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the reconstituting hemopoietic stem cells are resistant to 4-HC
while maturer progenitors are not.

Nakahata and Ogawa (9, 10) described murine and human
blast cell colonies that are characterized by high replating
efficiencies for secondary colonies, including multilineage col
onies. Progenitors for these colonies are considered to be the
most primitive to be identified in culture. Using methylcellulose
culture techniques, we have examined the effects of 4-HC on
murine hemopoietic progenitors at different stages of develop
ment. The results suggested that CFU-GEMM and the progen
itors for blast cell colonies are more resistant to 4-HC than
committed hemopoietic progenitors. Studies of the effects of
treatment with DAB, an inhibitor of aldehyde dehydrogenase,
on the sensitivities to 4-HC and to PKP, an analogue that is
not metabolized by aldehyde dehydrogenase, suggested that the
differential sensitivities of hemopoletic progenitors to 4-HC
reflect intracellular activities of aldehyde dehydrogenase which
inactivates 4-HC.

MATERIALS AND METHODS

Cell Preparations. Eight to 16-week-old female BDF, mice were
obtained from Simonsen's Laboratories, Gilroy, CA. After the animals
were sacrificed by cervical dislocation, femurs and spleens were re
moved. Bone marrow cells were flushed from the ftmurs with a 23-
gauge needle into a-medium (Flow Laboratories, Inc., Rockville, MD).
The cells werewashedonce and resuspendedin a-medium.

Clonel Cell Cultures. Clonal cell cultures were carried out in 35-mm
Lux suspension culture dishes (5221R Miles Laboratories, Naperville,
IL) by using a modificationof the techniquedescribedby Iscoveet al.
(1 1). Control cultures contained 2 X 10' bone marrow cells/mi or 5 x
10' spleen cells/ml from normal mice. After incubationwith varying
concentrations of 4-HC (see below), cultures were prepared with 2 x
10'/ml bonemarrowcells or 1 x lO'/ml spleencells. Cellculturemedia
consisted of a-medium, 1.2% methylcellulose (Fisher Scientific Co.,
Norcross, GA), 30% frtal calf serum (Flow Laboratories, Inc), 1%
deionizedbovine serum albumin (Sigma Chemical Co., St. Louis, MO),

M mercaptoethanol(Eastman Organic Chemicals, Rochester, NY),

2 U/ml partially purified human urinary erythroprotein with specific
activity of 370 U/mg (kindly provided by Dr. Makoto Kawakita,
Kumamoto University Medical School, Kumamoto, Japan), and 5%
(v/v) WE}H-3 conditioned media (12).

In standardexperiments,colony types were determinedby in situ
observation on an inverted microscope using the criteria described
previously(13). BFU-E were scored on Day 7 and CFU-GM and CFU
GEMM on Day 14. In some experiments colonies were lifted from
methylcellulose media with a 3-al Eppendorf micropipet and differen
tial counting wascarried out on May-Grunwald-Giemsastained smears.

Blast Cell Colonies.For selectivegrowth ofblast cell colonies, 20 U/
ml of purified interleukin-3 was added on Day 7 of incubation (12).
Subsequently,dishes wereobservedat frequentintervalsand blastcell
colonies were identified according to the criteria of Nakahata and
Ogawa (10). When a new blast cell colony appeared, its location in the
plate was recorded. The major criterion for the definition of blast cell
colonies is their high replaCingability. For confirmation ofthe replating
abilities individual blast cell colonies were lifted from methylcellulose
media and replated in another Petri dish in the presence of WEHI-3
conditionedmediaand erythroprotein.Replatingefficiencywas deter
mined by counting secondary colonies. Cellular composition of second
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We have studied the effects of 4-hydroperoxycyclophosphamide (4-
HC)on murine hemopoietlc progenitors. We found dose-dependent killing
and differential sensItivItIes of colony forming cells with burst forming
units-erythrocyte being most sensitive and colony-forming units-granu
locyte/erythrocyte/macrophage/megakaryocytemost resistant. We also
tested the effects of 4-HC on more primitive murine progenitors which
were IdentIfIable in our assaysystem when the addItiOnof interleukin-3
was delayed until Day 7. We found that the senslth'itiesofthe progenitors
for blast cell coloniesare similar to those of colony-formingunits
granulocyte/erythrocyte/macrophage/megakaryocyteand that late-np
pairing blast cell colonies were particularly resistant to 4-HC.

In order to study the mechanismof differential sensitivities of murine
progenitors to 4-HC, weexaminedthe sensitIvItIesof murine progenitors
to 4-HC afterbriefinCUbatiOnwithdiethylaminobenzaldehyde,an inhib
itor ofaldehyde dehydrogenase. Progenitors for granuincyte/amcrophage
colonies, granulocyte/erythrocyte/macrophage/megakaryocyte colonies,
andblast cell coloniesbecamemoresensitiveto 4-HC andthe differential
sensitivItIesof the progenitors disappearedfollowing this treatment. We
also tested the sensitIvities ofthe progenitors to phenylketophosphainide,
an analogue of 4-HC which is resistant to inactivation by aldehyde
dehydrogenase. Various colony-forming units exhibited a similar dose
response to this compound. These data indicate that intracellular levels
of aldehyde dehydrogenase might play an Important role in differential
sensitivities of murine colony-forming units to 4-HC.

INTRODUC1ION

ABMT3 combined with intensive chemoradiotherapy is
emerging as a promising mode of treatment for various forms
of malignancies. One of the limitations of ABMT is the pros
ence of tumor cells in the bone marrow samples to be grafted.
Investigators have tested various pharmacological, immunolog
ical (1, 2), and photochemical (3) methods for â€œpurgingâ€•bone
marrow samples of tumor cells. One such approach is the use
of 4-HC, a cyclophosphamide analogue which spontaneously
decomposes in aqueous solution and generates active alkylating
metabolites (4). The rationale for its clinical use is based on an
animal study in which rats survived lethal irradiation after
receiving an i.v. injection of a mixture of normal marrow and
leukemic cells that had been incubated with 4-HC (5). Subse
quently, several clinical studies with ABMT reported successful
reconstitution of hemopoiesis with â€œpurgedâ€•autologous bone
marrow samples that are almost devoid of committed hemo
poietic progenitors (6â€”8).These results strongly suggest that
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Fig. I. Doseresponseofspleencellsto 4-HC, 4-HC + DAB, andPKP. Regressionlineswerecalculatedusingleast-squaresmethod.Points,meansof quadruplicate
cultures, Ban, standard errors of the mean.

ary colonies was determined as described above by performing differ
ential counts on May-Grunwald-Giemsa stained smears.

Treatment with 4-He PKP, and DAB. 4-HC was prepared as de
scribed previously (14). PKP was synthesized and kindly provided by
Dr. Susan Ludeman (15). These compounds were dissolved in phos
phatebufferedsaline and usedwithin30 min. Cells at a concentration
of 5 x 10' to 1 x iO@ml were incubatedat 37C for 30 mm with
varying concentrations of 4-HC and PKP, washed once in a-medium
and platedfor analysisof the survivingfractionsof progenitors.

DAB was obtained from the Aldrich Chemical Co., and further
purified prior to use. Cells were incubated with 25 @iMDAB in 0.05%
(v/v) dimethylsulfoxidefor 10 mm at room temperature,and then
exposed to 4-HC as described above.

RESULTS

Effects of 4-HC on Murine Hemopoietic Cells. 4-HC showed
dose-dependent killing of progenitors in the spleens of normal
mice. In Fig. 1A, results are expressed as fractions of surviving
progenitors after incubation with 4-HC. Differential sensitivi
ties of murine progenitors are evident with BFU-E being most
sensitive and CFU-GEMM most resistant. Sensitivities of
CFU-GM were intermediate.

A similar pattern of differential sensitivities was also noted
for progenitors in the bone marrow (data not shown).

Effect of4-HC + DAB on Spleen Cells. DAB is an inactivator
ofaldehyde dehydrogenase.4 In order to test the hypothesis that
the differential effects of 4-HC are due to differences in intra
cellular concentrations of aldehyde dehydrogenase, we tested
the effects of pretreatment with DAB on the cytocidal effects
of 4-HC. Spleen cells at 1 x 10@'/miwere first incubated with
25 @MDAB for 10 mm and then treated with 4-HC. Results
are expressed as surviving fractions of progenitors after treat
ment with 50, 100, and 150 iM 4-HC. Sensitivity of progenitors
for CFU-GM and CFU-GEMM to 4-HC was increased while
differential sensitivity was diminished after pretreatment with
DAB (Fig. 1B). Preincubation with DAB alone did not have

any effect on hemopoietic progenitors (data not shown).
Effect of PK.P on Murine Hemopoietic Cells. Next, we cx

amined the effects of a different cyclophosphamide analogue,
PKP. PKP is not susceptible to inactivation by intracellular
aldehyde dehydrogenase. PKP also showed dose-dependent kill
ing of murine spleen progenitors. However, differential sensi
tivities of progenitors could not be demonstrated. In Fig. lC,
results are expressed as surviving fractions of progenitors after
treatment with PKP.

Effect of 4-HC and DAB on Progenitors for Blast Cell Cola
mes. Dose response of progenitors for blast cell colonies to 4-

HC was studied in a selective culture system for blast cell
colonies (12) in which addition of interleukin-3 was delayed
until Day 7 ofculture. After Day 16, dishes were observed daily
and the location of the newly appearing blast cell colonies was
recorded. Cumulative numbers of blast cell colonies observed
between Days 16 and 32 revealed dose-related sensitivities to
4-HC (Table 1). The slopes of the sensitivities of blast cell
colony-forming cells to 4-HC were very similar to that of CFU
GEMM. Although the number of colonies observed was small,
the late-appearing blast cell colonies (i.e., appearing after Day
25 ofculture) did not seem to be affected by 4-HC while earlier
appearing blast cell colonies were reduced in number.

In order to study the effects of DAB on sensitivity of progen
itors for blast cell colonies to 4-HC, dishes treated with 100
and 150 @LMwere observed daily after Day 16. Preincubation

Table 1 Cumulativenumberofblast cellcoloniesin culturesofspleencells
treated with 4-HC

Colony number from a total of nine dishescontaining I x 10' spleencells. 20
U/mIof interleukin-3wasaddedto disheson Day7.4 J. Hilton, unpublished observations.
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Table2Replatingofblastcell colonies that survived treatment with4-HCColonyâ€•Day

ofNumber ofNumber

of secondarycolonies/blastcellcolon?Replat
ing effi

ciencynumberharvestcells/colonyBEMMGM
GMM GEMGEMMMASTBL(%)I1610500020

3 05002721625431068
1 21517042319137I0024
0 16412641910611022
0 01202551916542037
0 53003161921030146
0 440028721107108121
1 8920568281631009
0 0160109286522018
0 0 43045

EFFEC1@OF 4-HC ON HEMOPOIETIC PROGENITORS

a Progenitors for colonies 2, 5, and 6 had been incubated with 100 @iMof4-HC; progenitors for colonies 1, 3, 4, 7, 8, and 9 had been Incubated with 150 MM 4-HC.
b B, erythroid bursts; EM, erythrocyte/megakaryocyte colonies M, megakaryocyte colonies GM, granulocyte/macrophage colonies; 6MM, granulocyte/macro

phage/megakaryocytecolonies GEM, granulocyte/erythrocyte/macrophagecolonies GEMM, granulocyte/erythrocyte/macrophage/megakaryocytecolonies MAST,
mast cell colonies BL, blast cell colonies.

with DAB decreased the cumulative number of blast cell cob
flies from 12 to three blast cell colonies in eight dishes.

In order to confirm the multipotential nature of the surviving
progenitors for blast cell colonies, we replated individual blast
cell colonies. They gave rise to a number of different secondary
colonies including GEMM colonies (Table 2). These colonies
were quite large and contained as many as 200,000 cells.
GEMM colonies were lifted from methylcellubose medium and
stained with May-Grunwald-Giemsa. Some colonies revealed
six lineages including neutrophil, macrophage, eosinophil, mast
cell, erythrocyte, and megakaryocyte lineages.

DISCUSSION

We studied the effects of 4-HC on murine hemopoietic pro
genitor cells in vitro. Our results clearly demonstrated differ
ential sensitivities of murine hemopoietic progenitors to 4-HC.
Committed progenitors, BFU-E and CFU-GM, were more
sensitive to 4-HC than multipotent progenitors, CFU-GEMM
and progenitors for blast cell colonies. These data are in agree
ment with the following reported studies. Porcellini et a!. (16)
reported that murmne colony-forming units in spleen are rela
tively spared by 4-HC. Gordon et a!. (17) studied the effects of
4-HC on primitive human progenitors in cocultures of bone
marrow cells and stromal cells and found that 4-HC spared
primitive progenitors.

We then attempted to study the mechanism of differential
sensitivities of murine hemopoietic progenitors to 4-HC. 4-HC
rapidly diffuses into the cells where it undergoes either enzy
matic inactivation by aldehyde dehydrogenase or spontaneous
conversion into cytotoxic metabolites. The role that aldehyde
dehydrogenase plays in metabolism of cyclophosphamide in
cell-free systems has been well documented (18, 19). Its phys
iobogical function, however, has not been fully explained.
DeWys (20) developed a cyclophosphamide-resistant cell line
(L-1210) and Hilton (21) demonstrated reversal of cyclophos
phamide resistance in vitro by pretreatment of cells with disul
firam, a potent inhibitor of aldehyde dehydrogenase. Further
studies documented very high levels ofaldehyde dehydrogenase
in resistant cells and lack of resistance to 4-methylcycbophos
phamide, which does not produce an intermediate which is a
substrate for aldehyde dehydrogenase (21). Kohn and Sladek
recently reported(22) that inhibitors ofaldehyde dehydrogenase
potentiate cytotoxic effects of 4-HC and its analogues toward
colony-forming units-spleen but not toward CFU-GM, and
postulated that aldehyde dehydrogenase activity is an important
basis for relative insensitivity ofcobony-forming units-spleen to
oxazaphosphorines. We attempted to clarify whether or not

variations in the intracellular levels of aldehyde dehydrogenase
might contribute to the differential sensitivities of the hemo
poietic progenitors to 4-HC. We first tested the effects of DAB,
an inhibitor of aldehyde dehydrogenase, as a substitute for
disulfiram since the latter is toxic in many cell culture systems.
We observed that pretreatment with 25 @MDAB increased
sensitivity of progenitors to 4-HC and eliminated their differ
ential sensitivities to 4-HC. Next, we treated murine progenitor
cells with PKP which, like 4-MC, releases phosphoramide
mustard by a mechanism unaffected by aldehyde dehydrogen
ase. Dose-dependent killing of progenitors was observed while
differential sensitivity was abolished. Together, these results
suggest that aldehyde dehydrogenase may play an important
role in providing differential sensitivities of murine progenitors
to 4-HC.
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