 8-12).

Recent ex vivo investigations in our laboratory (10-12) re
vealed that inhibitors of aldehyde dehydrogenase activity poten
tiate the cytotoxic action of Oxazaphosphorines toward murine
day-8 and -12 spleen colony-forming cells, hematopoietic re-
populating cells, multipotential colony-forming cells (CFU-
GEMM4), and CFU-Mk, but not toward CFU-GM, BFU-E,
and CFU-E. These findings suggest that (a) murine pluripotent
hematopoietic stem cells contain the relevant aldehyde dehy
drogenase activity, (b) this activity is retained upon differentia
tion to progenitors committed to the megakaryocytoid lineage,
and (c) this activity is lost upon differentiation to progenitors
committed to the granulocytoid/monocytoid and erythroid lin
eages. These findings, and the observation that certain murine,
oxazaphosphorine-sensitive tumor cells do not contain the rel
evant activity (6, 9), indicate that differential aldehyde dehy
drogenase activity contributes significantly to the relatively
favorable margin of safety exhibited by the Oxazaphosphorines.

The preceding hypothesis is based on data generated in a
mouse model. The present investigation is a first attempt at
testing this hypothesis in humans. Thus, experiments were
designed to determine (a) whether human multipotent hema
topoietic stem cells (CPU-Mix) contain the relevant aldehyde
dehydrogenase activity, (b) if so, whether this activity is lost or
retained upon differentiation to progenitors committed to the
megakaryocytoid, granulocytoid/monocytoid and erythroid lin
eages, and (c) whether the relevant activity is lost/retained/
regained upon transformation of human hematopoietic precur
sors to various neoplastic blood cells.

MATERIALS AND METHODS

Materials. Mafosfamide |2-[bis-(2-chloroethyl)-amino]-4-(2-sulfo-
ethylthio)-tetrahydro-2//-1,3,2-oxazaphosphorine-2-oxide cyclohex-
ylamine salti and 4-hydroperoxycyclophosphamide were kindly sup
plied by Dr. P. Hilgard (Asta-Werke AG, Bielefeld, Federal Republic
of Germany). Phosphoramide mustard-cyclohexylamine, melphalan
HC1, ethylphenyl(2-formylethyl)phosphinate, and conditioned medium
from phytohemagglutinin-stimulated human peripheral blood leuko
cytes were kindly supplied by L. H. Kedda (Drug Synthesis and Chem
istry Branch, Division of Cancer Treatment, National Cancer Institute,
Bethesda, MD), Dr. G. M. Lyon, Jr. (Burroughs Wellcome & Co.,
Research Triangle Park, NC), Dr. L. A. Cates (College of Pharmacy,
University of Houston, Houston, TX), and Dr. F. (Jckun (Department
of Therapeutic Radiology, University of Minnesota, Minneapolis, MN),
respectively. Methylcellulose (A4M premium grade; 4000 cps) was
kindly supplied by the Dow Chemical Co., Midland, MI. m-Platinum
II diamine dichloride, disulfiram, diethyldithiocarbamate, pyridoxal
hydrochloride, cyanamide, 2-mercaptoethanol, Histopaque-1077, and
NAD were purchased from the Sigma Chemical Co., St. Louis, MO.

' The abbreviations used are: CFU-GEMM, colony-forming unit, granulocy-
toid/erythroid/monocytoid/megakaryocytes; CFU-Mk, colony-forming unit, me
gakaryocytoid; CFU-GM, colony-forming unit, granulocytoid/monocytoid; BFU-
E, burst-forming unit, erythroid; CFU-E, colony-forming unit, erythroid; CPU-
Mix, colony-forming unit, granulocytoid/erythroid/monocytoid, with or without
megakaryocytes; IMDM, Iscove's modified Dulbecco's medium; IMDM/FBS,
Iscove's modified Dulbecco's medium supplemented with 10% fetal bovine serum.
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Horse serum, RPMI 1640 medium, IMDM, and gentamicin were
purchased from the Grand Island Biological Co., Grand Island, NY.
Acetaldehyde, human urinary step I erythropoietin, and fetal bovine
serum were purchased from the Aldrich Chemical Co., Milwaukee, WI,
the Terry Fox Laboratories, Vancouver, British Columbia, Canada,
and the Hyclone Laboratories, Logan, UT, respectively.

All drugs were dissolved in drug-exposure medium, vide infra, with
the exception of disulfiram which was dissolved in 95% ethanol. All
drug solutions, except for those containing disulfiram, were sterilized
by passage through 0.22-^m Millipore filters; all were used within 30
min of preparation and were kept on ice prior to their use. At the
concentrations used, ethanol itself was not cytotoxic and did not alter
the sensitivity of hematopoietic progenitor cells to the oxazaphosphor-
ines. Drug-exposure medium was a phosphate-buffered saline-based
solution, pH 7.4, prepared as previously described (10).

Animals. DBA/2 mice were obtained from the University of Minne
sota Mouse Colony. Animals were housed in plastic cages with filtered
lids and were given standard laboratory food and water ad lib. Female
mice, aged 8 to 12 weeks (18 to 22 g), were used as liver donors.

Human Tumor Cell Lines. HPB-Null, MOLT-4, and Raji cells were
a generous gift from Dr. T. W. LeBien (Department of Laboratory
Medicine and Pathology, University of Minnesota, Minneapolis, MN).
K-562 and KG-1 cells were generous gifts from Dr. D. A. Vallera
(Department of Therapeutic Radiology, University of Minnesota, Min
neapolis, MN) and Dr. B. C. Bostrom (Department of Pediatrics,
University of Minnesota, Minneapolis, MN), respectively. U-937 and
HL-60 cells were purchased from the American Type Culture Collec
tion, Rockville, MD. The surmised ontogenesis of these cell lines is
presented in Fig. 1. All cell lines were grown in static suspension culture
at 37Â°Cin RPMI 1640 culture medium supplemented with 10% horse
serum and a humidified atmosphere of 5% COi in air; except for HL-

60, all grew exponentially.
Mouse Tumor Cell Lines. Cultured LI 210 cells, sensitive (LI210/0)

and resistant to oxazaphosphorines specifically (L1210/OAP), were
obtained from the Southern Research Institute, Birmingham, AL
through the courtesy of Drs. R. F. Struck and L. J. Wilkoff. Culture
conditions and growth conditions were as described previously (9).

Preparation of Bone Marrow Cell Suspensions. Bone marrow cells
were obtained by aspiration from the iliac crest of healthy adult vol
unteers who gave informed written consent. Preservative-free heparin
was added as an anticoagulant. Aspirates were centrifuged for 10 min
at 800 x g and buffy-coat cells were collected and diluted in IMDM/
FBS. Aliquots were layered over a Ficoll gradient (Histopaque-1077)
and centrifuged (800 x g for 30 min); buoyant interphase mononuclear
cells were collected, washed once with IMDM/FBS, and suspended in
IMDM/FBS. The suspended cells were then transferred to Corning 25-
cm2 culture flasks and were incubated for l h at 37"C to remove plastic-

adherent cells. Nonadherent cells were collected, pelleted by centrifuga-
tion, and resuspended in drug-exposure medium supplemented with
10% FBS. Cell viability, determined by trypan blue dye exclusion, was
consistently greater than 98%. Suspensions were then diluted with drug
exposure medium/10% FBS to the desired cell concentration (5.2 x
10* cells/ml).

Drug Exposure and Assay for Viable Hematopoietic Progenitor Cells.
Marrow cell suspensions (4.8 ml) were placed into 15-ml centrifuge
tubes, vehicle or aldehyde dehydrogenase inhibitor (0.1 ml) was added,
and incubation was allowed to proceed for 60 min at 37Â°Cin a Dubnoff

metabolic shaking water bath. Cytotoxic agent or vehicle was then
added in a volume of 0.1 ml, and incubation was continued at 37"C for

an additional 30 min. Immediately following drug exposure, the tubes
were placed in ice water for 5 min, and cells were harvested by centrif-
ugation at 4 ('. washed once with IMDM/FBS and resuspended in

IMDM/FBS.
Viable multipotent and committed hematopoietic progenitors were

assayed essentially as described by Messner et al. ( 13). Drug- or vehicle-
treated cell suspensions (0.1 ml) were added to semisolid IMDM (2.4
ml) containing, after addition of the cell suspension, methylcellulose
(0.8%, w/v), fresh autologous human plasma (30%, v/v), 2-mercapto-
ethanol (50 /AI), human urinary step I erythropoietin (1 unit/ml),
conditioned medium from phytohemagglutinin-stimulated human pe
ripheral blood leukocytes (5%, v/v), and gentamicin (50 Mg/ml). The
mixture was vortexed and I nil portions (1 x IO5cells) were plated in
duplicate into 35-mm Falcon Petri dishes. The seeded dishes were then
incubated at 37Â°Cin a fully humidified atmosphere containing 5% CO..

in air. On day 14, 15, 16, or 17 following plating, CPU-Mix colonies
(>50 cells of erythroid, granulocytoid/monocytoid and, frequently,
megakaryocytoid lineages), CFU-Mk colonies (>3 megakaryocytes),
CFU-GM colonies (>50 granulocytes/monocytes/macrophages), and
BFU-E colonies (>3 erythroid clusters) were enumerated in the same
dishes with the aid of an inverted microscope. Preliminary experiments
had established the linearity of colony formation as a function of the
number of cells plated and the optimum time for colony counting.
Control colony formation ranged from 8 to 38 (CPU-Mix), 8 to 35
(CFU-Mk), 73 to 302 (CFU-GM), and 35 to 103 (BFU-E) colonies/1
x 10s cells plated.

Colony Verification. Representative colonies were picked off of the
plates using a fine-tipped Pasteur pipet, cytocentrifuged onto glass
slides, stained with Wright-Giemsa, and microscopically examined
under oil immersion for determination of cellular composition. Mega
karyocytes were found in approximately 50% of all CFU-Mix colonies
examined.

Drug Exposure and Assay for Viable Tumor Cells. Drug exposure
was as described in detail elsewhere (9). A back-extrapolation assay was

MONOCYTES
MACROPHAGES

GHANULOCYTES

Fig. I. Schematic representation of the on
togenesis of several human malignant blood
cell lines. CFU-BL, colony-forming unit, blast PLATELETS
cell; PRE B, B-lymphocyte precursor; PRE T,
T-lymphocyte precursor.

ERYTHROCVTES â€¢Â« ERYTHROID > CFU-E W BFU-E
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Table 1 Sensitivity of human hematopoietic progenitor cells to cytotoxic agents with and without concurrent exposure to inhibitors of aldehyde dehydrogenase activity
Human nonadherent, light density mononuclear bone marrow cells were incubated in the absence or presence of cyanamide (300 *Â¿M)or disulfiram (10 >IM)for 60

min at 37*C. Mafosfamide, 4-hydroperoxycyclophosphamide, phosphoramide mustard, melphalan, ru-platinum, or vehicle was then added and incubation was
continued at 37*C for an additional 30 min. Immediately following drug exposure, cells were harvested, washed once, and assayed for surviving colony-forming cells
as described in "Materials and Methods." The concentration of drug required to effect a 50% inhibition of colony formation and 95% confidence intervals were

generated from data plotted as in Fig. 2. Cyanamide and disulfiram were themselves without cytotoxic effect at the concentrations used.

Concentration of drug required to effect a 50% inhibition of colony formation0>M)Donor

Drug11*2342*5Mafosfamide

Mafosfamide *cyanamideMafosfamide

Mafosfamide +disulfiramMafosfamide

Mafosfamide *cyanamide4-HPCP1

4-HPCP +disulfiram4-HPCP

4-HPCP +cyanamidePhosphoramide

mustard
Melphalan
fit-PlatinumPhosphoramide

mustard
Phosphoramide mustard +

cyanamideCPU-Mix15(12-19)-

3(3-3)19

(12-27)
5(3-7)20

(18-22)
5(4-6)20

(16-25)
6(4-12)20

(18-22)
6(4-8)119(89-157)

0.65 (0.51-0.83)
60(50-73)141

(74-269)
120(85-170)CFU-Mk14(11-18)

4(2-8)17(11-25)

4(3-6)18(14-24)

3(3-4)15(12-17)

5(5-6)19(16-22)5(4-7)105(77-145)

0.55 (0.46-0.66)
48(39-60)124(104-147)

109(86-137)CFU-GM21

(19-22)
8(7-8)20(19-20)

9(8-10)20(17-24)4(4-5)22

(20-25)
11(10-13)24

(21-29)
10(8-11)141

(119-166)
0.78 (0.66-0.93)

58(52-64)206

(169-252)
183(141-238)BFU-E18(16-21)

4(2-7)21

(17-26)
6(3-12)20(18-23)

4(3-6)19(15-24)

8(5-11)26

(20-36)
5(4-6)120(95-152)

0.70 (0.58-0.86)
69(60-78)149

(78-283)
90(73-112)â€¢

Numbers in parentheses, 95% confidence interval.
*Second bone marrow sample taken 7 (donor 1) or 3 (donor 2) weeks later.
*4-HPCP, 4-hydroperoxycyclophosphamide.

used as described previously (14) to determine the sensitivity of cultured
tumor cells to cytotoxic agents.

Quantification of Aldehyde Dehydrogenase Activity. Aldehyde dehy
drogenase activity in tumor cells and liver was quantified. To prepare
whole homogenates, tumor cells were harvested, suspended in ice-cold
1.15% KC1 solution containing 1.0 DIMEDTA, and completely lysed
by sonication at 90 W for 10 s, and livers from DBA/2 donors were
excised immediately after cervical dislocation and homogenized
(Dounce homogenizer fitted with a loose pestle) in ice-cold 1.15% KC1
solution containing 1.0 HIMEDTA. The homogenates were then cen-
trifuged at 105,000 x g for 60 min, and the supernatant fractions
(soluble fractions) were removed and saved for assay. A Dounce ho
mogenizer fitted with a tight pestle was used to resuspend the remaining
pellets in ice-cold 1.15% K( 1solution containing 1.0 HIMEDTA and
0.3% deoxycholate. These suspensions were again centrifuged at
105,000 x g for 60 min, and the resultant supernatant fractions (solu-
bilized paniculate fractions) were removed and also saved for assay.

NAD-linked aldehyde dehydrogenase activity was quantified spectro-
photometrically at 37"C and pH 8.2. The reaction mixture (1 ml)
contained soluble or paniculate fraction prepared from 1x10" tumor

cells or 1 to 6 mg of liver, NAD (4.0 HIM),sodium pyrophosphate (32
mM), pyrazole (0.1 mM), ,/V-acetyl-cysteine (5 IHM), EDTA disodium
salt (1 HIM),and acetaldehyde (4.0 mM) or aldophosphamide (70 pM).
Aldophosphamide, in solution and in steady-state equilibrium with 4
hydroxycyclophosphamide, was prepared from 4-hydroperoxycyclo
phosphamide (15). Details of the synthesis will be presented in a
furthering publication.5 The reaction was initiated by the addition of

aldehyde, and the generation of NADH was measured by the increasein absorbance at 340 nm. When subcellular fractions from I x 10"

tumor cells were used as the potential source of aldehyde dehydrogenase
activity, experimental rates that exceeded blank rates by less than 3
(acetaldehyde) or 30 (aldophosphamide) nmo I/mi n/IO" cells could not

be ascertained with certainty as being different from that latter, thus,
in such cases, enzyme activity was declared as "not detectable." Protein

concentrations were determined by the method of Lowry et al. (16)
Data Analysis. Computer-assisted regression analysis was used to

generate all straight-line functions. The method of Tallarida and Mur
ray (17) was used to generate the concentration of drug required to
effect a 50% inhibition of colony formation and 95% confidence inter
vals. The concentration of drug required to effect a 99% cell kill was
obtained as previously described (14)

9C. L. Manthey and N. E. Sladek, manuscript in preparation.

RESULTS

The sensitivity of human hematopoietic progenitor cells to
mafosfamide, 4-hydroperoxycyclophosphamide, phosphoram
ide mustard, melphalan, and c/s-platinum was quantified fol
lowing ex vivo exposure of bone marrow cells to these agents
in the absence or presence of a known inhibitor of aldehyde
dehydrogenase activity, namely, dis uItiram (18) or cyanamide
(19) (Table 1). Representative concentration-response curves
are shown in Fig. 2. Attention is called to several aspects of the
results. In the absence of concurrent exposure to an inhibitor
of aldehyde dehydrogenase activity, the four progenitor popu
lations were approximately equisensitive to any given agent.
For any given drug or drug combination, donor population
variability was minimal when sensitivity of each of the progen
itor populations to mafosfamide (donors 1 and 2), 4-hydrope
roxycyclophosphamide (donors 3 and 4), or phosphoramide
mustard (donors 2 and 5) was determined. Moreover, sensitivity
to drugs on the part of each of the progenitor cell populations
in marrow samples taken 7 weeks apart from one individual
(donor 1) was essentially identical. Also of interest is the finding
that mafosfamide and 4-hydroperoxycyclophosphamide were
approximately equipotent with regard to their toxicity toward
the hematopoietic progenitors. Disulfiram and cyanamide each
potentiated the cytotoxic action of the oxazaphosphorines to
ward all of the progenitors assayed; however, the sensitivity of
CPU-Mix, CFU-Mk, and BFU-E to the oxazaphosphorines
was increased 3- to 6-fold when an inhibitor of aldehyde dehy
drogenase activity was included during drug exposure, whereas,
in four of five experiments, the sensitivity of CFU-GM to the
oxazaphosphorines was only increased 2- to 3-fold in the pres
ence of inhibitor. In contrast, cyanamide did not potentiate the
cytotoxic action of phosphoramide mustard toward any of the
progenitors.

Aldehyde oxidase is also known to catalyze the oxidation of
4-hydroxycyclophosphamide/aldophosphamide to carboxy-
phosphamide (20). Pyridoxal is a known substrate for aldehyde
oxidase (21) and is therefore expected to competitively inhibit
the oxidation of other aldehydes catalyzed by this enzyme. It
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Fig. 2. / v vivo sensitivity of human multipotent hematopoietic progenitor
cells (CFU-Mix) to mafosfamide with or without disulfiram. Nonadherent, light
density mononuclear bone marrow cells (Table 1, donor I), were incubated in the
absence (O) or presence (â€¢)of disulfiram (10 MM)for 60 min at 37'C. Mafosfamide
or vehicle was added and incubation was continued at 37'C for an additional 30
min. Samples were assayed for surviving colony-forming cells as described in
"Materials and Methods." Disulfiram itself was not cytotoxic at the concentration

used. Points, mean and range (ban) of values obtained in duplicate plates.

(300 /IM) did not potentiate the cytotoxic action of mafosfamide
toward any of the progenitors (data not presented), suggesting
that aldehyde oxidase activity is not present in these cells.

The sensitivity of various cultured human malignant blood
cells (Fig. 1) to mafosfamide was also quantified in the absence

or present of known [cyanamide, diethyldithiocarbamate (18)]
or suspected [ethylphenyl(2-formylethyl)phosphinate (9, 10)]

inhibitors of aldehyde dehydrogenase activity; only minimal
potentiation was observed indicating the presence of little of
the relevant aldehyde dehydrogenase activity in these cells
(Table 2). The cytotoxic action of phosphoramide mustard
toward K-562 cells was not potentiated by any of the inhibitors

(data not presented). Previously, we have reported that inhibi
tors of aldehyde dehydrogenase activity only minimally, if at
all, potentiate the cytotoxic action of the oxazaphosphorines
toward oxazaphosphorine-sensitive mouse LI210 cells whereas

they markedly potentiate the cytotoxic action of these agents
toward oxazaphosphorine-resistant mouse L1210/OAP cells

(9).
A spectrophotometric assay was used to directly quantify the

amount of NAD-linked aldehyde dehydrogenase activity pres
ent in the soluble and paniculate fractions of the human tumor
cell lines, oxazaphosphorine-sensitive (LI210/0) and -resistant

(L1210/OAP) murine L1210 cell lines, and mouse liver (Table
2). Substantial activity was found in the soluble fraction of
L1210/OAP cells; it compared favorably to that found in the
soluble and particulate fractions of mouse liver. In contrast,
activity was minimal or absent in the soluble and particulate
fractions of human tumor, and mouse LI210/0, cells; it was
also minimal in the particulate fraction of L1210/OAP cells.
Hilton (6) and Hilton and Colvin (8) reported similar findings.

Inasmuch as the findings of studies in which aldehyde dehy
drogenase activity was directly determined are in qualitative
agreement with those in which this activity was indirectly
estimated; i.e.. by means of probes, namely, inhibitors of alde
hyde dehydrogenase activity, the validity of using the latter to
estimate aldehyde dehydrogenase activity, necessary when the
cell population of interest cannot (easily) be separated from
other cell populations, is established.

Table 2 Aldehyde dehydrogenase activity in cultured human and mouse tumor cell lines and the effect of aldehyde dehydrogenase inhibitors on the sensitivity of these
cells to mafosfamide

Cell lineSpeciesHPB-NullMOLT-4RajiU-937

HumanKG-1HL-60K-562L1210/0MouseL1210/OAPOriginClassification'ALLALLHurl

Â¡it'slymphomaHistiocytic

lymphomaAMLAMLCMLLymphocytic

leukemiastage'Pre-B

blastT-blast
IIB-blast
IMonoblastPremyeloid

blastPromyelocytePreerythroid

blastDoubling(h)2721162127ND2199Aldehyde

dehydroge
nase activity* (nmol/

min/10'cellsÂ»Soluble412399147950Ã¬lOtfParticulate1721434284629931*HjO7.520358577ND6013164LC99**G<M)DDTC6.315275532ND45Ã¨36Cyanamide5.816326943ND50t36EPP5.4172537NDND40*11

* Soluble and particulate fractions were prepared from tumor cells, and NAD-linked aldehyde dehydrogenase activity was determined spectrophotometrically as
described in "Materials and Methods." Acetaldehyde (4.0 HIM) was used as the substrate. There was no detectable activity in soluble or paniculate fractions obtained

from any of the human tumor cell lines or from murine L1210/0 tumor cells when aldophosphamide (70 ji\i ) was used as the substrate.
* LC99, concentration of drug required to effect a 99% cell kill; DDTC, diethyldithiocarbamate; EPP, ethylphenyl(2-formylethyl)phosphinate: ALL, acute

lymphocytic leukemia; AML, acute myelogenous leukemia; CML, chronic myelogenous leukemia; ND, not determined.
' Tumor cells were incubated with vehicle (H3O) or an inhibitor of aldehyde dehydrogenase activity (DDTC, cyanamide, EPP) for 60 min at 37'C. Mafosfamide or

vehicle was added and incubation was continued at 37'C for an additional 30 min. Immediately following drug exposure, cells were harvested and the number of
surviving cells was determined via the back-extrapolation assay as described in "Materials and Methods." Inhibitor concentrations were 100 UMwhen human tumor

lines were tested. They were 3 (DDTC), 30 (cyanamide), and 100 (EPP) //\i when mouse tumor lines were tested. Inhibitors themselves were not cytotoxic at the
concentrations used. All LC99 values for L1210/0 and L1210/OAP are from Sladek and Landkamer (9); they are presented here for comparative purposes.

' Human tumor cell classification and differentiation according to Minowada et al. (22).
' LC99 values could not be calculated when LI210/0 were incubated with mafosfamide in the presence of inhibitors of aldehyde dehydrogenase activity since

complete concentration-response curves were not determined. However, at single concentrations of mafosfamide, potentiation by such inhibitors was nonexistent or
minimal (9).

1 Alternatively, 51 nmol/min/mg protein. This compares to 32 nmol/min/mg protein for mouse hepatic soluble fraction. When aldophosphamide (70 (i\i) was used
as the substrate, rates were 27 and 31 nmol/min/mg protein for the soluble fractions of mouse liver and L1210/OAP cells, respectively.

* Alternatively, 0.5 nmol/min/mg protein. This compares to 24 nmol/min/mg protein for mouse hepatic particulate fraction. When aldophosphamide (70 MM)was
used as the substrate, the rate was 4.8 nmol/min/mg protein for the particulate fraction of mouse liver, there was no detectable activity in the particulate fraction of
L1210/OAP cells.
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DISCUSSION

The results of the present investigation indicate that human
multipotent hematopoietic progenitor cells (CPU-Mix) contain
the aldehyde dehydrogenase activity that is capable of catalyzing
the "detoxification" of 4-hydroxycyclophosphamide/aldophos-

phamide, and that this activity is retained upon differentiation
to progenitor cells committed to the megakaryocytoid, granu-
locytoid/monocytoid, and erythroid lineages. This differs some
what from what has previously been found for the murine
hematopoietic system (10-12). In the mouse, the relevant al
dehyde dehydrogenase activity is apparently lost upon differ
entiation of multipotent stem cells to progenitors committed to
the granulocytoid/monocytoid and erythroid lineages (Fig. 3).

The finding that human BFU-E contain aldehyde dehydrog
enase activity is not surprising since it is known that the end
product of human erythropoiesis, namely, mature erythrocytes,
also contain this activity (23). On the other hand, circulating
human platelets apparently do not contain aldehyde dehydrog
enase activity (24), indicating that this activity is lost either
during the differentiation of CFU-Mk into megakaryocytes or
during the formation of platelets from megakaryocytes. Not
known is whether differentiated human granulocytes or mono-
cytes contain aldehyde dehydrogenase activity.

Human peripheral blood lymphocytes that proliferate in re
sponse to phytohemagglutinin (presumably, T-cells) apparently
do not contain significant amounts of aldehyde dehydrogenase
activity (24). It has also been reported that mitogen- and al-
loantigen-induced proliferative responses of human peripheral
T-lymphocytes are effectively inhibited by lower concentrations

MOUSE

QRANULOCYTES

ERVTMHOCYTES

HUMAN

GRANULOCVTES

ERVTHROCVTES

HCHO *â€¢HCOOH

RCHO ^ RCOOH

Fig. 3. Schematic representation of murine and human hematopoiesis. Mul-
tipotent progenitor cells from both species contain the relevant aldehyde dehy
drogenase activity. In the mouse, it is retained upon differentiation to progenitors
committed to the megakaryocytoid lineage but is lost upon differentiation to
progenitors committed to the granulocytoid/monocytoid and erythroid lineages
(10-12). In the human, the relevant activity is retained upon differentiation to all
committed progenitors. CFU-S, colony-forming unit, spl.

of 4-hydroperoxycyclophosphamide than are required for inhi
bition of proliferation of human bone marrow CFU-GM (25).
These findings, coupled with those of the present investigation,
suggest that differential aldehyde dehydrogenase activity may
account for the differential sensitivity of T-lymphocytes and
hematopoietic precursor cells to oxazaphosphorines.

It is not known whether the differentiated end products of
murine hematopoiesis and lymphopoiesis contain aldehyde de
hydrogenase activity. This is of interest in light of our finding
that differences exist between the murine and human systems
with regard to the presence of aldehyde dehydrogenase activity
in various hematopoietic progenitors.

Recently, an assay has been developed for the quantification
of a class of human hematopoietic precursor cells present in
bone marrow that are capable of forming undifferentiated blast
cells colonies in semisolid culture (26). It has been suggested
(26) that these blast cell colony-forming cells are pluripotent
and even more primitive than CPU-Mix, even though the latter
may be pluripotent as well, since (a) they are capable of self-
renewal, (b) they give rise to CPU-Mix, and (c) they resemble
murine spleen colony-forming cells in that they do not express
la-like (HLA-DR) antigen (26, 27); this distinguishes them
from human CPU-Mix and known committed hematopoietic
progenitors since HLA-DR is expressed in these cells (26, 28).
The blast cell colony-forming cells are, as compared to human
CFU-GM, markedly less sensitive to 4-hydroperoxycyclophos
phamide (29). Our studies and those of others (30) indicate that
human CPU-Mix and CFU-GM are approximately equisensi-
tive to this agent. We have also shown that human CPU-Mix
contain substantial amounts of the relevant aldehyde dehydrog
enase activity. Thus, it may be that the blast cell colony-forming
cells are, as compared to CPU-Mix, substantially less sensitive
to 4-hydroperoxycyclophosphamide and other oxazaphosphor
ines because they contain even greater amounts of the relevant
aldehyde dehydrogenase activity. If correct, this may explain
why (a) successful hematopoietic reconstitution was achieved
in myeloablated leukemic patients given autologous marrow
that had been removed prior to myeloablation and had subse
quently been treated with a concentration of 4-hydroperoxycy
clophosphamide sufficient to eliminate virtually all detectable
multipotent (CPU-Mix) and committed hematopoietic progen
itor cells (1, 30), and (b) marrow samples that were depleted of
detectable CPU-Mix, CFU-GM, and BFU-E following treat
ment with 4-hydroperoxycyclophosphamide were able to gen
erate CFU-GM in long-term marrow culture (31).

The seven cultured human tumor cell lines of myeloid and
lymphoid origin that we tested contained little or none of the
relevant aldehyde dehydrogenase activity. In those cases where
measurements were made in normal progenitor cells from
which the malignant cells presumably originated (Fig. 1), sub
stantially greater amounts of the relevant aldehyde dehydroge
nase activity were found. These observations suggest that alde
hyde dehydrogenase activity may be lost upon neoplastic trans
formation. It is possible that the lack of aldehyde dehydrogenase
activity in the malignant cells is an artifact due to a change in
phenotype following adaptation of the cells to culture. More
over, some of these cells are known to differentiate in culture,
and differentiation may bring about a loss of aldehyde dehy
drogenase activity as well. This latter possibility may explain
why we did not find significant aldehyde dehydrogenase activity
in K-562 cells, whereas others have reported that these cells do
contain substantial amounts of this activity (8). We are currently
examining primary human tumors for the presence or lack of
the relevant activity.

Our finding that critical normal human cells, i.e., hemato-
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poietic progenitor cells, contain substantial amounts of the
relevant aldehyde dehydrogenase activity, whereas at least some
human tumor cells of myeloid and lymphoid origin contain
little or none of this activity, suggests that aldehyde dehydrog
enase activity contributes significantly to the favorable margin
of safety exhibited by the oxazaphosphorines when used in vivo
as antileukemic agents and ex vivo to purge residual tumor cells
from autologous bone marrow samples. In mice, the phenotypic
basis of acquired leukemia cell resistance to oxazaphosphorines
can be an increase in aldehyde dehydrogenase activity (6, 9).
Thus, it is possible to progress from cells containing aldehyde
dehydrogenase activity, namely, normal hematopoietic precur
sor cells, to cells lacking this activity, namely, oxazaphosphor-
ine-sensitive malignant cells of lymphoid origin, to malignant
cells that again contain this activity. The basis for these changes
in phenotype, i.e., whether the critical event occurs at the level
of the genome, transcription, translation, or posttranslation, is
not known. It may be that the genetic apparatus required for
the synthesis of the relevant aldehyde dehydrogenase isozyme(s)
is simply repressed in malignant cells and that depression allows
for the resumption of synthesis and thus resistance. Acquired
resistance to the oxazaphosphorines is often observed in hu
mans as well. Whether it is occasionally/inevitably due to
increased aldehyde dehydrogenase activity is not known.

There are a number of known and suspected inhibitors of
aldehyde dehydrogenase-catalyzed oxidation of acetaldehyde to
acetic acid, e.g., disulfiram and certain cephalosporins (32), that
are occasionally administered to cancer patients receiving oxa
zaphosphorines. It is also known that at least some of these
agents inhibit aldehyde dehydrogenase-catalyzed oxidation of
4-hydroxycyclophosphamide/aldophosphamide to carboxy-
phosphamide as well. Thus, our finding that critical normal
cells contain substantial quantities of the relevant aldehyde
dehydrogenase activity suggests that inclusion in the therapeu
tic regimen of agents that inhibit this activity will result in
unfavorable drug interactions.
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