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Abstract

Synthetic oligodeoxynucleotides complementary to the break-
point junction of bcr-abl transcripts selectively inhibit the pro-
liferation of Philadelphia'-positive leukemic cells, but residual
leukemic cells persist in antisense oligodeoxynucleotides-
treated cultures. Cyclophosphamide derivatives such as mafos-
famide and 4-hydroperoxycyclophosphamide are used at high
doses for purging of Philadelphia' leukemic cells from
marrows but such treatment can be associated with delayed
engraftment and prolonged cytopenias. To develop a more ef-
fective procedure that might optimize the killing of leukemia
cells and the sparing of normal hematopoietic progenitor cells,
a 1:1 mixture of Philadelphia' leukemic cells and normal bone
marrow cells was exposed to a combination of a low dose of
mafosfamide and bcr-abl antisense oligodeoxynucleotides and
assayed for growth ability in clonogenic assays and in immuno-
deficient mice. Bcr-abl transcripts were not detected in residual
colonies, and cytogenetic analysis of individual colonies re-
vealed a normal karyotype. Normal but not leukemic hemato-
poietic colonies of human origin were also detected in marrows
of immunodeficient mice 1 mo after injection of the treated
cells. Our results indicate that a combination of a conventional
chemotherapeutic agent and a tumor-specific antisense oligo-
deoxynucleotide is highly effective in killing leukemic cells and
in sparing a much higher number of normal progenitor cells as
compared with high-dose mafosfamide treatment. This offers
the prospect of a novel and more selective ex vivo treatment of
chronic myelogenous leukemia. (J. Clin. Invest. 1993.92:194-
202.) Key words: chemotherapy * DNA* leukemia * oncogenes

Introduction

Bone marrow transplantation (BMT)' has been introduced in
the therapy of chronic myelogenous leukemia (CML) to in-
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1. Abbreviations used in this paper: A-T-, adherent cells and T lym-
phocytes removed; BC, blast crisis; BMC, bone marrow cells; BMT,

crease the probability of long-term remission or even cure of
these patients ( 1 ). Allogeneic or syngeneic BMThas improved
the clinical prognosis, but this therapy is applicable only to a
minority of patients because histocompatible marrow donors
are scarce. In the absence of appropriate donors, autologous
BMTmaybe performed, although the results of such treatment
are usually worse compared with allogeneic marrow transplan-
tation (2, 3), owing to residual clonogenic leukemia cells
within the autograft and lack of graft-vs.-leukemia effect (4).
However, a beneficial effect of autologous BMTin CMLpa-
tients has been reported, but remission (when achieved) was
usually brief (5, 6). Thus, improvement in CMLtreatment
depends on the establishment of a better method of ex vivo and
in vivo treatment of leukemic cells.

The presence of the bcr-abl break point in CMLcells (7, 8)
and the demonstration that bcr-abl transcripts play an essential
role in the induction and maintenance of the leukemic pheno-
type (9, 10) offers the unique opportunity to utilize these anti-
sense oligodeoxynucleotides, alone or in combination with con-
ventional chemotherapeutic agents, as tumor-specific in vitro
purging agents. Amongthe candidate chemotherapeutic agents
mafosfamide has been used with promising results as a purging
agent in acute leukemia in a nonrandomized trial ( 11 ). A theo-
retical objection to the purging of bone marrow cells (BMC)
from CMLpatients rests in the observation that the vast major-
ity of hematopoietic cells in bone marrow or peripheral blood
of CMLpatients are neoplastic so that repopulation with nor-
mal hematopoietic cells upon reintroduction of purged cells is
questionable. However, nonclonal, presumably nonneoplastic
hematopoiesis can be temporarily restored in vivo after chemo-
therapy ( 12), interferon treatment ( 13), or autologous BMT
using unpurged or purged autografts ( 14-16). In in vitro long-
term bone marrow cultures, the dominant Philadelphia '
(Ph' )-positive cell population disappeared, and karyotypically
normal progenitors remained detectable for a long period of
time ( 17). Accordingly, the development of an effective strat-
egy for the ex vivo treatment of CMLcells might have therapeu-
tic utility.

Using clonogenic assays, we have examined the in vitro
sensitivity of CML-blast crisis (BC), and normal BMCto high-
dose mafosfamide (ASTA Z 7654), or to a combination of
low-dose mafosfamide and bcr-abl antisense oligodeoxynu-
cleotides. This combination purge is highly effective in elimi-
nating Ph' leukemic cells, and in sparing a larger number of
normal hematopoietic progenitors as compared with high-dose

bone marrow transplantation; BNX, bg/nu/xid (mice); CALLA,
commonacute lymphoblastic leukemia antigen; CML, chronic myelog-
enous leukemia; IMDM, Iscove's modified Dulbecco's medium;
MNC, mononuclear cells; Ph', Philadelphia' (leukemic cell); SCF,
stem cell growth factor; SCID mice, severe combined immunodefi-
cient mice.
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mafosfamide alone, suggesting that this approach might prove
clinically useful, if the findings in small cell samples can be
extended to conditions more closely mimicking those used in
the ex vivo treatment for BMT.

Methods
Cells. Marrows were obtained as iliac crest aspirates from healthy vol-
unteers after informed consent. Light-density mononuclear cells
(MNC), separated on Histopaque-1077 (Sigma Chemical Co., St.
Louis, MO)density gradient were enriched for hematopoietic progeni-
tors by removal of adherent cells and T lymphocytes (A-T-MNC) as
described (18). MNCfrom untreated, CML-BCpatients (> 50,OOO/Il
of white blood cells, > 95% Ph' metaphases) were similarly isolated
from bone marrow. The Ph' leukemia cell line BV173 was established
from a patient in lymphoid blast crisis (19) and is characterized by the
presence of the b2/a2 break point and common acute lymphoblastic
leukemia antigen (CALLA), and the absence of CD45 antigen (19, 20
and unpublished observations).

Mice. Triple-immunodeficient bg/nu/xid (BNX) female mice and
immunodeficient severe combined immunodeficient (SCID) male
mice were obtained from Taconic (Germantown, NY). Mice were
maintained under pathogen-free conditions and were 6-8 wk old when
used in the experiments. BNXand SCID mice received 600 and 300
cGy of total body irradiation, respectively, 1 d before injection of cells.
After irradiation and injection of cells, SCID mice were supported with
stem cell growth factor (SCF, 20 Mg), a fusion protein of human IL-3
and GM-CSF(PIXY321, 8 Mg) and erythropoietin (20 U). Mice were

injected intraperitoneally with the growth factors every 2 d for a total of
15 times. SCF and PIXY321 were obtained from Immunex Corp.
(Seattle, WA) and erythropoietin from Amgen, Inc. (Thousand
Oaks, CA).

Oligodeoxynucleotides. These were synthesized on a DNAsynthe-
sizer (model 380B, Applied Biosystems, Inc., Foster City, CA) by
means of fl-cyanoethylphosphorymidite chemistry. The sequences of
b2/a2 and b3/a2 antisense oligodeoxynucleotides, the 5' primer of bcr
exon 2, the 3' primer of abl exon 2, and the abl probe recognizing the
amplified 257-bp bcr-abl transcript have been described (10). The se-
quences of 5' and 3' primers of human a-satellite DNAare as described
(21) and the 32-base probe corresponds to nucleotides 77-108 of the
published sequence of human a-satellite (22). The (B2-microglobulin
((f2) 5' and 3' primers correspond to nucleotides 280-301 and 510-531,
respectively, and the 50-base probe corresponds to nucleotides 351-
400 (23). ,B-Actin oligomers were made based on the published se-
quence of mouse fl-actin (24). Primers synthesized for murine f3-actin
cross-reacted with human f,-actin (not shown), and the probe corre-
sponds to nucleotides 258-296 (25).

Mafosfamide treatment. Mafosfamide (ASTA Z 7654) was kindly
provided by Drs. H. Sindermann and M. Peukert (Asta-Werke AG,
Frankfurt am Main, FRG). The drug was dissolved in Iscove's modi-
fied Dulbecco's medium (IMDM) and sterilized by filtration through a
0.22-gm Acrodisc filter (Gelman Sciences, Inc., Ann Arbor, MI) be-
fore use. 106 to I07 cells/ml in IMDMsupplemented with 10% heat-
inactivated human AB serum were incubated in the presence of differ-
ent concentrations of mafosfamide for 30 min at 37°C, washed, and
resuspended in IMDMmedium.

Oligomer treatment. For in vitro studies, 1 X 105 cells/ml were
seeded into 24-well cell culture plates (Costar Corp., Cambridge, MA)
in 0.4 ml of IMDMsupplemented with 2%heat-inactivated human AB
serum, Hepes buffer, and recombinant human IL-3 (50 U/ml) and
GM-CSF(12.5 ng/ml) (Genetics Institute, Cambridge, MA). For in
vivo studies, 1 x 106 cells/ml were seeded into 75-cm2 tissue culture
flasks (Corning Glass Works, Corning, NY) in IMDMsupplemented
with 10% heat-inactivated human AB serum, Hepes buffer, IL-3, GM-
CSF, and SCF(100 ng/ml). Sense and antisense b2/a2 oligodeoxynu-
cleotides were added at 80,ug/ml on time 0. The second and third dose
(40 Mg/ml) were added 18 and 40 h later. 65 h after starting the treat-
ment, cells were plated without washing or injected into mice after

washing in IMDM. Control groups were plated/injected without prior
oligodeoxynucleotide exposure.

Colony assays. CFU-GMcolonies were grown and counted as de-
scribed ( 18). 5 X I04 of A-T-MNC or CMLcells were plated in HCC-
4230 medium (Terry Fox Laboratories, Vancouver, BC) supple-
mented with IL-3 (20 U/ml), GM-CSF(5 ng/ml), and 0.125 mM
L-glutamine in duplicate 35-mm Petri dishes (Nunc Inc., Naperville,
IL) at 1 ml per dish. Growth of human colonies derived from 105
mouse marrow cells plate was, in addition, supported with recombi-
nant human SCF( 100 ng/ml) and recombinant human erythropoie-
tin (2 U/ml). Colonies and clusters were scored after 9-12 d of culture
in a humidified 5%CO2 incubator.

Reverse transcriptase-polymerase chain reaction (RT-PCR). Cells
were collected separately from each experimental group, centrifuged
on Histopaque-1077 density gradient, and washed before total RNA
extraction in the presence of 20 Ag of Escherichia coli ribosomal RNA
as described (26). RNAfrom each group was divided into two aliquots.
One sample was reverse-transcribed using 400 U of Moloney murine
leukemia virus RT(BRL, Gaithersburg, MD)and 0. 1 tLg of 3' primer of
abl exon 2 for I h at 370C. The second sample was reverse-transcribed
using the 2-microglobulin 3' primer. The resulting cDNA fragments
were amplified with 5 U of Thermuts aquaticuts (Taq) polymerase (Per-
kin Elmer Cetus, Norwalk, CT) in the presence of the 5' primer of bcr
exon 3 or #2-microglobulin 5' primer, generating a 257-bp fragment
corresponding to the bcr/abl break-point region, and a 252-bp frag-
ment of ,2-microglobulin during 56 cycles of PCR(27). Reaction prod-
ucts were electrophoresed in 2%agarose gel, transferred to Zeta-probe
blotting membranes (Bio-Rad Laboratories, Richmond, CA) and hy-
bridized overnight at 50°C using the abl exon 2 or 32-microglobulin
probes end-labeled with [y_ 32p] ATPand polynucleotide kinase as de-
scribed (28). Filters were washed with 2x SSC+ 0.1% SDSat 49°C for
30 min. Using this RT-PCRprotocol we were able to detect 10 2 BV17 3
or 103 CML-BCcultured primary cells among 106 cells.

Single-colony PCRanalysis. Single colonies were picked separately
and divided into two portions; RNAwas prepared as described ( 18)
from one portion, and DNAwas extracted by repeated freezing and
thawing from the other. RNAwas reverse-transcribed using the abl
exon 2 or ,B-actin 3' primers. The resulting cDNAwas amplified using
the bcr exon 2 and the ,B-actin 5' primers, respectively, and Taq poly-
merase as described above. DNAwas amplified with human a-satellite
3' and 5' primers and Taq polymerase, and PCRamplification prod-
ucts were electrophoresed, transferred, and hybridized as described for
RT-PCR.

Immunofluorescence studies. For flow cytometry analysis, single-
cell suspensions were prepared from bone marrow of mice injected
with human cells. Cells (105) were stained with FITC-conjugated
mouse anti-HLe-l (anti-CD45) or anti-CALLA (anti-CD 10) mono-
clonal antibody (Becton-Dickinson Immunocytometry Systems, San
Jose, CA), washed, and analyzed by flow cytometry using the Epics
Profile Analyzer (Coulter Corp., Hialeah, FL). For each cell type, two
negative controls were used: the same cell population stained with
FITC-conjugated anti-human CD3 monoclonal antibody, and BMC
stained with FITC-conjugated anti-HLe- I or anti-CALLA from non-
injected mice. Humanperipheral blood mononuclear cells (99% posi-
tivity) and BV173 cells (95% positivity) served as positive control for
anti-CD45 and anti-CD-10 monoclonal antibodies, respectively. The
level of sensitivity for each antibody was - 10-2 . Negative and positive
controls were utilized in each set of experiments.

Cytogenetic analysis of single hematopoietic colonies. A 1:1 mix of
normal marrow progenitors and leukemic cells was cultured in methyl-
cellulose in the presence of bcr-abl antisense oligodeoxynucleotides,
alone or in combination with mafosfamide. After 7-9 d, plates were
exposed to a colcemid solution (0.3 ,g/ml) for 1 h. Single colonies
were plucked from the methylcellulose, diluted with physiological sa-
line, and centrifuged to remove residual methylcellulose. After 25 min
of hypotonic treatment in 0.075 MKCl, cells were fixed by washing
several times with methanol/glacial acetic acid (3:1 ). Slides were air-
dried and G-banded as described (29).
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Results

In vitro sensitivity of CMLand normal marrow cells to mafos-
famide. The sensitivity of CML-BCcells from 11 patients, and
normal bone marrow hematopoietic progenitor cells from 8
healthy volunteers to mafosfamide was examined. Leukemic
cells were more sensitive than normal hematopoietic cells to
mafosfamide at concentrations of 25, 50, and 100 ,jg/ml (Fig.
1). At the highest concentration of mafosfamide (100 ,Rg/ml),
formation of colonies derived from CML-BC cells was com-
pletely inhibited in samples from 9 of 11 patients and almost
completely in two other cases (- 99.8% inhibition). At the
same time, 3.15% (0.6-10.3%) of normal hematopoietic colo-
nies were spared in 8 of 8 samples from healthy volunteers (Fig.
1). The CD34' subpopulation of CMLcells was also more
sensitive than that of normal hematopoietic progenitors to ma-
fosfamide (not shown). Secondary colony formation assays to
demonstrate further that mafosfamide treatment (100 ,ug/ml)
permanently inhibited the growth ability of leukemic cells but
not of normal progenitors indicated no visible secondary colo-
nies derived from CMLprimary cells but several CFU-GM
colonies from normal marrow MNC(A-T-MNC) incubated
with the same concentrations of the drug. Untreated CML-BC
cells formed numerous secondary colonies (not shown).

Effect of different concentrations of mafosfamide on a mix-
ture of CML-BC and normal marrow cells. To determine
whether mafosfamide preferentially eliminates leukemic cells
as compared to normal progenitor cells, normal A-T-MNC
and CML-BC cells mixed at a 1:1 ratio were incubated with
increasing concentrations of mafosfamide and plated in meth-
ylcellulose and the resulting colonies were counted (Fig. 2,
top). Cells were then harvested and centrifuged on Histopaque-
1077 to eliminate dead cells before RNAextraction, and RT-
PCRwas performed to identify leukemic cells expressing the
bcr/abl transcript among normal BMC; no bcr-abl mRNAwas
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Figure 1. Effect of mafosfamide on in vitro colony-forming ability of
A-T-MNC (o), or CML-BCcells (.). Cells were incubated with the
indicated concentrations of mafosfamide and plated in methylcellu-
lose, and colonies were counted. Results are expressed as mean±SD
(*P < 0.05).
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Figure 2. Effect of mafosfamide at various concentrations on colony
formation (top) and bcr/abl or 132-microglobulin mRNAexpression
(bottom) in a 1:1 mix of CML-BCprimary cells and normal marrow
cells. Duplicate cultures for each experimental group were counted
12 d after plating in methylcellulose. Bars represent mean±SD. Cells
were pooled from each group, and total RNAwas extracted and di-
vided in two equal aliquots for analysis of bcr-abl and #2-microglobu-
lin mRNAlevels by RT-PCR.

detected after treatment with mafosfamide at 100 gg/ml, and
the bcr-abl transcript was barely detectable after exposure to
mafosfamide at 50 ,tg/ml (Fig. 2, bottom). By contrast, control
02-microglobulin mRNA,was clearly detectable in all samples
(Fig. 2, bottom). Similar results were obtained with cells from
two other CML-BC patients indicating that cells carrying the
Ph' translocation and generating the bcr/abl transcript were
below the level of detection, whereas normal progenitor cells
survived exposure to mafosfamide at 100 ,ug/ml.

Effect of mafosfamide plus bcr-abl antisense oligodeoxynu-
cleotides on a 1:1 mixture of Ph'-positive BVJ 73 cells and nor-
mal marrow cells. The Ph' leukemia cell line BV173 is charac-
terized by the presence of the b2/a2 break point in which the
bcr exon 2 is fused to the abl exon 2 (20). BV173 cells form
colonies with high efficiency when plated in semisolid me-
dium, and proliferation of these cells was inhibited by exposure
to a b2/a2 antisense oligomer ( 1 8-mer) complementary to the
break-point junction, but not by the sense oligomer b2/a2 or
the antisense oligomers bl /a2 or b3/a2 (not shown). BV173
cell proliferation was also inhibited by exposure to mafosfa-
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mide (not shown). Colony formation assays of a 1:1 mixture of
BV173 cells (cloning efficiency - 30%) and normal marrow
cells (cloning efficiency - 0.3-0.6%) exposed to mafosfamide,
b2/a2 antisense oligodeoxynucleotides or both revealed resid-
ual colonies in the presence of 2.5 jg/ml of mafosfamide or
b2/a2 antisense oligodeoxynucleotides (80 jig/ml followed by
40 ,ug/ml 18 and 40 h later), and also when the drug (2.5
,gg/ml) was combined with the b2/a2 antisense oligomer (80
+ 40 + 40 ,g/ml) (Fig. 3, top). However, a bcr-abl transcript
was clearly present in colonies derived from cells treated with
mafosfamide or with the antisense oligomer alone, but was not
detectable after exposure to a combination of the two reagents
suggesting that mafosfamide and b2/a2 antisense oligodeoxy-
nucleotides have a synergistic effect against leukemic cells (Fig.
3, bottom). In contrast, control f32-microglobulin mRNA,was
clearly detectable in each sample (Fig. 3, bottom), suggesting
that normal clonogenic cells were spared. In fact, cytogenetic
analysis of individual colonies derived from the 1:1 mixture of
normal marrow MNCand BV173 cells, untreated or exposed
to a combination of bcr-abl antisense oligodeoxynucleotides
and mafosfamide revealed that 15 of 20 untreated colonies
were Ph '-positive, whereas all 18 colonies examined after treat-
ment with bcr-abl antisense oligodeoxynucleotides and mafos-
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famide, were karyotypically normal (Table I). Bcr-abl sense
oligodeoxynucleotides did not exert any additional effect
against leukemic cells when combined with mafosfamide (not
shown).

Effect of mafosfamide plus bcr-abl antisense oligodeoxynu-
cleotides on CML-BCorA -T-MNC colonyformation. Clono-
genic assays of CML-BC cells from five patients and
A-T-MNC cells from four healthy volunteers were utilized to
determine the sensitivity of these cells to a combination of ma-
fosfamide (25 ,ug/ml) and bcr-abl antisense oligodeoxynucleo-
tides (80 + 40 + 40 ,gg/ml) (Table II). Compared with un-
treated cultures, CML-BC colony formation was completely
(100% inhibition in two cases) or almost completely (99.8%
inhibition in three cases) suppressed by exposure to mafosfa-
mide plus antisense oligodeoxynucleotides. Under identical
culture conditions 20.8-43.8% of normal hematopoietic pro-
genitors were spared (Table II). At those concentrations ma-
fosfamide or antisense oligodeoxynucleotides alone were not
able to inhibit so efficiently the growth of CML-BC cells. It
should be also noticed that antisense oligodeoxynucleotides ex-
erted a moderate nonspecific toxic effect against normal bone
marrow progenitors which varied between donors and batches
of oligomers.

Effect of mafosfamide plus bcr-abl antisense oligodeoxynu-
cleotides on a 1:1 mixture of CML-BCand normal marrow
cells. Primary cells from CML-BCpatients (cloning efficiency

- 0.6-3%) in whomcytogenetic analysis indicated that 100%
metaphases were Ph '-positive and molecular analysis revealed
the expression of bcr-abl transcripts containing the b2/a2
break-point junction were mixed with an equal number of
A-T-MNC (cloning efficiency 0.3-0.6%) and incubated
with mafosfamide (255sg/ml) and a bcr-abl antisense oligomer
complementary to the break-point junction (b2/a2, 80 + 40
+ 40 ,ug/ml) before plating in methylcellulose. Colonies were
counted after 9 d of culture (Fig. 4, top), and then total RNA
was isolated from the cells. A bcr-abl transcript was clearly
present in untreated cells and in cells treated with mafosfamide
or with the antisense oligomer alone, but, in all three cases, was
not detectable after exposure to a combination of mafosfamide
and bcr/abl antisense oligodeoxynucleotides. (Fig. 4, bottom).
In contrast, control 32-microglobulin mRNA,was clearly de-
tectable in each sample. Fig. 4 shows results from a representa-
tive case. Bcr-abl sense oligodeoxynucleotides in combination
with mafosfamide had no additional effect over that of mafos-
famide alone (not shown). Cytogenetic analysis of individual
colonies derived from a 1:1 mix of normal marrow MNCand

U
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Figure 3. Effect of mafosfamide (MAF), bcr-abl antisense oligodeoxy-
nucleotides (AS), or both (MAF + AS) on colony formation (top)
and bcr/abl or 32-microglobulin mRNAexpression (bottom) in a 1:1
mix of BV173 cells and normal marrow cells. Cell culture conditions,
RNAextraction, and RNAphenotyping by RT-PCR technique were

as described in Methods. Bars represent mean±SD.

Table I. Cytogenetic Analysis of the Presence of Ph' Chromosome
in Colony-forming Cells In Vitro before or after Purging

No. of Ph' colonies per
no. of colonies analyzedt

Cells* Untreated Treated

BV173+A-T-MNC 15/20 0/18
CML-BC+A-T-MNC 12/18 0/23

* 1:1 mixture of leukemic and normal cells.
$ Metaphases of BV173 and CML-BCpatient cells were 100% positive
for Ph' before the studies. Data represent results from two indepen-
dent experiments.
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Table II. Effect of Mafosfamide + bcr-abl Antisense Oligodeoxynucleotides on the Number
of Colonies Derivedfrom CMI-BC and A-TMNC

Mafosfamide
Cells

0 fisg/ml 25 zsg/mI
Oligodeoxy
nucleotide: C S AS C S AS

CML-BC
UPN 1 (b2/a2) 363.5±36.1 321.5±26.1 146.5±21.9 37.0±1.4 30.5±2.8 1.5±1.4
UPN2 (b2/a2) 295.8±72.0 279.8±24.2 84.0±17.6 68.5±13.4 60.2±2.5 0
UPN3 (b2/a2) 412.5±95.5 ND 181.5±3.5 75.5±13.4 ND 1.0±0.0
UPN4 (b2/a2) 410.0±76.4 ND 130.5±24.7 41.5±20.5 ND 0.3±0.1
UPN5 (b2/a2) 1527.5±128.4 1480.2±151.7 285.8±57.2 212.5±78.2 198.8±51.0 0

A-T-MNC
A 143.4±2.1 ND 124.0±22.6 80.5±17.1 ND 47.5± 1.4
B 165.5±13.4 ND 155.5±7.8 82.0±10.8 ND 34.5±6.4
C 256.0±28.3 ND 162.5±17.7 172.0±1.4 ND 112.0±9.9
D 286.2±37.8 256.2±27.8 268.5±44.0 158.5±10.2 ND 102.5±13.2

Cells were incubated with indicated concentrations of mafosfamide and left untreated (C) or treated with break-point-specific sense (S) or anti-
sense (AS) oligodeoxynucleotides as described in Methods. The results (mean ± SDare from duplicate cultures. ND, not determined.
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Figure 4. Effect of mafosfamide (MAF), bcr-abl antisense oligodeoxy-
nucleotides (AS), or both (MAF + AS) on colony formation (top)
and bcr/abl or 02-microglobulin mRNAexpression (bottom) in a 1:1
mix of CML-BCprimary cells and normal marrow cells. Cell culture
conditions, RNAextraction, and RNAphenotyping by RT-PCR
technique were as described in Methods. Bars represent mean±SD.

leukemic cells exposed to a combination of bcr-abl antisense
oligodeoxynucleotides and mafosfamide revealed a normal
karyotype in all 23 colonies examined, whereas only 6 of 18
untreated colonies were normal and the remaining 12 were
Ph'-positive (Table I). Together, these results indicate that
only the combination of mafosfamide and bcr-abl antisense
oligodeoxynucleotides reduced below the levels of detection
cells carrying the Ph' translocation and spared a high number
of normal progenitor cells.

Detection of normal hematopoietic colony-forming cells but
not leukemic cells in SCID mice injected with a 1:1 mixture of
marrow MNCand BVJ 73 cells treated with mafosfamide and
bcr-abl antisense oligodeoxynucleotides. A 1:1 mixture of
A-T -MNCand BV173 cells, untreated ortreated with a combi-
nation of mafosfamide (2.5 ,ug/ml) and b2/a2 antisense oligo-
deoxynucleotides (80 + 40 + 40 ,g/ml), was injected intrave-
nously into sublethally irradiated SCID mice systemically
treated with human hematopoietic growth factors as described
in Methods. This model allows detection of normal human
hematopoietic cells and BV173 cells after injection of a least
106 and 104 cells, respectively. Flow cytometric analysis of
bone marrow cells isolated from these mice killed 1 mo after
injection revealed CD45+ cells in SCID mice injected with
purged and nonpurged human bone marrow (Table III), indi-
cating the presence of normal human hematopoietic cells,
(BV 173 leukemia cells do not express this antigen); CALLA+
cells (mainly BV173 cells) were detected only in mice injected
with nonpurged bone marrow. Under conditions which pre-
sumably allow only the growth of human cells (bone marrow
progenitors and BVl73 cells), several colonies (34.5±21.9/
105 cells plated) were detected in bone marrow of two mice

injected with the 1:1 mixture of normal marrow cells from
different donors and BV173 cells which was exposed to mafos-
famide (2.5 ug/ml) and b2/a2 antisense oligodeoxynucleo-
tides (80 + 40 + 40 ,gg/ml) (Table III). These colonies (five
colonies tested per mouse) were of human origin, as indicated
by the detection of human-specific a-satellite DNAsequences,
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Table III. E~ffect of Mafosfamide + ber-abl Antisense
Oligodeoxynucleotides on the Nutmber of Leutkemic
and Normal Hematopoietic Colony-forming Cells
in Bone Marrow of SCID Mice

CD45+ CALLA+ Colonies/
Cells Treatment* cells cells 10' cells

A-T-MNC+ None 7.0 + 0.3 15.3 + 7.3 3121.0 + 210.7
BVl73 MAF+ AS 3.2 + 1.2 0 34.5 + 21.9
A-T-MNC+ None 24.0 + 3.6 ND 149.8 + 18.3
CML-BC MAF+ AS 1.5 + 0.2 ND 9.8 + 4.0

1:1 mixture at A-T-MNC + BV173 cells (45 X 106) or A-T-MNC +
CML-BCcells (60 x 106) were divided onto two portions and were
untreated (none) or treated with mafosfamide + antisense oligodeoxy-
nucleotides as described. Then the cells were injected i.v. into the
SCID mice which then were supported with human recombinant
growth factors. 1 mo later mice were killed and BMCwere analyzed.
Each experiment was performed twice using A-T-MNC from different
donors.
* Two mice per group were analyzed. The results represent mean±SD
from two independent experiments (six determinations).

and not leukemic because of the lack of bcr/abl mRNAexpres-
sion (Fig. 5 A). Colonies showed a characteristic myeloid or
erythroid phenotype. Numerous colonies (3,121.0±210.7/ I05
cells plated) arose from bone marrow of two SCID mice in-
jected with nonpurged cells. The human a-satellite DNAse-
quence and bcr-abl mRNAwere easily detectable in single colo-

L N NONPURGED

a-satellite

nies (five colonies tested per mouse) (Fig. 5 A), indicating the
leukemic origin of these colonies. The phenotype of these colo-
nies was typical for colonies derived from BV173 cells. Analy-
sis of single colonies derived from experiments conducted in
two additional mice gave similar results.

Engraftment ofhuman normal but not patient leukemic he-
matopoietic cells in SCID mice injected with a 1:1 mixture of
marrow MNCand CML-BCprimary cells after mafosfamide
and bcr/abl antisense oligodeoxynucleotides treatment. A 1:1
mixture of A-T-MNC and CML-BC patient cells (UPN 5,
b2/a2 break point) was untreated or treated with mafosfamide
(25 gg/ml) plus b2/a2 antisense oligodeoxynucleotides (80
+ 40 + 40 mg/ml) and then injected i.v. into sublethally irra-
diated SCID mice, which were then supported with human
recombinant hematopoietic growth factors as described in
Methods. This murine model allowed detection of normal and
primary CML-BCcells after injection of at least 106 cells.

Flow cytometric analysis of bone marrow cells isolated
from the mice 1 moafter cells injection revealed the presence
of CD45+ cells in both groups of mice (Table III). Under con-
ditions that favor the growth of human hematopoietic cells
numerous colonies were grown from bone marrow of mice
injected with nontreated cells, whereas only few colonies grew
after injection of purged cells (Table III). All colonies (five
colonies tested per mouse) contained human-specific a-satel-
lite DNAsequences (Fig. 5 B). Bcr/abl mRNAwas only de-
tected in four colonies which arose from bone marrow of the
mouse injected with nontreated cells (five colonies tested per
mouse) (Fig. 5 B). The analysis of single colonies from the
second group of mice gave similar results. As expected, bcr/abl
expression was detected in marrow cells of mice injected with
untreated cells but not after in vitro treatment with bcr/abl

JRGED

A

bcr-abl

Figure 5. Identification of human a-satel-
lite DNAand bcr-abl mRNAin colonies
of BMCof SCID mice injected with ma-
fosfamide + antisense-treated human BMC
mixed 1:1 with (A) BV173 leukemia cells
or (B) CML-BC cells. BMCwere obtained
from sublethally irradiated SCID mice 1
mo after injection of a 1:1 mixture of
BV173 or CML-BCcells and human BMC

B (A-T-MNC) pretreated with mafosfamide
plus bcr-abl antisense oligodeoxynucleo-
tides. PCRand RT-PCR were used to de-
tect nucleic acids. Colonies of BV173 leu-
kemia (L) or normal bone marrow (N)
cells served as positive and negative control
for bcr-abl mRNAdetection, respectively.
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Table IV. Engrafitment of HumanHematopoietic Colony-forming Cells in BNXMice

A-T-MNC injected
Mice* (106/mouse)$ CD45' cells/105 cells Colonies/10' cells

Control
A 3.3 1.5 349±70 5, 12, 4, 2
B 2.3 2.5 140±8 4,4, 8, 6
C 4.0 2.8 355±177 3,0, 1,4

Mafosfamide (100 /Ag/ml)
A 3.3 0.7 0 0
B 2.3 1.1 0 0
C 4.0 1.6 0 0

Mafosfamide (25 ,g/ml) + antisense
A 3.3 1.0 398±98 7, 11, 3, 1
B 2.3 1.9 60±11 8,4,4, 10
C 4.0 2.2 335±35 1, 1, 0, 3

* Mice were analyzed 1 (experiments A and B) or 2 mo (C) after implantation of human BMC. Each experiment was performed independently.
* Left column, numbers of human A-T-MNC in each experiment (A, B, C) before treatment; right column, numbers of the cells injected into the
mouse after treatment.
§ Number of colonies per plate.

antisense oligodeoxynucleoti
shown).

Engraftment of human he?
treated with mafosfamide and
cleotides in BNXmice. To com
regimens of CMLcells eliming
responsible for in vivo engraft
were treated ex vivo with maf
mafosfamide (25 ,ug/ml) and
cleotides (80 + 40 + 40 Atg/r
sayed for colony-forming abi
recombinant human IL-3 and
before injection into subletha
treated cells formed numerou

DNA

H M

a-satellite

41i,

ides and mafosfamide (not 10' cells), whereas colony formation was diminished ( 183±50
colonies per 105 cells), after mafosfamide plus bcr/abl anti-

natopoietic colony-forming cells sense oligodeoxynucleotides treatment, and almost totally in-
bcr/abl antisense oligodeoxynu- hibited (3±3 colonies per 10' cells), after treatment with ma-
ipare the toxicity of two effective fosfamide (100 ,ug/ml) alone.
ation for the hematopoietic cells 1 or 2 moafter cell injection, the mice were killed and BMC
tment, A-T-MNC from donors were isolated from sacrificed mice and examined for the pres-
Sbsfamide alone (100 Ag/ml) or ence of human hematopoietic colony-forming cells by mono-
b2/a2 antisense oligodeoxynu- clonal antibody staining and colony-forming ability. CD45+

ml) as described above, and as- cells were detected among bone marrow cells obtained from
lity in vitro in the presence of mice injected with untreated or mafosfamide (25 ,g/ml) plus
recombinant human GM-CSF b2/a2 antisense oligodeoxynucleotide-treated human BMC,

?lly irradiated BNX mice. Un- but not from mice injected with mafosfamide (100 ,ug/ml)-
s colonies (707±80 colonies per treated cells (Table IV). Under conditions that allow only

growth of human bone marrow progenitor cells, several my-
eloid and erythroid colonies were detected in bone marrow of

C O L O N I E S mice injected with untreated or mafosfamide (25 ug/ml) plus
b2/a2 antisense oligodeoxynucleotides-treated human BMC
(2-12 or 1-11 per 10' cells, respectively), but not in bone

1 2 3 4 5 6 marrow of mice injected with mafosfamide (100 ,g/ml)-
treated cells (Table IV). The human origin of most of these
colonies (5/6) was confirmed by detection of human a-satel-
lite DNAsequence in PCRreaction products obtained from
single colonies (Fig. 6). In this murine model human colony-
forming cells were detected after injection of BNXwith at least
106 normal BMC.

Discussion

B-actin 4_ 4I N_

Figure 6. PCR-based detection of human a-satellite DNAin individ-
ual colonies from methylcellulose cultures of BMCobtained from
sublethally irradiated BNX mice injected with mafosfamide (25 ,ug/
ml) + antisense-treated human BMC. DNAfrom human (H) and
murine (M) peripheral blood mononuclear cells served as positive
and negative controls, respectively.

Intensive chemoradiotherapy followed by allogeneic or synge-
neic BMThas become an effective and potentially curative
therapy for patients with CML(30). If appropriate donors are
not available, autologous BMTcan be utilized, but the almost
certain reinfusion of large numbers of clonogenic Ph '-positive
leukemic cells may eventually minimize the benefit of this
treatment. Gene transfer technmques to mark BMCbefore rein-
fusion into the patient would allow determination of the origin
of the relapsed CMLcells (31 ), thereby addressing the contro-
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versial issues on the ability of reinfused CMLcells to engraft in
vivo ( 14, 32).

CMLis a disease of the hematopoietic stem cells, which
generate an expanded pool of unipotent progenitors that retain
the ability to differentiate during the chronic phase, but un-
dergo severe differentiation arrest during blast crisis. There is
evidence that residual normal hematopoiesis persists during
both disease stages (33, 34), which would support autologous
BMTas an alternative therapy for CML. The maintenance of
normal hematopoiesis and the effective elimination of Ph' leu-
kemic cells from the autograft would significantly improve the
results of such treatment. However, a real impact on the treat-
ment of the disease, can be expected only if we improve also the
efficacy of patient's in vivo treatment.

Mafosfamide, a cyclophosphamide derivative, is utilized to
purge acute myeloid leukemia cells from autologous bone
marrow grafts. A decreased probability of relapse is associated
with the use of such drugs at a concentration sparing as few as
5%CFU-GM( 11 ). Lowest relapse rates appear to be achieved
using a drug concentration that spares < 1%of CFU-GM(35).
For this reason, effective purging is often accompanied by de-
layed engraftment and persistent thrombocytopenia (36).

In light of conflicting observations on the efficacy of cyclo-
phosphamide derivatives for bone marrow purging in CML
patients ( 15, 37 ), we utilized colony formation assays ( 38 ) and
the PCRtechnique (39) to determine whether Ph' leukemic
cells are killed while normal progenitor cells are spared.

Our data from colony-forming assays (primary and second-
ary) and RT-PCRdetection of bcr-abl transcripts indicate that
the colonies arising from mafosfamide (100 Ag/ml) purged
bone marrow were nonneoplastic, and that the number of leu-
kemic cells was diminished below the level of detection. In light
of the unaltered expression of P210 bcr/abl tyrosine kinase in
the presence of cytotoxic agents that inhibit cell growth (40), it
was likely that the disappearance of the bcr/abl signal after
mafosfamide treatment reflects the elimination of leukemic
cells rather than the effect of the drug on bcr-abl gene expres-
sion. Although the findings reported here cannot be extrapo-
lated to actual transplants, they nevertheless suggest that ma-
fosfamide might be useful in some cases for purging of contami-
nating CMLcells from autologous bone marrow, consistent
with previous observations of other investigators (41, 42).
However, the combination of different purging techniques
might be more efficient in the elimination of leukemic cells and
less toxic for normal hematopoietic stem cells.

We have recently described the selective elimination of
CML-BC cells from the mixture of CMLpatients cells and
normal BMCusing antisense oligodeoxynucleotides targeted
against the bcr/abl transcript ( 10), but the procedure did not
eliminate all leukemic cells. In an effort to improve the effi-
ciency of CMLtreatment, we tested the combination of mafos-
famide and bcr/abl antisense oligodeoxynucleotides at con-
centrations which, when used separately, did not eliminate to-
tally the leukemic cells but spared 47% and 85% of normal
hematopoietic clonogenic cells, respectively. In combination,
mafosfamide and antisense oligodeoxynucleotides caused
complete disappearance of the bcr/abl transcripts which sug-
gests a very efficient elimination of detectable leukemic cells
from bone marrow. Cytogenetic analysis of the cells that grew
after purging revealed no Ph '-positive metaphases, which ex-
cludes the possibility of growth of "silent" leukemic cells that
possess the Ph' chromosome but do not express bcr/ abl tran-

scripts (43), and confirms the efficacy of this treatment proce-
dure. The in vitro results were confirmed in vivo when human
BMCmixed with BV173 leukemic cells or CML-BCprimary
cells were treated with mafosfamide and bcr/abl antisense oli-
godeoxynucleotides before injection into immunodeficient
SCID mice (44) subsequently supported with recombinant hu-
man hematopoietic growth factors. Normal human hema-
topoiesis after implantation of purged bone marrow, and pri-
marily leukemic hematopoiesis after injection of nonpurged
bone marrow were detected in bone marrow of the mice. In
addition, the in vitro results (clonogenic assays) and the in vivo
data (detection of human hematopoiesis in BNXmice) pro-
vide strong evidence that purging with mafosfamide plus anti-
sense oligodeoxynucleotides spares a higher number of normal
hematopoietic progenitors compared with purging with high
concentrations of mafosfamide alone.

Another described procedure of bone marrow purging from
CMLcells is that based on the differential sensitivity of normal
and Ph '-positive hematopoietic cells to in vitro culture condi-
tions ( 16). However, the effectiveness of this strategy is still
questionable because the Ph '-positive clonogenic progenitors
usually disappear within 4-6 wk of long-term cultures ( 16),
and there is variation amongpatients in the number of Ph '-neg-
ative cells with repopulating potential after in vitro culture
(34). A combination of mafosfamide treatment followed by in
vitro culture purging and bcr-abl antisense oligodeoxynucleo-
tide treatment might prove to be more therapeutically useful in
some patients.

In summary, these data suggest that in our experimental
model the combination of low-dose mafosfamide, with bcr/abl
antisense oligodeoxynucleotides offers an efficient approach to
eliminate CML-BC cells from BMCwhile significantly im-
proving the sparing of normal hematopoietic stem cells, as
compared with that seen using mafosfamide. Preliminary evi-
dence that antisense oligodeoxynucleotides (bcr-abl or c-myb)
in combination with other chemotherapeutic agents (adriamy-
cin, etoposide, or cis-platinum) enhance the elimination of he-
matopoietic and nonhematopoietic neoplastic cells suggests
the possibility of using this therapeutic strategy in the treat-
ment of human malignancies.
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