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The BCR-ABL oncogene is essential to the pathogenesis of chronic myelogenous leukemia, and
immune mechanisms play an important role in control of this disease. Understanding of the
molecular pathogenesis of chronic myelogenous leukemia has led to the development of sev-
eral novel therapies, which can be broadly divided into therapies based on 1) inhibition of the
BCR-ABL oncogene expression, 2) inhibition of other genes important to the pathogenesis of
chronic myelogenous leukemia, 3) inhibition of BCR-ABL protein function, and 4) immuno-
modulation. We have systematically reviewed each of these novel therapeutic approaches in
this article. © 2001 International Society for Experimental Hematology. Published by

 

Elsevier Science Inc.

 

Introduction

 

Chronic myelogenous leukemia (CML) is a clonal myelo-
proliferative disorder of the hematopoietic stem cell (HSC).
CML is characterized by a chronic phase in which myeloid
precursors and mature cells accumulate in the blood and ex-
tramedullary tissues. After 3–4 years, CML transforms into
a fatal blast crisis [1,2]. By far the only proven curative
therapy for this disorder is allogeneic stem cell transplanta-
tion, with up to 70% cure rates in chronic phase [3–6].
However, due to the limitations of donor availability, age of
the patient, and comorbid conditions and mortality associ-
ated with the transplantation, only 5% of newly diagnosed
CML patients are eventually cured by allogeneic stem cell
transplantation. For more than 20 years, CML has also been

 

treated with interferon-

 

a

 

 (IFN-

 

a

 

), which causes complete
cytogenetic remission in 10–20% of patients with chronic-
phase CML. Unfortunately, IFN-

 

a

 

 can be associated with
significant systemic side effects [3,7–9].

CML is the first malignancy known to be consistently as-
sociated with an acquired genetic abnormality, the Philadel-
phia chromosome [10], present in 

 

.

 

90% of CML patients.
In the majority of CML patients a unique gene rearrange-
ment between the BCR and ABL genes can be detected. The
fascinating developments in molecular biology and genetics
over the last two decades have elucidated the downstream

pathways and molecular machinery activated by the BCR-
ABL fusion protein that contribute to the malignant trans-
formation of the HSC. Understandably, several novel thera-
peutic approaches have been rationally designed to halt the
process of leukemogenesis by targeting various parts of this
pathway, and some of them have shown promising results.
The purpose of this review is to concisely discuss these
novel therapeutic strategies, particularly emphasizing the
principles underlying these therapies, preclinical and clini-
cal studies, and the possible role of each of these approaches
in the therapy of CML. Initially we will briefly discuss the
molecular pathophysiology of CML to understand the tar-
gets for the novel therapies and then discuss the three major
therapeutic strategies: inhibition of gene expression at the
level of translation, inhibition of protein tyrosine kinase,
and immunomodulation.

 

Molecular pathophysiology of
CML and targets for novel therapies

 

The pathologic hallmark of CML is the Philadelphia (Ph)
chromosome, which is a result of a reciprocal translocation
between long arms of the chromosomes 9 and 22 [10] and is
found in over 90% of CML patients. The Ph translocation
results in the formation of a hybrid BCR-ABL gene on
chromosome 22 [11] and a reciprocal ABL-BCR gene on
chromosome 9 [12,13]. The Ph translocation transposes
ABL exons a2 through a11 into the M-bcr region, so that the
resulting BCR-ABL hybrid gene has a unique b3a2 or b2a2
junctional sequence [14,15]. The BCR-ABL gene encodes

 

for the p210

 

BCR-ABL

 

 fusion protein, which is essential and
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sufficient for the malignant transformation of CML [16–18].
Although the ABL-BCR gene is transcriptionally active
[12], its role in the pathogenesis of CML is unknown. Table 1
lists the functions of various domains of p210

 

BCR-ABL

 

. Com-
pared with the ABL protein tyrosine kinase (TK), the
p210

 

BCR-ABL

 

 TK activity is elevated [19], resulting in auto-
phosphorylation of p210

 

BCR-ABL

 

 itself. This in turn induces
recruitment of a number of adaptor molecules known to be
responsible for initiating activation of the RAS/MAPK
pathway (Fig. 1). The p210

 

BCR-ABL

 

 TK also phosphorylates
other signal proteins, such as Jak/Stat [20,21]. Finally, the
F-actin binding function of ABL in p210

 

BCR-ABL

 

 is en-
hanced, which is required for transformation [22,23]. The
combination of all these deranged signal pathways ulti-
mately causes unregulated proliferation [24–29] and de-
creased apoptosis [30–32] of the myeloid precursors. De-
creased adhesion of these myeloid precursors to the bone
marrow stroma causes their premature release into the cir-

culation [33–35] and gives rise to the myeloproliferative
state of chronic-phase CML. Several additional complex ge-
netic abnormalities are acquired during progression of CML
[36–45]. However, molecular mechanisms underlying the
inevitable progression of CML to blast crisis are not com-
pletely understood.

A number of experimental therapies have been designed
to target various steps in the pathogenesis of CML (Fig. 2).
Expression of the BCR-ABL gene can be interrupted by in-
hibiting its translation or by inhibiting the TK function of
p210

 

BCR-ABL

 

. Because the BCR-ABL gene is unique to the
CML progenitors, strategies aimed at BCR-ABL gene ex-
pression will not affect normal cells. Signal transduction
pathways downstream from p210

 

BCR-ABL

 

 may be critical to
the function of normal cells. Therefore, therapeutic strate-
gies targeting at least some of these downstream processes
may cause unacceptable toxicities and will not be discussed
further.

 

Table 1.

 

Functions of p210

 

BCR-ABL

 

 domains

P210 BCR-ABL Domain Origin Function

Coil-coil motif BCR Polymerization: activation of SH1; F-actin binding
Serine-Threonine kinase BCR Activates BAP-1
Y 177 residue BCR Docking site for Grb-2
SH1 ABL Tyrosine kinase; autophosphorylation; activation of adapter and signal proteins
F-actin binding domain ABL Impaired integrin function and cell migration; cytoplasmic localization

Figure 1. Signal transduction pathways affected by the p210BCR-ABL oncoprotein. Activation of the Ras, Jak/Stat, and PI-3 kinase pathways results in increased
proliferation, normal differentiation, and decreased apoptosis of the CML progenitors. The FAK-Paxillin-F-actin-integrin pathway impairs adhesion to the
marrow stroma and causes premature release of the CML progenitors into the circulation. STK 5 Serine Threonine Kinase.
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Inhibition of gene expression at the level of translation

 

Antisense oligonucleotides have been extensively studied
for this use. Alternatively, ribozymes and DNAzymes have
been tested.

 

General considerations

 

Antisense oligonucleotides (AS-ONs) are short (8–24
bases) DNA or RNA nucleotides that can bind to the target
m-RNA according to the Watson-Crick model of base pair-
ing. AS-ONs physically block access of the ribosomal ma-
chinery to the target m-RNA [46]. Antisense oligodeoxynu-
cleotides (AS-ODN), when bound to their target m-RNAs,
attract “RNase H,” which cleaves the RNA in the RNA-
DNA duplex [47,48].

The cell has natural defenses like ribosomal proof-read-
ing enzymes, helicases and unwindases, which dissociate
the RNA-RNA or DNA-RNA complex and cleave phos-
phodiester bonds in AS-ONs [49]. Several modifications
have been made to the phosphodiester backbone to generate
AS-ONs that are resistant to the action of phosphodi-
esterases [50], such as replacement of one oxygen atom in
this bond with a phosphorus atom, which renders the phos-
phorothioate ON phosphodiesterase resistant [51]. Because
of their hydrophilic nature and relatively high nuclease re-
sistance, phosphorothioate ODNs are the most widely stud-
ied AS-ONs in CML [52].

Destruction of target m-RNA by AS-ON can be greatly
enhanced by using ribozymes [53] and DNAzymes [54],

which also have site-specific enzymatic activity [54–56]. The
3

 

9

 

 and 5

 

9

 

 ends of ribozymes and DNAzymes are flanked with
sequences antisense to the target m-RNA, providing specific-
ity to cleave the target m-RNA molecule. A number of natu-
rally occurring classes of ribozymes exist. Because of its
small size and favorable kinetics, the hammerhead ribozyme
is the most commonly used naturally occurring ribozyme
molecule [57]. Unlike ribozymes, which cleave their target
only at the G-U-C nucleotide sequence, DNAzymes can
cleave the target m-RNA at any purine-pyrimidine sequence,
which offers them higher target specificity [58].

Delivery of AS-ONs into the cell can be facilitated using
lipophilic conjugation, electroporation, or streptolysin-O
permeabilization [59]. AS-ODNs are inherently more stable
than antisense RNA and AS-ODNs can also easily be modi-
fied to improve binding to, or destruction of, the target
m-RNA and for tracking of the oligonucleotide [46]. Be-
cause of their unstable nature, antisense RNA and ri-
bozymes are best expressed from a gene transferred into the
target cell. Problems of retroviral transduction efficacy and
gene expression obviously exist, but discussion of this is be-
yond the scope of this paper [60]. The advantage of anti-
sense RNA produced transgenically is that inactivation of
target m-RNA occurs for the duration of the cell’s life,
which may be important to eliminate proteins with long
half-life, such as the P210 

 

BCR-ABL

 

 [61], or cells that divide
slowly, such as stem cells. Furthermore, the inactivating ON
or ribozyme would be passed on to all daughter cells.

Figure 2. Targets of novel therapies for CML. Antisense oligonucleotides inhibit translation. Immunotherapies evoke responses against the p210BCR-ABL pep-
tide. Tyrosine kinase (TK) inhibitors inhibit the TK function of p210BCR-ABL. Farnesyl transferase inhibitors inhibit activation of the Ras protein.
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Targets for antisense oligonucleotides in CML

 

With its central role in the pathogenesis of CML, the first
obvious target was the BCR-ABL m-RNA. The junctional
sequences b2a2 and b3a2 are unique to this m-RNA. Of
note, several studies have shown that although one or the
other breakpoint is predominant in primary CML cells, both
may coexist [62]. Furthermore, a large number of other
breakpoints have been described, some of which may coex-
ist with the b2a2 or b3a2 breakpoint [63–66]. Therefore, it
is possible that either b3a2 or b2a2 AS-ON may only par-
tially suppress expression of the p210

 

BCR-ABL

 

 protein. m-RNA
of c-myb gene has been the target of several preclinical and
clinical studies. C-myc, vav, Grb2, Crkl m-RNAs have been
studied to a lesser extent in preclinical studies.

 

BCR-ABL m-RNA as a target for antisense oligonucleotides

 

In vitro studies have shown that BCR-ABL AS-ODNs can
suppress BCR-ABL m-RNA and protein by 30–90%, in-
hibit relatively specific CML colony-forming cell (CFC)
growth [54,67–70], increase apoptosis of CML CD34

 

1

 

 cells
when cultured without cytokines or serum [71–73], and re-
store adhesion to marrow stroma or fibronectin [74]. The ef-
fect on CML CFC growth is enhanced when cells are also
treated with a cyclophosphamide derivative, Mafosphamide
[75], or with IFN-

 

a

 

 [76]. Although some studies showed
antisense sequence-specific inhibition of cell growth, resto-
ration of adhesion, and apoptosis, a number of studies have
shown sequence-specific but not antisense-dependent cor-
rection of cell behavior [77–79]. These differences may be
related to the concentrations of AS-ODNs used, the vehicles
used to introduce AS-ODNs into the cells, or the AS-ODN
backbone [80,81].

AS-ODNs have also been used to pretreat P210 

 

BCR-ABL

 

containing cell lines [82] or primary leukemic bone marrow
[75] prior to transplantation in severe combined immunode-
ficient (SCID) mice [75] or to systemically treat animals
with previously established leukemia [83]. Most studies
showed an effect with sequence-specific ODNs [78], some
only with AS-ODNs [75,82,83], whereas others also
showed effects from sense ODNs [77].

Ribozymes of various lengths and compositions have
been used to target the BCR-ABL junctional sequence and
have, as for AS-ONs, shown varying degrees of target spec-
ificity and efficiency [84,85]. Transfection with ribozymes
or transgenic expression of ribozymes suppresses BCR-
ABL m-RNA and protein levels by 60–100%, inhibits
growth of P210 

 

BCR-ABL

 

 containing cell lines by 43%, en-
hances cell apoptosis [86,87], and decreases tumorigenicity
of BCR-ABL containing cells in SCID mice [88]. These re-
sults suggest that ribozymes directed against BCR-ABL
m-RNA can effectively suppress BCR-ABL gene expres-
sion and alter the leukemic nature of CML cell lines. How-
ever, these observations need to be substantiated in a clini-
cal study. Like ODNs, ribozymes are limited by their low
resistance to nucleases and less-than-ideal specificity of

 

cleavage of BCR-ABL junctional sequence [53]. DNA-
zymes have similar growth inhibitory effects on BCR-
ABL–containing cell lines [54]. Because DNAzymes can
cleave the BCR-ABL m-RNA within one base pair from the
breakpoint, they are highly specific and more efficient than
ribozymes, in cleavage of the BCR-ABL junctional se-
quence [58,89].

Although animal [90] and human [91,92] studies have
demonstrated the safety of systemic infusion of phospho-
rothioate ODNs and their wide tissue distribution, such ther-
apy in humans requires large quantities of AS-ODNs, which
translates into a very high cost. In addition, the nonspecific
binding of these ODNs in vivo can be potentially harmful
[93–98]. For these reasons the use of BCR-ABL AS-ODNs
in clinical studies is currently limited to purging of autolo-
gous bone marrow grafts.

de Fabritiis et al. took the first step towards putting BCR-
ABL AS-ODNs to the ultimate test, a clinical study [99].
Eight interferon-

 

a

 

–pretreated CML patients, 7 patients in
accelerated phase and one in 2

 

nd

 

 chronic phase, underwent
autologous bone marrow transplantation (ABMT) with
breakpoint-specific BCR-ABL AS-ODN purged bone mar-
rows. There was a fivefold reduction in the number of CML
clonogenic cells in purged compared to unpurged marrows,
and 50% of the CD34

 

1

 

 cells were recovered. All patients
engrafted with neutrophil and platelet recovery times com-
parable to unpurged ABMTs. Two patients achieved a com-
plete karyotypic response 90 days after ABMT, but both re-
lapsed at 6 months. Thus, this study demonstrates the
feasibility of treating CML stem-cell grafts with BCR-ABL
AS-ODNs. It remains unclear if any therapeutic benefit of
purging the graft was obtained, and studies testing whether
this approach would be effective in chronic-phase CML are
expected to fully assess the efficacy of this approach.

 

Limitations of BCR-ABL antisense strategies

 

For several reasons, BCR-ABL antisense strategies have
failed to meet their initial high expectations. The BCR-ABL
m-RNA may not be the ideal target for therapeutic interven-
tion. The P210 

 

BCR-ABL

 

 protein has a long half-life [61],
which requires that the AS-ON be physically present in the
cell longer than 24–48 hours to significantly decrease the
level of p210 

 

BCR-ABL

 

 and cause cell death. In addition, it is
not clear whether transient perturbation of BCR-ABL gene
expression results in cell death [30,100,101]. This has led to
studies exploring alternative antisense strategies and alter-
native CML targets.

 

Combining methotrexate resistance
(MTX

 

R

 

) gene with BCR-ABL AS-ON

 

Antisense RNA can be expressed from a transgene in the
cell genome. As transduction/transfection occurs at best in

 

,

 

5–10% of HSCs [102–105], transgenic expression of AS-
BCR-ABL RNA would only suppress BCR-ABL expres-
sion in 5–10% HSCs. One method to enrich for transduced
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HSCs is to introduce a chemotherapy resistance gene and
administer the drug after transplant to eliminate the non-
transduced cells and select for the transduced cells. Zhao et
al. constructed a retroviral vector (LasBD) that combines
the MTX

 

R

 

 dihydrofolate reductase (DHFR) gene and an
anti–BCR-ABL antisense sequence directed at b3a2 BCR-
ABL breakpoint [106]. The hypothesis underlying this ex-
periment was that the expression of this gene would make
normal stem cells MTX resistant and CML progenitors
functionally normal. When CD34

 

1

 

 bone marrow cells from
CML patients were transduced with this vector, 20–30% of
cells were rendered MTX resistant and there was a 10-fold
reduction in BCR-ABL m-RNA level in the MTX-resistant
cells. LasBD also decreased tumorigenicity of 32D

 

p210

 

 cells
in vivo by 3 to 4 logs in a sequence specific manner. These
results are encouraging and prove the initial hypothesis.
This approach will soon be tested in a clinical study at our
institution.

 

c-myb m-RNA as a target for AS-ON

 

The c-myb gene functions in normal [107,108] and malig-
nant hematopoiesis [109] by regulating the G1/S transition
in cycling hematopoietic cells [110] and by serving as a
transactivator of important cellular genes such as the Kit re-
ceptor [111,112], CD34 [113], and CD4 [114]. Perturbation
of this gene by homologous recombination in mouse embry-
onic stem cells results in severe impairment of adult-type
hematopoiesis in fetal liver [112,115]. Interestingly, normal
hematopoietic cells may be less sensitive to the growth in-
hibitory effect of anti–c-myb AS-ODNs than CML progeni-
tors [116]. This differential sensitivity to the c-myb AS-
ODNs has been the basis of their use in CML. In an ex vivo
study Ratajczak et al. demonstrated significant trilineage in-
hibition of malignant hematopoietic colony formation by
c-myb AS-ODNs in chronic phase and blast crisis of CML
in a sequence-specific and dose-related fashion [117]. Sys-
temic infusion of anti–c-myb AS-ODNs in SCID mice with
established CML lowered malignant cell burden and im-
proved survival [118]. Data from early clinical studies of
c-myb AS-ODNs are now emerging. Gewirtz et al. have
used c-myb AS-ODNs to purge autologous marrow grafts in
a pilot study and for systemic infusion in a phase-I clinical
trial [119]. Continuous intravenous administration of c-myb
AS-ODNs for seven days was well tolerated. Transient re-
nal failure (n 

 

5

 

 1) and pericarditis (n 

 

5

 

 1) were the only
toxicities observed. One of 13 blast crisis–phase patients
may have had a clinical benefit from this therapy with tran-
sient restoration of chronic-phase CML [119]. A pilot study
assessed the toxicity and clinical effectiveness of purging
autologous marrow grafts with c-myb AS-ODN in 20 pa-
tients with chronic phase or accelerated phase of CML
(Gewirtz et al., personal communication). Bone marrow
was incubated with c-myb AS-ODN for 24 hours (n 

 

5

 

 15) or
72 hours (n 

 

5

 

 5). Of the 15 patients whose marrow was
purged for 24 hours, two patients failed to engraft within 42

days and one patient remained platelet transfusion depen-
dent up to the time of documented disease progression. Of
the 5 patients who received marrow purged for 72 hours, 2
died in the peritransplant period, while 3 patients failed to
engraft. The significantly lower engraftment rate observed
with 72 hours purging is probably caused by the toxic effect
of c-myb AS-ODNs not only on CML but also on normal
hematopoiesis. Major cytogenetic responses were obtained
in 5 of 12 patients. However, only 2 of 20 patients remained
in complete hematological remission at 5 and 68 months
posttransplant. Results of these studies must be interpreted
with caution, as both studies were primarily designed to as-
sess safety of these approaches. Further clinical studies are
needed to maximize the clinical benefits from the use of
c-myb AS-ONs.

 

Antisense against other genes

 

The adapter proteins Grb2 and Crkl [120] and the proto-on-
cogenes Myc [121], C-kit [122], and Vav [123] all have
been targeted in preclinical studies. The potential usefulness
of AS-ODNs against these genes will need further study.

 

Antisense strategies: limitations

 

Although active in vitro, clinical use of antisense strategies
has not been very successful. Delivering the AS-ON to the
target m-RNA in the right type of cell in therapeutic con-
centration and sustaining its action for a prolonged duration
of time is technically difficult. Low target specificity of the
AS-ONs and their nonspecific aptameric reaction with other
vital intracellular proteins, such as clotting factors, the com-
plement system, are an additional limiting factor [93–98].
New methods of AS-ON delivery and structural modifica-
tions to improve their pharmacokinetics are under investiga-
tion [59,124–128].

 

Inhibition of protein tyrosine kinase (TK)

 

The next level of intervention to prevent expression of the
BCR-ABL gene is inhibition of the function of the oncopro-
tein. Numerous studies have shown that the tyrosine kinase
activity is required for the transforming abilities of the
BCR-ABL oncoprotein [129,130]. Therefore, a number of
inhibitors of BCR-ABL TK have been evaluated for use in
the therapy of CML.

A variety of naturally occurring TK inhibitors are active
in CML cell lines [131–133]. For example, herbimycin-A, a
benzoquinoid ansamycin antibiotic, inhibits in vitro growth
of BCR-ABL

 

1

 

 cell lines [134] and induces their differentia-
tion [135,136]. Similar results were obtained with genistein
[137] and erbstatin [138]. However, these agents lacked
specificity against BCR-ABL TK and inhibited various
other TKs as well. In the late 1980’s Yaish and colleagues
synthesized a series of low-molecular-weight TK inhibitors,
called tyrphostins, which have TK specificity [139]. Two
tyrphostins, AG957 (formally known as AG1112) and
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AG568 inhibit p210 

 

BCR-ABL

 

 TK activity in vitro, induce ap-
optosis, and cause erythroid differentiation of the K562
CML erythroid blast crisis cell line [140]. AG957 restores

 

b

 

1 integrin-mediated adhesion in CML progenitors [141].
The antiproliferative effect of AG957 on CML progenitors
was dramatically increased by combining this compound
with anti-fas receptor antibody [142]. Even so, the selectiv-
ity of tyrphostins for BCR-ABL transformed cells is only
partial.

 

STI 571 (CGP 57148B)

 

In the mid-1990’s a 2-phenylaminopyrimidine derivative
with potent TK inhibitor activity and selectivity for the
ABL, C-kit, and platelet derived growth factor receptor
(PDGF-R) tyrosine kinases was identified, termed STI 571
(formally CGP 57148B) [143]. STI 571 has since been ex-
tensively evaluated and shown promising preclinical and
early clinical effects.

STI 571 binds to the highly conserved nucleotide-bind-
ing pocket of the catalytic domain of the ABL-TK and com-
petitively inhibits the binding of ATP. STI 571 recognizes a
distinct characteristic inactive conformation of the activa-
tion loop of the ABL-TK, and binds to it with a high degree
of specificity, resulting in inhibition of autophosphorylation
and inhibition of substrate phosphorylation [144].

In preclinical studies STI 571 inhibits in vitro autophos-
phorylation of the v-ABL, PDGF receptor, and Kit receptor
TKs at submicromolar concentrations [143,145]. STI 571
selectively inhibits growth of BCR-ABL

 

1

 

 but not BCR-
ABL

 

2

 

 cell lines [146–148]. Growth of cell lines containing
the TEL-ABL and TEL-PDGFR fusion proteins is also in-
hibited by STI 571 [148]. These findings are in line with the
in vitro profile of TK inhibition of this compound. STI 571
restores interleukin-3 (IL-3)–dependent growth characteris-
tics and differentiation of BCR-ABL

 

1

 

 cell lines [146].
Druker et al. extended these studies to an animal model, in
which 32D

 

p210

 

 containing and 32D

 

v-Src

 

 containing cells were
injected subcutaneously in mice to induce tumor formation.
Administration of STI 571 caused dose-dependent inhibi-
tion of 32D

 

p210

 

 tumor growth but had no effect on 32D

 

v-Src

 

tumors [146]. STI 571 also inhibits BCR-ABL

 

1

 

 CFC by
92–98% with minimal inhibition of normal CFC growth.

STI 571 is well absorbed on oral administration, and it
readily achieves bioactive concentrations in the circulation
[149]. Studies to investigate systemic toxicity of this com-
pound were carried out in rats and dogs. At 6 mg/kg body
weight per day, occasional renal calcification and mild blad-
der mucosal hyperplasia were noted in rats. At 100 mg/kg/
day, progressive hepatotoxicity, vomiting, diarrhea, mild
anemia, and mild neutropenia were seen in dogs [149].

A phase I clinical trial of STI 571 was initiated in 1998
[150]. Fifty-four patients with IFN-

 

a

 

 refractory Ph

 

1

 

 CML
were given escalating oral doses of STI 571 starting from 25
mg/day to 500 mg/day for four weeks and were evaluated
for side effects and disease response. Thirty patients re-

ceived doses less than 300 mg/day and 24 patients received
a higher dose. There was no dose limiting toxicity. Signifi-
cant myelosuppression was seen at doses 300 mg/day and
higher. Five of 24 patients had grade II, and 2 of 24 grade
III, myelosuppression. At least 50% reduction in the pre-
treatment white count was achieved and was sustained for
more than 2 weeks in all patients who received a dose of
140 mg/day and higher. At doses 300 mg/day and higher, 23
of 24 patients achieved a complete response (CR) (which
was defined as normal white count and platelet count
sustained for at least 4 weeks). One patient remained in
CR at 8 months after the STI 571 treatment. Eight of 24
patients were in complete cytogenetic remission at 2
months, and at 5 months two of them were in complete
molecular remission.

STI 571 was also tested in 33 Ph

 

1

 

 acute leukemia pa-
tients, including 21 myeloid blast crisis CML patients and
12 BCR-ABL

 

1

 

 acute lymphoblastic leukemia (ALL) or
lymphoid blast crisis CML patients [151]. Patients received
300 to 600 mg/day STI 571, given as once-a-day oral dose,
for a median duration of 68 days (1–182 days). Two patients
died from progression of disease within 1 week of initiation
of STI 571 therapy, and death of two additional patients was
attributed to severe infections as a result of heavy pretreat-
ment. Among the myeloid blast crisis patients, 55% re-
sponded (defined as reduction in percentage of blasts in the
bone marrow to 

 

,

 

15%) and 22% of patients had a complete
response (defined as blasts 

 

,

 

5% in the blood and bone mar-
row). Two patients with myeloid blast crisis had ongoing re-
sponses at 140 and 182 days. Response rates among lym-
phoid blast crisis or ALL patients were higher (82%
responses and 55% complete responses). However, all the
lymphoid leukemia patients relapsed on drug between 45
and 81 days. Fifty percent of patients developed grade 3–4
neutropenia and one patient required hospitalization for fe-
brile neutropenia. These results indicate that STI 571, as a
single agent, has significant activity in CML blast crisis.
Absence of long-term response in blast crisis CML to STI
571 may be due to additional genetic abnormalities in CML
blast crisis, which will not be affected by STI 571.

Several large multinational phase II trials using STI 571
were done between December 1999 and May 2000 to assess
the safety and efficacy of STI 571 in interferon-resistant/re-
fractory Ph

 

1

 

 CML [152], accelerated-phase CML [153],
myeloid blast crisis CML [154], and Ph

 

1

 

 acute leukemias
[155]. Interim analyses of these trials were recently pre-
sented at the 42

 

nd

 

 annual meeting of the American Society
of Hematology. STI 571 was used at 400–600 mg/day oral
doses. Mild to moderate nausea, muscle cramps, headaches,
vomiting, and fatigue were the most common adverse
events associated with STI 571 use. Grade III/IV neutrope-
nia and thrombocytopenia were observed in 39–40% and
18–28% of cases respectively [153,154]. In patients with in-
terferon-refractory/resistant Ph

 

1

 

 CML, 3 months of STI 571
resulted in 37% major cytogenetic response (

 

,

 

35% Ph

 

1
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cells in the marrow) and 13% complete cytogenetic re-
sponse, and at 6 months, the overall response rate was 56%
[152]. In patients with accelerated-phase CML, overall and
complete hematological responses after 4 weeks of STI 571
therapy were 78% and 14% respectively [153]. Overall he-
matological response rates in patients with Ph

 

1

 

 ALL, Ph

 

1

 

acute myelogenous leukemia (AML), and lymphoid blast
crisis CML were 19/32 (59%), 2/2 (100%) and 2/4 (50%)
respectively [155]. For myeloid blast crisis CML, after 4–8
weeks treatment with STI 571, hematological responses
were observed in 47–48% and 33–38% of previously un-
treated and previously treated patients respectively [154].
The final results of these phase II trials will be published af-
ter an adequate follow-up is completed.

A phase III study has been initiated to compare the effi-
cacy of STI 571 as up-front therapy with that of IFN-

 

a

 

 with
or without cytarabine. Results from these studies will define
the extent of response as well as the duration of response
seen in larger cohorts of patients.

In vitro studies have shown that resistance to STI 571
can be induced as a result of amplification of BCR-ABL
gene expression at the transcriptional level [156] or by gene
reduplication [157]. Increased expression of the multi-drug
resistance gene has also been reported [157]. Whether this is
seen in vivo is not yet known. Several groups are in the pro-
cess of developing second-generation TK inhibitors, which
could be used in combination with STI 571 to prevent de-
velopment of resistance.

Inhibition of other TKs by STI 571 may pose additional
risks. Myelosuppression, observed in preclinical and clini-
cal studies of STI 571, could be mediated by inhibition of
Kit TK. Inhibition of the C-ABL gene, which plays an im-
portant role in the in utero lymphoid development [158],
carries the theoretical risk of impairing lymphocyte func-
tion. Inhibition of PDGF-R TK may impair wound healing.
Whether these potential problems will lead to clinically rel-
evant complications will be learned from the phase II and
phase III studies.

 

Farnesyl transferase inhibitors

 

Since the P210

 

BCR-ABL

 

 oncoprotein causes mitogenesis and
inhibits apoptosis, at least in part, by activation of the Ras
signal transduction pathway [159–164], several investiga-
tors have developed strategies to inhibit this pathway. To
function in signal transduction, Ras must undergo posttrans-
lational modification [165–167] and anchor to the plasma
membrane through a prenyl (farnesyl) group [168,169]. The
critical and rate limiting step of Ras activation is catalyzed
by farnesyl transferase (FT) [165]. FT inhibitors (FTI) se-
lectively inhibit growth of Ras containing malignant cell
lines [170–175]. Because Ras mutations are common in
many solid tumors, a number of FTIs are currently undergo-
ing clinical trials in patients with these cancers [176]. Pre-
liminary data of FTI in CML are now being presented at
meetings. SCH66336, an oral FTI, potently inhibits in vitro

CFC growth of a variety of BCR-ABL transformed cell
lines, including cell lines that have been selected for STI
571 resistance and primary human CML cells [177]. Fur-
thermore, in a control study SCH66336 or vehicle were ad-
ministered for 34 days to mice with experimentally induced
CML. Vehicle-treated mice died of acute leukemia within 4
weeks. In contrast, nearly all the SCH66336-treated animals
were disease-free for over a year [177]. These results are en-
couraging. Clinical trials of FTIs in CML are being de-
signed. These agents may prove effective in CML in the
near future.

 

Immunomodulation

 

Several clinical observations suggest that immune mecha-
nisms play an important role in the control of CML, as long-
term remissions following allogeneic stem-cell transplanta-
tion (SCT) for CML in fact result from a combination of
high-dose chemotherapy and graft-versus-leukemia (GVL)
effect. First, following SCT for CML, greater antigen dis-
parity between donor and recipient is associated with lower
relapse rates [178]. Second, attempts to reduce the inci-
dence of graft-versus-host disease (GVHD) by depletion of
T cells from the graft is associated with higher relapse rates
[179], and chronic GVHD is protective against CML re-
lapse [180,181], suggesting that T cells of donor origin ex-
ert a GVL effect. Probably the strongest evidence support-
ing an immune-mediated antileukemic effect in CML
comes from studies in which infusion of leukocytes of do-
nor origin (DLI), without chemotherapy, in patients who
have relapsed after allogeneic SCT results in complete re-
mission in 64% patients with CML, who relapsed following
allogeneic SCT [182]. These clinical observations have
prompted studies examining immunotherapy in CML. The
goal of such therapy is to induce autologous or allogeneic
immune responses selectively against the leukemic progeni-
tors.

 

Immune responses against CML

 

Both major histocompatibility complex (MHC)–restricted
and MHC-unrestricted cytotoxic mechanisms have been im-
plicated in the control of CML [183,184]. MHC-restricted
cytotoxicity is mediated by CD4

 

1

 

 or CD8

 

1

 

 T-lymphocytes.
For induction of a MHC-restricted immune response, the
antigen is processed by antigen presenting cells (APCs) and
then presented in association with an MHC molecule. T-cell
receptors (TCR) on CD4

 

1

 

 T-lymphocytes recognize anti-
gens in association with MHC class II molecules and TCR
on CD8

 

1

 

 T-lymphocytes recognize MHC class I associated
antigens. Antigen recognition by CD8

 

1

 

 or CD4

 

1

 

 T-lympho-
cytes causes activation and proliferation of leukemia reac-
tive T-lymphocyte clones that are already present in the
T-cell repertoire and results in their clonal expansion. Such
T-cell clones can kill their target cells by direct cytotoxicity
or through release of cytokines. Although both CD4

 

1

 

 and
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CD8

 

1

 

 T-lymphocyte responses occur in CML, there is evi-
dence to suggest that CD4

 

1

 

 T-lymphocytes are responsible
for the GVL effect [185]. CML patients have circulating cy-
totoxic T-lymphocytes (CTLs), which are normally anergic,
but they are reactivated upon ex vivo incubation with high-
dose interleukin-2 (IL-2). Such CTLs are selectively active
against CML progenitors [186]. Similarly, MHC-restricted
CTL responses of donor origin, with specific reactivity
against host leukemic cells, occur following allogeneic SCT
[187] and DLI therapy [188] for CML.

MHC-unrestricted cytotoxicity is mediated by natural
killer (NK) cells and activated killer (AK) cells [189]. As
CML progresses from chronic phase to blast crisis, NK cell
lytic function, clonogenic frequency, and proliferative ca-
pacity decrease [190], although it is unclear whether the
decline in NK cell function is a cause or effect of CML
progression. Autologous IL-2–activated NK cells can selec-
tively suppress the growth of malignant CML progenitors,
while sparing benign progenitors [191]. In the allogeneic
setting, Jiang et al. have demonstrated that the GVL effect
of DLI is mediated, at least in part, by NK cells of donor or-
igin [188]. The relative contribution of MHC-restricted
CTL and MHC-unrestricted NK cell immune responses to-
wards the control of CML is still unclear. However, both
these immune mechanisms have been exploited for thera-
peutic use.

 

T-cell–based immunotherapy for CML

 

T-lymphocytes of autologous or allogeneic origin have been
used for this purpose. In the allogeneic setting, infusion of
donor lymphocytes for treatment of CML relapse following
allogeneic SCT is associated with long-term remission rates
as high as 60–70% [182]. However, DLI therapy is limited
by risk of GVHD. Several strategies to eliminate unwanted
GVH effect and selectively amplify the desired GVL effect
of DLI have been evaluated. Selective depletion of donor
CD8

 

1

 

 T-lymphocytes retains the GVL effect and causes
significantly less GVHD following DLI [192]. Others have
used donor T-lymphocytes that are transduced with Herpes
simplex thymidine kinase gene to control GVHD following
allogeneic SCT [193]. When GVHD becomes problematic,
these donor lymphocytes can be killed in vivo by adminis-
tering Ganciclovir to the host. How efficacious the latter is
is still being evaluated.

Alternatively, alloreactive clones of CTLs can be gener-
ated and expanded ex vivo by coculturing donor lympho-
cytes with host leukemic cells [194–198]. Selective cytotox-
icity of such CTLs against CML progenitors may be due to
recognition by the TCR of BCR-ABL–derived peptides,
proteinase 3 peptide [199], or a minor histocompatibility an-
tigen [197], expressed in association with MHC molecules
on leukemic cells. In the autologous setting, Choudhury et
al. have successfully used antigen presenting leukemic den-
dritic cells from patients with CML to generate CTLs that
lyse autologous Ph

 

1

 

 CML cells in vitro and inhibit growth

of Ph

 

1

 

 CFC [200]. Ex vivo generation of large quantities of
CTLs that are specifically reactive against CML progeni-
tors, for in vivo therapy, is the major limitation of this ap-
proach.

Another interesting approach in the T-cell immunother-
apy area is development of CML vaccines. Binding of
BCR-ABL–specific peptides to a MHC molecule results in
generation of leukemia-specific CTL responses. Bocchia et
al. have demonstrated that synthetic peptides corresponding
to the b3a2 breakpoint of p210

 

BCR-ABL

 

 bind human MHC
class I molecules with high affinity [201] and that these
peptides are highly immunogenic, leading to the generation
of MHC class I restricted CTLs in vitro in HLA-matched
healthy donors [202]. ten Bosch et al. observed similar but
MHC class II–restricted immune responses to peptides de-
rived from p210

 

BCR-ABL

 

 breakpoints [203,204]. More re-
cently, Pinilla-Ibarz et al. established the safety and immu-
nogenicity of a multidose, p210

 

BCR-ABL

 

 breakpoint peptide
vaccine in patients with chronic-phase CML [205]. Al-
though they observed peptide-specific T-cell proliferative
responses and/or delayed type of hypersensitivity that lasted
for up to 5 months after vaccination, they could not identify
CTLs. There is also evidence to suggest that vaccines
against CML may be more effective in the setting of mini-
mal residual disease, such as following autologous SCT
[206]. Whether vaccines directed against a single epitope
and a single CML antigen will suffice to effectively treat
CML remains to be seen.

 

NK cell–based immunotherapy

 

Autologous or allogeneic NK cells can be activated by incu-
bation with high-dose IL-2 in vitro. Unfortunately, in vivo
administration of high-dose IL-2 immediately following
transplantation is toxic and may cause fatal GVHD in the al-
logeneic setting [207]. However, low or intermediate doses
of IL-2 following allogeneic SCT have been administered
without increase in the incidence of GVHD [208,209].
More recently, Vey et al. have reported results of a phase II
clinical study of IL-2 infusion in patients with CML [210].
They found a marked increase in NK cell number and NK/
lymphokine activated killer cell activity. However, clinical
responses were short lived and were restricted to patients
with low disease burden, suggesting that, like other immu-
notherapies, this approach may be best used in conjunction
with other forms of therapies that first minimize the disease
burden. Alternatively, autologous NK cells from CML pa-
tients can be activated and expanded ex vivo by incubation
with IL-2 and then reinfused with or without other therapy.
This approach is currently being studied at our institution.

 

Conclusion

 

Knowledge of the molecular pathophysiology of CML has
given us a unique opportunity to rationally design target-
directed therapy. BCR-ABL and c-myb AS-ODNs are ef-
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fective in ex vivo and animal studies but have had limited
success in clinical studies. Novel drug delivery methods and
rational structural modifications of AS-ONs are being de-
veloped to improve their efficacy. Initial clinical trials of
STI-571, a potent inhibitor of the ABL-TK, are very en-
couraging as complete cytogenetic remissions are seen as
early as 6 months after initiation of therapy in a proportion
of CML patients in chronic phase. STI 571 is currently un-
dergoing several clinical trials to define its role in the ther-
apy of CML. Newer TK inhibitors are also being designed
to increase TK specificity and to overcome the potential
problem of TK inhibitor resistance. Immunotherapies evoke
autologous or allogeneic immune responses against the
b3a2 and b2a2 peptides and work best in the setting of min-
imal residual disease.

 

Acknowledgments

 

The authors gratefully thank Alan M. Gewirtz, M.D. for his per-
sonal communications with the authors.

 

References

 

1. Spiers AS (1977) The clinical features of chronic granulocytic leu-
kaemia. Clin Haematol 6:77

2. Savage DG, Szydlo RM, Goldman JM (1997) Clinical features at di-
agnosis in 430 patients with chronic myeloid leukaemia seen at a re-
ferral centre over a 16-year period. Br J Haematol 96:111

3. Silver RT, Woolf SH, Hehlmann R, et al. (1999) An evidence-based
analysis of the effect of busulfan, hydroxyurea, interferon, and allo-
geneic bone marrow transplantation in treating the chronic phase of
chronic myeloid leukemia: developed for the American Society of
Hematology. Blood 94:1517

4. Passweg JR, Rowlings PA, Horowitz MM (1998) Related donor bone
marrow transplantation for chronic myelogenous leukemia. Hematol
Oncol Clin North Am 12:81

5. Enright H, Daniels K, Arthur DC, et al. (1996) Related donor marrow
transplant for chronic myeloid leukemia: patient characteristics pre-
dictive of outcome. Bone Marrow Transplant 17:537

6. Clift RA, Buckner CD, Appelbaum FR, et al. (1991) Allogeneic mar-
row transplantation in patients with chronic myeloid leukemia in the
chronic phase: a randomized trial of two irradiation regimens. Blood
77:1660

7. The Italian Cooperative Study Group on Chronic Myeloid Leukemia
(1994) Interferon alfa-2a as compared with conventional chemother-
apy for the treatment of chronic myeloid leukemia. N Engl J Med
330:820

8. Allan NC, Richards SM, Shepherd PC, The UK Medical Research
Council’s Working Parties for Therapeutic Trials in Adult Leu-
kaemia (1995) UK Medical Research Council randomised, multicen-
tre trial of interferon-

 

a

 

 n1 for chronic myeloid leukaemia: improved
survival irrespective of cytogenetic response. Lancet 345:1392

9. Kantarjian HM, Smith TL, O’Brien S, Beran M, Pierce S, Talpaz M,
The Leukemia Service (1995) Prolonged survival in chronic myelog-
enous leukemia after cytogenetic response to interferon-

 

a

 

 therapy.
Ann Intern Med 122:254

10. Nowell P, Hungerford D (1960) A minute chromosome in human
chronic granulocytic leukemia. Science 132:1497

11. Rowley JD (1973) Letter: A new consistent chromosomal abnormal-
ity in chronic myelogenous leukaemia identified by quinacrine fluo-
rescence and Giemsa staining. Nature 243:290

12. Melo JV, Gordon DE, Cross NC, Goldman JM (1993) The ABL-

 

BCR fusion gene is expressed in chronic myeloid leukemia. Blood
81:158

13. Diamond J, Goldman JM, Melo JV (1995) BCR-ABL, ABL-BCR,
BCR, and ABL genes are all expressed in individual granulocyte-
macrophage colony-forming unit colonies derived from blood of pa-
tients with chronic myeloid leukemia. Blood 85:2171

14. Faderl S, Talpaz M, Estrov Z, O’Brien S, Kurzrock R, Kantarjian
HM (1999) The biology of chronic myeloid leukemia. N Engl J Med
341:164

15. Verfaillie CM (1998) Biology of chronic myelogenous leukemia. He-
matol Oncol Clin North Am 12:1

16. Gishizky ML, Johnson-White J, Witte ON (1993) Efficient transplan-
tation of BCR-ABL–induced chronic myelogenous leukemia–like
syndrome in mice. Proc Natl Acad Sci U S A 90:3755

17. Daley GQ, Baltimore D (1988) Transformation of an interleukin-
3–dependent hematopoietic cell line by the chronic myelogenous
leukemia–specific P210bcr/abl protein. Proc Natl Acad Sci U S A
85:9312

18. Daley GQ, Van Etten RA, Baltimore D (1990) Induction of chronic
myelogenous leukemia in mice by the P210bcr/abl gene of the Phila-
delphia chromosome. Science 247:824

19. Ben-Neriah Y, Daley GQ, Mes-Masson AM, Witte ON, Baltimore D
(1986) The chronic myelogenous leukemia–specific P210 protein is
the product of the bcr/abl hybrid gene. Science 233:212

20. Carlesso N, Griffin JD, Druker BJ (1994) Use of a temperature-sensi-
tive mutant to define the biological effects of the p210BCR-ABL ty-
rosine kinase on proliferation of a factor-dependent murine myeloid
cell line. Oncogene 9:149

21. Shuai K, Halpern J, ten Hoeve J, Rao X, Sawyers CL (1996) Consti-
tutive activation of STAT5 by the BCR-ABL oncogene in chronic
myelogenous leukemia. Oncogene 13:247

22. Renshaw MW, McWhirter JR, Wang JY (1995) The human leukemia
oncogene bcr-abl abrogates the anchorage requirement but not the
growth factor requirement for proliferation. Mol Cell Biol 15:1286

23. Van Etten RA, Jackson P, Baltimore D (1989) The mouse type IV
c-abl gene product is a nuclear protein, and activation of transforming
ability is associated with cytoplasmic localization. Cell 58:669

24. Afar DE, Goga A, Cohen L, et al. (1994) Genetic approaches to de-
fining signaling by the CML-associated tyrosine kinase BCR-ABL.
Cold Spring Harb Symp Quant Biol 59:589

25. Afar DE, Goga A, McLaughlin J, Witte ON, Sawyers CL (1994) Dif-
ferential complementation of Bcr-Abl point mutants with c-Myc. Sci-
ence 264:424

26. Afar DE, McLaughlin J, Sherr CJ, Witte ON, Roussel MF (1995)
Signaling by ABL oncogenes through cyclin D1. Proc Natl Acad Sci
U S A 92:9540

27. Jiang Y, Zhao RC, Verfaillie CM (2000) Abnormal integrin-medi-
ated regulation of chronic myelogenous leukemia CD34

 

1

 

 cell prolif-
eration: BCR/ABL up-regulates the cyclin-dependent kinase inhibi-
tor, p27Kip, which is relocated to the cell cytoplasm and incapable of
regulating cdk2 activity. Proc Natl Acad Sci U S A 97:10538

28. Sawyers CL (1993) Molecular consequences of the BCR-ABL trans-
location in chronic myelogenous leukemia. Leuk Lymphoma 11:101

29. Sawyers CL, Callahan W, Witte ON (1992) Dominant negative MYC
blocks transformation by ABL oncogenes. Cell 70:901

30. Bedi A, Zehnbauer BA, Barber JP, Sharkis SJ, Jones RJ (1994) Inhi-
bition of apoptosis by BCR-ABL in chronic myeloid leukemia. Blood
83:2038

31. McGahon A, Bissonnette R, Schmitt M, Cotter KM, Green DR, Cot-
ter TG (1994) BCR-ABL maintains resistance of chronic myeloge-
nous leukemia cells to apoptotic cell death (published erratum ap-
pears in Blood 1994 Jun 15;83(12):3835). Blood 83:1179

32. Cotter TG (1995) BCR-ABL: an anti-apoptosis gene in chronic mye-
logenous leukemia. Leuk Lymphoma 18:231

33. Bhatia R, Munthe HA, Verfaillie CM (1999) Role of abnormal inte-
grin-cytoskeletal interactions in impaired 

 

b

 

1 integrin function in



 

552

 

B.N. Jahagirdar et al./Experimental Hematology 29 (2001) 543–556

 

chronic myelogenous leukemia hematopoietic progenitors. Exp He-
matol 27:1384

34. Verfaillie CM, Hurley R, Zhao RC, Prosper F, Delforge M, Bhatia R
(1997) Pathophysiology of CML: do defects in integrin function con-
tribute to the premature circulation and massive expansion of the
BCR/ABL positive clone? J Lab Clin Med 129:584

35. Verfaillie CM, Hurley R, Lundell BI, Zhao C, Bhatia R (1997) Inte-
grin-mediated regulation of hematopoiesis: do BCR/ABL-induced
defects in integrin function underlie the abnormal circulation and
proliferation of CML progenitors? Acta Haematol 97:40

36. Griesshammer M, Heinze B, Bangerter M, Heimpel H, Fliedner TM
(1997) Karyotype abnormalities and their clinical significance in
blast crisis of chronic myeloid leukemia. J Mol Med 75:836

37. Hernandez JM, Gonzalez-Sarmiento R, Martin C, et al. (1991) Im-
munophenotypic, genomic and clinical characteristics of blast crisis
of chronic myelogenous leukaemia. Br J Haematol 79:408

38. Hernandez-Boluda JC, Cervantes F, Costa D, Carrio A, Montserrat E
(2000) Blast crisis of Ph

 

1

 

 chronic myeloid leukemia with isochromo-
some 17q: report of 12 cases and review of the literature. Leuk Lym-
phoma 38:83

39. Honda H, Ushijima T, Wakazono K, et al. (2000) Acquired loss of
p53 induces blastic transformation in p210(bcr/abl)-expressing he-
matopoietic cells: a transgenic study for blast crisis of human CML.
Blood 95:1144

40. Kantarjian HM, Keating MJ, Talpaz M, et al. (1987) Chronic myel-
ogenous leukemia in blast crisis. Analysis of 242 patients. Am J Med
83:445

41. Nanjangud G, Kadam PR, Saikia T, et al. (1994) Karyotypic findings
as an independent prognostic marker in chronic myeloid leukaemia
blast crisis. Leuk Res 18:385

42. Pirker R, Goldstein LJ, Ludwig H, et al. (1989) Expression of a mul-
tidrug resistance gene in blast crisis of chronic myelogenous leuke-
mia. Cancer Commun 1:141

43. Stuppia L, Calabrese G, Peila R, et al. (1997) p53 loss and point
mutations are associated with suppression of apoptosis and progres-
sion of CML into myeloid blastic crisis. Cancer Genet Cytogenet
98:28

44. Wetzler M, Talpaz M, Estrov Z, Kurzrock R (1993) CML: mecha-
nisms of disease initiation and progression. Leuk Lymphoma 11:47

45. Yamamoto K, Nakamura Y, Saito K, Furusawa S (2000) Expression
of the NUP98/HOXA9 fusion transcript in the blast crisis of Philadel-
phia chromosome

 

1

 

 chronic myelogenous leukaemia with t(7;11)
(p15;p15). Br J Haematol 109:423

46. Gewirtz AM, Sokol DL, Ratajczak MZ (1998) Nucleic acid therapeu-
tics: state of the art and future prospects. Blood 92:712

47. Crooke ST (1999) Molecular mechanisms of action of antisense
drugs. Biochim Biophys Acta 1489:31

48. Wu H, Lima WF, Crooke ST (1999) Properties of cloned and ex-
pressed human RNase H1. J Biol Chem 274:28270

49. Nellen W, Lichtenstein C (1993) What makes an mRNA anti-sense-
itive? Trends Biochem Sci 18:419

50. Miller PS (1991) Oligonucleoside methylphosphonates as antisense
reagents. Biotechnology (N Y) 9:358

51. Zon G (1995) Antisense phosphorothioate oligodeoxynucleotides: in-
troductory concepts and possible molecular mechanisms of toxicity.
Toxicol Lett 82–83:419

52. Levin AA (1999) A review of the issues in the pharmacokinetics and
toxicology of phosphorothioate antisense oligonucleotides. Biochim
Biophys Acta 1489:69

53. James HA, Gibson I (1998) The therapeutic potential of ribozymes.
Blood 91:371

54. Wu Y, Yu L, McMahon R, Rossi JJ, Forman SJ, Snyder DS (1999)
Inhibition of bcr-abl oncogene expression by novel deoxyribozymes
(DNAzymes). Hum Gene Ther 10:2847

55. Gibson SA, Shillitoe EJ (1997) Ribozymes. Their functions and strat-
egies for their use. Mol Biotechnol 7:125

56. Pyle AM (1993) Ribozymes: a distinct class of metalloenzymes. Sci-
ence 261:709

57. Sigurdsson ST, Eckstein F (1995) Structure-function relationships of
hammerhead ribozymes: from understanding to applications. Trends
Biotechnol 13:286

58. Warashina M, Kuwabara T, Taira K (1997) Comparison of activities
between hammerhead ribozymes and DNA enzymes targeted to L6
BCR-ABL chimeric (b2a2) mRNA. Nucleic Acids Symp Ser 37:213

59. Spiller DG, Giles RV, Grzybowski J, Tidd DM, Clark RE (1998) Im-
proving the intracellular delivery and molecular efficacy of antisense
oligonucleotides in chronic myeloid leukemia cells: a comparison of
streptolysin-O permeabilization, electroporation, and lipophilic con-
jugation. Blood 91:4738

60. Verma IM, Somia N (1997) Gene therapy—promises, problems and
prospects (news). Nature 389:239

61. Dhut S, Chaplin T, Young BD (1990) BCR-ABL and BCR proteins:
biochemical characterization and localization. Leukemia 4:745

62. Shtivelman E, Lifshitz B, Gale RP, Roe BA, Canaani E (1986) Alter-
native splicing of RNAs transcribed from the human abl gene and
from the bcr-abl fused gene. Cell 47:277

63. Okamoto K, Karasawa M, Sakai H, Ogura H, Morita K, Naruse T
(1997) A novel acute lymphoid leukaemia type BCR/ABL transcript
in chronic myelogenous leukaemia. Br J Haematol 96:611

64. Saglio G, Pane F, Gottardi E, et al. (1996) Consistent amounts of
acute leukemia-associated P190BCR/ABL transcripts are expressed
by chronic myelogenous leukemia patients at diagnosis. Blood
87:1075

65. van Rhee F, Hochhaus A, Lin F, Melo JV, Goldman JM, Cross NC
(1996) p190 BCR-ABL mRNA is expressed at low levels in p210

 

1

 

chronic myeloid and acute lymphoblastic leukemias. Blood 87:5213
66. Hochhaus A, Reiter A, Skladny H, et al. (1996) A novel BCR-ABL

fusion gene (e6a2) in a patient with Philadelphia chromosome

 

2

 

chronic myelogenous leukemia. Blood 88:2236
67. de Fabritiis P, Skorski T, De Propris MS, et al. (1997) Effect of bcr-

abl oligodeoxynucleotides on the clonogenic growth of chronic mye-
logenous leukaemia cells. Leukemia 11:811

68. de Fabritiis P, Amadori S, Calabretta B, Mandelli F (1993) Elimina-
tion of clonogenic Philadelphia

 

1

 

 cells using BCR-ABL antisense oli-
godeoxynucleotides. Bone Marrow Transplant 12:261

69. Skorski T, Szczylik C, Malaguarnera L, Calabretta B (1991) Gene-
targeted specific inhibition of chronic myeloid leukemia cell growth
by BCR-ABL antisense oligodeoxynucleotides. Folia Histochem Cy-
tobiol 29:85

70. Szczylik C, Skorski T, Nicolaides NC, et al. (1991) Selective inhibi-
tion of leukemia cell proliferation by BCR-ABL antisense oligodeox-
ynucleotides. Science 253:562

71. Smetsers TF, van de Locht LT, Pennings AH, Wessels HM, de Witte
TM, Mensink EJ (1995) Phosphorothioate BCR-ABL antisense oli-
gonucleotides induce cell death, but fail to reduce cellular bcr-abl
protein levels. Leukemia 9:118

72. Smetsers TF, Skorski T, van de Locht LT, et al. (1994) Antisense
BCR-ABL oligonucleotides induce apoptosis in the Philadelphia
chromosome

 

1

 

 cell line BV173. Leukemia 8:129
73. Rowley PT, Keng PC, Kosciolek BA (1996) The effect of bcr-abl an-

tisense oligonucleotide on DNA synthesis and apoptosis in K562
chronic myeloid leukemia cells. Leuk Res 20:473

74. Bhatia R, Verfaillie CM (1998) Inhibition of BCR-ABL expression
with antisense oligodeoxynucleotides restores 

 

b

 

1 integrin-mediated
adhesion and proliferation inhibition in chronic myelogenous leuke-
mia hematopoietic progenitors. Blood 91:3414

75. Skorski T, Nieborowska-Skorska M, Barletta C, et al. (1993) Highly
efficient elimination of Philadelphia leukemic cells by exposure to
bcr/abl antisense oligodeoxynucleotides combined with mafosfa-
mide. J Clin Invest 92:194

76. Bellucci R, Sala R, De Propris MS, Cordone I, de Fabritiis P (1999)
Interferon-

 

a

 

 and bcr-abl antisense oligodeoxynucleotides in combi-



 

B.N. Jahagirdar et al./Experimental Hematology 29 (2001) 543–556

 

553

 

nation enhance the antileukemic effect and the adherence of CML
progenitors to preformed stroma. Leuk Lymphoma 35:471

77. Vaerman JL, Lammineur C, Moureau P, et al. (1995) BCR-ABL anti-
sense oligodeoxyribonucleotides suppress the growth of leukemic
and normal hematopoietic cells by a sequence-specific but nonan-
tisense mechanism. Blood 86:3891

78. O’Brien SG, Kirkland MA, Melo JV, et al. (1994) Antisense BCR-
ABL oligomers cause nonspecific inhibition of chronic myeloid leu-
kemia cell lines. Leukemia 8:2156

79. Mahon FX, Ripoche J, Pigeonnier V, et al. (1995) Inhibition of
chronic myelogenous leukemia cells harboring a BCR-ABL B3A2
junction by antisense oligonucleotides targeted at the B2A2 junction.
Exp Hematol 23:1606

80. Stein CA (1999) Two problems in antisense biotechnology: in vitro
delivery and the design of antisense experiments. Biochim Biophys
Acta 1489:45

81. Stein CA, Krieg AM (1994) Problems in interpretation of data de-
rived from in vitro and in vivo use of antisense oligodeoxynucle-
otides (editorial). Antisense Res Dev 4:67

82. Skorski T, Nieborowska-Skorska M, Nicolaides NC, et al. (1994)
Suppression of Philadelphia1 leukemia cell growth in mice by BCR-
ABL antisense oligodeoxynucleotide. Proc Natl Acad Sci U S A
91:4504

83. Skorski T, Nieborowska-Skorska M, Wlodarski P, et al. (1997)
Treatment of Philadelphia leukemia in severe combined immunodefi-
cient mice by combination of cyclophosphamide and bcr/abl anti-
sense oligodeoxynucleotides. J Natl Cancer Inst 89:124

84. Lange W, Daskalakis M, Finke J, Dolken G (1994) Comparison of
different ribozymes for efficient and specific cleavage of BCR/ABL
related mRNAs. FEBS Lett 338:175

85. Lange W, Cantin EM, Finke J, Dolken G (1993) In vitro and in vivo
effects of synthetic ribozymes targeted against BCR/ABL mRNA.
Leukemia 7:1786

86. Wright L, Wilson SB, Milliken S, Biggs J, Kearney P (1993) Ri-
bozyme-mediated cleavage of the bcr/abl transcript expressed in
chronic myeloid leukemia. Exp Hematol 21:1714

87. Shore SK, Nabissa PM, Reddy EP (1993) Ribozyme-mediated cleav-
age of the BCRABL oncogene transcript: in vitro cleavage of RNA
and in vivo loss of P210 protein-kinase activity. Oncogene 8:3183

88. Mills K, Walsh V, Gilkes A (1996) In vitro ribozyme treatment of
32D cells expressing a BCR-ABL construct prolongs the survival of
SCID mice. Blood 88:577a (abstract)

89. Warashina M, Kuwabara T, Nakamatsu Y, Taira K (1999) Extremely
high and specific activity of DNA enzymes in cells with a Philadel-
phia chromosome. Chem Biol 6:237

90. DeLong RK, Nolting A, Fisher M, et al. (1997) Comparative pharma-
cokinetics, tissue distribution, and tumor accumulation of phospho-
rothioate, phosphorodithioate, and methylphosphonate oligonucle-
otides in nude mice. Antisense Nucleic Acid Drug Dev 7:71

91. Bayever E, Iversen PL, Bishop MR, et al. (1993) Systemic adminis-
tration of a phosphorothioate oligonucleotide with a sequence com-
plementary to p53 for acute myelogenous leukemia and myelodys-
plastic syndrome: initial results of a phase I trial. Antisense Res Dev
3:383

92. Zhang R, Yan J, Shahinian H, et al. (1995) Pharmacokinetics of an
anti-human immunodeficiency virus antisense oligodeoxynucleotide
phosphorothioate (GEM 91) in HIV-infected subjects. Clin Pharma-
col Ther 58:44

93. Hartmann G, Krug A, Waller-Fontaine K, Endres S (1996) Oligode-
oxynucleotides enhance lipopolysaccharide-stimulated synthesis of
tumor necrosis factor: dependence on phosphorothioate modification
and reversal by heparin. Mol Med 2:429

94. Henry SP, Giclas PC, Leeds J, et al. (1997) Activation of the alterna-
tive pathway of complement by a phosphorothioate oligonucleotide:
potential mechanism of action. J Pharmacol Exp Ther 281:810

95. Henry SP, Novotny W, Leeds J, Auletta C, Kornbrust DJ (1997) Inhi-

bition of coagulation by a phosphorothioate oligonucleotide. Anti-
sense Nucleic Acid Drug Dev 7:503

96. Henry SP, Taylor J, Midgley L, Levin AA, Kornbrust DJ (1997)
Evaluation of the toxicity of ISIS 2302, a phosphorothioate oligonu-
cleotide, in a 4-week study in CD-1 mice. Antisense Nucleic Acid
Drug Dev 7:473

97. Gao WY, Han FS, Storm C, Egan W, Cheng YC (1992) Phospho-
rothioate oligonucleotides are inhibitors of human DNA polymerases
and RNase H: implications for antisense technology. Mol Pharmacol
41:223

98. Galbraith WM, Hobson WC, Giclas PC, Schechter PJ, Agrawal S
(1994) Complement activation and hemodynamic changes following
intravenous administration of phosphorothioate oligonucleotides in
the monkey. Antisense Res Dev 4:201

99. de Fabritiis P, Petti MC, Montefusco E, et al. (1998) BCR-ABL anti-
sense oligodeoxynucleotide in vitro purging and autologous bone
marrow transplantation for patients with chronic myelogenous leuke-
mia in advanced phase. Blood 91:3156

100. Albrecht T, Schwab R, Henkes M, Peschel C, Huber C, Aulitzky WE
(1996) Primary proliferating immature myeloid cells from CML pa-
tients are not resistant to induction of apoptosis by DNA damage and
growth factor withdrawal. Br J Haematol 95:501

101. Amos TA, Lewis JL, Grand FH, Gooding RP, Goldman JM, Gordon
MY (1995) Apoptosis in chronic myeloid leukaemia: normal re-
sponses by progenitor cells to growth factor deprivation, X-irradia-
tion and glucocorticoids. Br J Haematol 91:387

102. Dunbar CE, Tisdale J, Yu JM, et al. (1997) Transduction of hemato-
poietic stem cells in humans and in nonhuman primates. Stem Cells
15:135

103. Dilber MS (1998) Gene transfer into hematopoietic cells: progress,
problems and prospects. Turk J Pediatr 40:307

104. Abonour R, Williams DA, Einhorn L, et al. (2000) Efficient retrovi-
rus-mediated transfer of the multidrug resistance 1 gene into autolo-
gous human long-term repopulating hematopoietic stem cells. Nat
Med 6:652

105. Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, et al. (2000)
Gene therapy of human severe combined immunodeficiency (SCID)-
X1 disease. Science 288:669

106. Zhao RC, McIvor RS, Griffin JD, Verfaillie CM (1997) Gene therapy
for chronic myelogenous leukemia (CML): a retroviral vector that
renders hematopoietic progenitors methotrexate-resistant and CML
progenitors functionally normal and nontumorigenic in vivo. Blood
90:4687

107. Gewirtz AM, Calabretta B (1988) A c-myb antisense oligodeoxynu-
cleotide inhibits normal human hematopoiesis in vitro. Science
242:1303

108. Caracciolo D, Venturelli D, Valtieri M, Peschle C, Gewirtz AM, Cal-
abretta B (1990) Stage-related proliferative activity determines
c-myb functional requirements during normal human hematopoiesis.
J Clin Invest 85:55

109. Anfossi G, Gewirtz AM, Calabretta B (1989) An oligomer comple-
mentary to c-myb-encoded mRNA inhibits proliferation of human
myeloid leukemia cell lines. Proc Natl Acad Sci U S A 86:3379

110. Gewirtz AM, Anfossi G, Venturelli D, Valpreda S, Sims R, Cala-
bretta B (1989) G1/S transition in normal human T-lymphocytes re-
quires the nuclear protein encoded by c-myb. Science 245:180

111. Ratajczak MZ, Perrotti D, Melotti P, et al. (1998) Myb and ets pro-
teins are candidate regulators of c-kit expression in human hemato-
poietic cells. Blood 91:1934

112. Yu H, Bauer B, Lipke GK, Phillips RL, Van Zant G (1993) Apopto-
sis and hematopoiesis in murine fetal liver. Blood 81:373

113. Melotti P, Ku DH, Calabretta B (1994) Regulation of the expression
of the hematopoietic stem cell antigen CD34: role of c-myb. J Exp
Med 179:1023

114. Siu G, Wurster AL, Lipsick JS, Hedrick SM (1992) Expression of the
CD4 gene requires a Myb transcription factor. Mol Cell Biol 12:1592



 

554

 

B.N. Jahagirdar et al./Experimental Hematology 29 (2001) 543–556

115. Mucenski ML, McLain K, Kier AB, et al. (1991) A functional c-myb
gene is required for normal murine fetal hepatic hematopoiesis. Cell
65:677

116. Calabretta B, Sims RB, Valtieri M, et al. (1991) Normal and leuke-
mic hematopoietic cells manifest differential sensitivity to inhibitory
effects of c-myb antisense oligodeoxynucleotides: an in vitro study
relevant to bone marrow purging. Proc Natl Acad Sci U S A 88:2351

117. Ratajczak MZ, Hijiya N, Catani L, et al. (1992) Acute- and chronic-
phase chronic myelogenous leukemia colony-forming units are
highly sensitive to the growth inhibitory effects of c-myb antisense
oligodeoxynucleotides. Blood 79:1956

118. Ratajczak MZ, Kant JA, Luger SM, et al. (1992) In vivo treatment of
human leukemia in a scid mouse model with c-myb antisense oli-
godeoxynucleotides. Proc Natl Acad Sci U S A 89:11823

119. Gewirtz AM, Luger SM, Sokol DL, et al. (1996) Oligodeoxynucle-
otide therapeutics for human myelogenous leukemia: Interim results.
Blood 88:270a (abstract)

120. Tari AM, Arlinghaus R, Lopez-Berestein G (1997) Inhibition of
Grb2 and Crkl proteins results in growth inhibition of Philadelphia
chromosome1 leukemic cells. Biochem Biophys Res Commun
235:383

121. Skorski T, Perrotti D, Nieborowska-Skorska M, Gryaznov S, Cala-
bretta B (1997) Antileukemia effect of c-myc N39→P59 phosphora-
midate antisense oligonucleotides in vivo. Proc Natl Acad Sci U S A
94:3966

122. Ratajczak MZ, Luger SM, Gewirtz AM (1992) The c-kit proto-onco-
gene in normal and malignant human hematopoiesis. Int J Cell Clon-
ing 10:205

123. Luger SM, Ratajczak J, Ratajczak MZ, et al. (1996) A functional
analysis of protooncogene Vav’s role in adult human hematopoiesis.
Blood 87:1326

124. Crooke ST (2000) Progress in antisense technology: the end of the
beginning. Methods Enzymol 313:3

125. Thurston DE (1999) Nucleic acid targeting: therapeutic strategies for
the 21st century. Br J Cancer 80(suppl 1):65[/3a]

126. Matteucci MD, Wagner RW (1996) In pursuit of antisense. Nature
384:20

127. Lewis KJ, Irwin WJ, Akhtar S (1998) Development of a sustained-
release biodegradable polymer delivery system for site-specific de-
livery of oligonucleotides: characterization of P(LA-GA) copolymer
microspheres in vitro. J Drug Target 5:291

128. Gewirtz AM (1996) Perturbing gene expression with oligodeoxynu-
cleotides: research and potential therapeutic applications. Mt Sinai J
Med 63:372

129. Lugo TG, Pendergast AM, Muller AJ, Witte ON (1990) Tyrosine ki-
nase activity and transformation potency of bcr-abl oncogene prod-
ucts. Science 247:1079

130. Oda T, Tamura S, Matsuguchi T, Griffin JD, Druker BJ (1995) The
SH2 domain of ABL is not required for factor-independent growth
induced by BCR-ABL in a murine myeloid cell line. Leukemia 9:295

131. Levitzki A, Gazit A (1995) Tyrosine kinase inhibition: an approach
to drug development. Science 267:1782

132. Chang CJ, Geahlen RL (1992) Protein-tyrosine kinase inhibition:
mechanism-based discovery of antitumor agents. J Nat Prod 55:1529

133. Boutin JA (1994) Tyrosine protein kinase inhibition and cancer. Int J
Biochem 26:1203

134. Okabe M, Uehara Y, Miyagishima T, et al. (1992) Effect of herbimy-
cin A, an antagonist of tyrosine kinase, on bcr/abl oncoprotein-asso-
ciated cell proliferations: abrogative effect on the transformation of
murine hematopoietic cells by transfection of a retroviral vector ex-
pressing oncoprotein P210bcr/abl and preferential inhibition on Ph11

leukemia cell growth. Blood 80:1330
135. Honma Y, Okabe-Kado J, Hozumi M, Uehara Y, Mizuno S (1989)

Induction of erythroid differentiation of K562 human leukemic cells
by herbimycin A, an inhibitor of tyrosine kinase activity. Cancer Res
49:331

136. Honma Y, Okabe-Kado J, Kasukabe T, Hozumi M, Umezawa K
(1990) Inhibition of abl oncogene tyrosine kinase induces erythroid
differentiation of human myelogenous leukemia K562 cells. Jpn J
Cancer Res 81:1132

137. Carlo-Stella C, Dotti G, Mangoni L, et al. (1996) Selection of mye-
loid progenitors lacking BCR/ABL mRNA in chronic myelogenous
leukemia patients after in vitro treatment with the tyrosine kinase in-
hibitor genistein. Blood 88:3091

138. Kawada M, Tawara J, Tsuji T, et al. (1993) Inhibition of Abelson on-
cogene function by erbstatin analogues. Drugs Exp Clin Res 19:235

139. Yaish P, Gazit A, Gilon C, Levitzki A (1988) Blocking of EGF-
dependent cell proliferation by EGF receptor kinase inhibitors. Sci-
ence 242:933

140. Anafi M, Gazit A, Zehavi A, Ben-Neriah Y, Levitzki A (1993) Tyr-
phostin-induced inhibition of p210bcr-abl tyrosine kinase activity in-
duces K562 to differentiate. Blood 82:3524

141. Bhatia R, Munthe HA, Verfaillie CM (1998) Tyrphostin AG957, a
tyrosine kinase inhibitor with anti-BCR/ABL tyrosine kinase activity
restores b1 integrin-mediated adhesion and inhibitory signaling in
chronic myelogenous leukemia hematopoietic progenitors. Leukemia
12:1708

142. Carlo-Stella C, Regazzi E, Sammarelli G, et al. (1999) Effects of the
tyrosine kinase inhibitor AG957 and an Anti-Fas receptor antibody
on CD341 chronic myelogenous leukemia progenitor cells. Blood
93:3973

143. Buchdunger E, Zimmermann J, Mett H, et al. (1996) Inhibition of the
Abl protein-tyrosine kinase in vitro and in vivo by a 2-phenylami-
nopyrimidine derivative. Cancer Res 56:100

144. Schindler T, Bornmann W, Pellicena P, Miller WT, Clarkson B,
Kuriyan J (2000) Structural mechanism for STI-571 inhibition of
abelson tyrosine kinase. Science 289:1938

145. Buchdunger E, Cioffi CL, Law N, et al. (2000) Abl protein-tyrosine
kinase inhibitor STI571 inhibits in vitro signal transduction mediated
by c-Kit and platelet-derived growth factor receptors (In Process Ci-
tation). J Pharmacol Exp Ther 295:139

146. Druker BJ, Tamura S, Buchdunger E, et al. (1996) Effects of a selec-
tive inhibitor of the Abl tyrosine kinase on the growth of Bcr-Abl1

cells. Nat Med 2:561
147. Deininger MW, Goldman JM, Lydon N, Melo JV (1997) The ty-

rosine kinase inhibitor CGP57148B selectively inhibits the growth of
BCR-ABL1 cells. Blood 90:3691

148. Carroll M, Ohno-Jones S, Tamura S, et al. (1997) CGP 57148, a ty-
rosine kinase inhibitor, inhibits the growth of cells expressing BCR-
ABL, TEL-ABL, and TEL-PDGFR fusion proteins. Blood 90:4947

149. Druker BJ, Lydon NB (2000) Lessons learned from the development
of an abl tyrosine kinase inhibitor for chronic myelogenous leukemia.
J Clin Invest 105:3

150. Druker BJ, Sawyers CL, Talpaz M (1999) Phase I trial of a specific
abl tyrosine kinase inhibitor, CGP 57148, in interferon refractory
chronic myelogenous leukemia patients. Proc ASCO 18:24a (ab-
stract)

151. Talpaz M, Sawyers CL, Kantarjian HM, et al. (2000) Activity of an
ABL specific tyrosine kinase inhibitor in patients with BCR-ABL1

acute leukemia, including chronic myelogenous leukemia in blast cri-
sis. Proc ASCO 19:4a (abstract)

152. Kantarjian H, Sawyers C, Hochhaus A, et al. (2000) Phase II study of
STI571, a tyrosine kinase inhibitor, in patients (pts) with resistant or
refractory Philadelphia chromosome1 chronic myeloid leukemia
(Ph1CML). Blood 96:470a (abstract)

153. Talpaz M, Silver RT, Druker B, et al. (2000) A phase II study of
STI571 in adult patients with Philadelphia chromosome1 chronic
myeloid leukemia in accelerated phase. Blood 96:469a

154. Sawyers C, Hochhaus A, Feldman E, et al. (2000) A phase II study to
determine the safety and anti-leukemic effects of STI571 in patients
with Philadelphia chromosome1 chronic myeloid leukemia in mye-
loid blast crisis. Blood 96:503a (abstract)



B.N. Jahagirdar et al./Experimental Hematology 29 (2001) 543–556 555

155. Ottmann OG, Sawyers C, Druker B, et al. (2000) A phase II study to
determine the safety and anti-leukemic effects of STI571 in adult pa-
tients with Philadelphia chromosome1 acute leukemias. Blood
96:828a (abstract)

156. Weisberg E, Griffin JD (2000) Mechanism of resistance to the ABL
tyrosine kinase inhibitor STI571 in BCR/ABL-transformed hemato-
poietic cell lines. Blood 95:3498

157. Mahon FX, Deininger MW, Schultheis B, et al. (2000) Selection and
characterization of BCR-ABL1 cell lines with differential sensitivity
to the tyrosine kinase inhibitor STI571: diverse mechanisms of resis-
tance. Blood 96:1070

158. Tybulewicz VL, Crawford CE, Jackson PK, Bronson RT, Mulligan
RC (1991) Neonatal lethality and lymphopenia in mice with a ho-
mozygous disruption of the c-abl proto-oncogene. Cell 65:1153

159. Sanchez-Garcia I, Martin-Zanca D (1997) Regulation of Bcl-2 gene
expression by BCR-ABL is mediated by Ras. J Mol Biol 267:225

160. Cortez D, Stoica G, Pierce JH, Pendergast AM (1996) The BCR-
ABL tyrosine kinase inhibits apoptosis by activating a Ras-dependent
signaling pathway. Oncogene 13:2589

161. Goga A, McLaughlin J, Afar DE, Saffran DC, Witte ON (1995) Al-
ternative signals to RAS for hematopoietic transformation by the
BCR-ABL oncogene. Cell 82:981

162. Sawyers CL, McLaughlin J, Witte ON (1995) Genetic requirement
for Ras in the transformation of fibroblasts and hematopoietic cells
by the Bcr-Abl oncogene. J Exp Med 181:307

163. Puil L, Liu J, Gish G, et al. (1994) Bcr-Abl oncoproteins bind directly
to activators of the Ras signalling pathway. Embo J 13:764

164. Mandanas RA, Leibowitz DS, Gharehbaghi K, et al. (1993) Role of
p21 RAS in p210 bcr-abl transformation of murine myeloid cells.
Blood 82:1838

165. Reiss Y, Goldstein JL, Seabra MC, Casey PJ, Brown MS (1990) Inhi-
bition of purified p21ras farnesyl:protein transferase by Cys-AAX
tetrapeptides. Cell 62:81

166. Gutierrez L, Magee AI, Marshall CJ, Hancock JF (1989) Post-trans-
lational processing of p21ras is two-step and involves carboxyl-meth-
ylation and carboxy-terminal proteolysis. EMBO J 8:1093

167. Hancock JF, Magee AI, Childs JE, Marshall CJ (1989) All ras pro-
teins are polyisoprenylated but only some are palmitoylated. Cell
57:1167

168. Stokoe D, Macdonald SG, Cadwallader K, Symons M, Hancock JF
(1994) Activation of Raf as a result of recruitment to the plasma
membrane (published erratum appears in Science 1994 Dec
16;266(5192):1792-3). Science 264:1463

169. Kato K, Cox AD, Hisaka MM, Graham SM, Buss JE, Der CJ (1992)
Isoprenoid addition to Ras protein is the critical modification for its
membrane association and transforming activity. Proc Natl Acad Sci
U S A 89:6403

170. Kohl NE, Wilson FR, Mosser SD, et al. (1994) Protein farnesyltrans-
ferase inhibitors block the growth of ras-dependent tumors in nude
mice. Proc Natl Acad Sci U S A 91:9141

171. Emanuel P, Sokol J, Snyder R, Oliff A, Castleberry R (1997) Growth
inhibitory effects of a protein farnesyltransferase inhibitor in juvenile
myelomonocytic leukemia. Blood 92:567a (abstract)

172. Perrey D, Scannell M, Narla R, Navara C, Uckun F (1998) RAS en-
doprotease inhibitors are potent cytotoxic agents against acute lym-
phoblastic leukemia. Blood 92:599a (abstract)

173. Sun J, Qian Y, Hamilton AD, Sebti SM (1995) Ras CAAX peptido-
mimetic FTI 276 selectively blocks tumor growth in nude mice of a
human lung carcinoma with K-Ras mutation and p53 deletion. Can-
cer Res 55:4243

174. Kohl NE, Mosser SD, deSolms SJ, et al. (1993) Selective inhibition
of ras-dependent transformation by a farnesyltransferase inhibitor.
Science 260:1934

175. Nagasu T, Yoshimatsu K, Rowell C, Lewis MD, Garcia AM (1995)
Inhibition of human tumor xenograft growth by treatment with the
farnesyl transferase inhibitor B956. Cancer Res 55:5310

176. End DW (1999) Farnesyl protein transferase inhibitors and other
therapies targeting the Ras signal transduction pathway. Invest New
Drugs 17:241

177. Peters DG, Hoover RR, Koh EY, et al. (2000) Activity of the farnesyl
transferase inhibitor SCH66336 against BCR-ABL-induced murine
leukemia, STI-571 resistant cell lines, and primary cells from CML
patients. Blood 96:510a (abstract)

178. Champlin R (1993) Allogeneic, syngeneic and autologous bone mar-
row transplantation for chronic myelogenous leukemia. Leukemia
7:1084

179. Marmont AM, Horowitz MM, Gale RP, et al. (1991) T-cell depletion
of HLA-identical transplants in leukemia. Blood 78:2120

180. Enright H, Davies SM, DeFor T, et al. (1996) Relapse after non–
T-cell-depleted allogeneic bone marrow transplantation for chronic
myelogenous leukemia: early transplantation, use of an unrelated do-
nor, and chronic graft-versus-host disease are protective. Blood 88:714

181. Weiden PL, Flournoy N, Thomas ED, et al. (1979) Antileukemic ef-
fect of graft-versus-host disease in human recipients of allogeneic-
marrow grafts. N Engl J Med 300:1068

182. Kolb HJ, Mittermuller J, Clemm C, et al. (1990) Donor leukocyte
transfusions for treatment of recurrent chronic myelogenous leuke-
mia in marrow transplant patients. Blood 76:2462

183. Miller JS (1998) Innovative therapy for chronic myelogenous leuke-
mia. Hematol Oncol Clin North Am 12:173

184. Lim SH, Coleman S (1997) Chronic myeloid leukemia as an immu-
nological target. Am J Hematol 54:61

185. Nimer SD, Giorgi J, Gajewski JL, et al. (1994) Selective depletion of
CD81 cells for prevention of graft-versus-host disease after bone
marrow transplantation. A randomized controlled trial. Transplanta-
tion 57:82

186. Coleman S, Fisher J, Hoy T, Burnett AK, Lim SH (1996) Autologous
MHC-dependent leukaemia-reactive T lymphocytes in a patient with
chronic myeloid leukaemia. Leukemia 10:483

187. Jiang YZ, Kanfer EJ, Macdonald D, Cullis JO, Goldman JM, Barrett
AJ (1991) Graft-versus-leukaemia following allogeneic bone marrow
transplantation: emergence of cytotoxic T lymphocytes reacting to
host leukaemia cells. Bone Marrow Transplant 8:253

188. Jiang YZ, Cullis JO, Kanfer EJ, Goldman JM, Barrett AJ (1993) T
cell and NK cell mediated graft-versus-leukaemia reactivity follow-
ing donor buffy coat transfusion to treat relapse after marrow trans-
plantation for chronic myeloid leukaemia. Bone Marrow Transplant
11:133

189. Pierson BA, Miller JS (1997) The role of autologous natural killer
cells in chronic myelogenous leukemia. Leuk Lymphoma 27:387

190. Pierson BA, Miller JS (1996) CD561bright and CD561dim natural
killer cells in patients with chronic myelogenous leukemia progres-
sively decrease in number, respond less to stimuli that recruit clono-
genic natural killer cells, and exhibit decreased proliferation on a per
cell basis. Blood 88:2279

191. Cervantes F, Pierson BA, McGlave PB, Verfaillie CM, Miller JS
(1996) Autologous activated natural killer cells suppress primitive
chronic myelogenous leukemia progenitors in long-term culture.
Blood 87:2476

192. Giralt S, Hester J, Huh Y, et al. (1995) CD8-depleted donor lympho-
cyte infusion as treatment for relapsed chronic myelogenous leuke-
mia after allogeneic bone marrow transplantation. Blood 86:4337

193. Tiberghien P, Reynolds CW, Keller J, et al. (1994) Ganciclovir treat-
ment of herpes simplex thymidine kinase–transduced primary T lym-
phocytes: an approach for specific in vivo donor T-cell depletion af-
ter bone marrow transplantation? Blood 84:1333

194. Jiang YZ, Barrett AJ (1995) Cellular and cytokine-mediated effects
of CD41 lymphocyte lines generated in vitro against chronic myelog-
enous leukemia. Exp Hematol 23:1167

195. Faber LM, van Luxemburg-Heijs SA, Veenhof WF, Willemze R,
Falkenburg JH (1995) Generation of CD41 cytotoxic T-lymphocyte
clones from a patient with severe graft-versus-host disease after allo-



556 B.N. Jahagirdar et al./Experimental Hematology 29 (2001) 543–556

geneic bone marrow transplantation: implications for graft-versus-
leukemia reactivity. Blood 86:2821

196. Falkenburg JH, Faber LM, van den Elshout M, et al. (1993) Genera-
tion of donor-derived antileukemic cytotoxic T-lymphocyte re-
sponses for treatment of relapsed leukemia after allogeneic HLA-
identical bone marrow transplantation. J Immunother 14:305

197. Warren EH, Greenberg PD, Riddell SR (1998) Cytotoxic T-lympho-
cyte-defined human minor histocompatibility antigens with a re-
stricted tissue distribution. Blood 91:2197

198. Molldrem JJ, Clave E, Jiang YZ, et al. (1997) Cytotoxic T lympho-
cytes specific for a nonpolymorphic proteinase 3 peptide preferen-
tially inhibit chronic myeloid leukemia colony-forming units. Blood
90:2529

199. Molldrem J, Dermime S, Parker K, et al. (1996) Targeted T-cell ther-
apy for human leukemia: cytotoxic T lymphocytes specific for a pep-
tide derived from proteinase 3 preferentially lyse human myeloid leu-
kemia cells. Blood 88:2450

200. Choudhury A, Gajewski JL, Liang JC, et al. (1997) Use of leukemic
dendritic cells for the generation of antileukemic cellular cytotoxicity
against Philadelphia chromosome1 chronic myelogenous leukemia.
Blood 89:1133

201. Bocchia M, Wentworth PA, Southwood S, et al. (1995) Specific
binding of leukemia oncogene fusion protein peptides to HLA class I
molecules. Blood 85:2680

202. Bocchia M, Korontsvit T, Xu Q, et al. (1996) Specific human cellular
immunity to bcr-abl oncogene-derived peptides. Blood 87:3587

203. ten Bosch GJ, Kessler JH, Joosten AM, et al. (1999) A BCR-ABL

oncoprotein p210b2a2 fusion region sequence is recognized by HLA-
DR2a restricted cytotoxic T lymphocytes and presented by HLA-DR
matched cells transfected with an Ii(b2a2) construct. Blood 94:1038

204. Bosch GJ, Joosten AM, Kessler JH, Melief CJ, Leeksma OC (1996)
Recognition of BCR-ABL1 leukemic blasts by human CD41 T cells
elicited by primary in vitro immunization with a BCR-ABL break-
point peptide. Blood 88:3522

205. Pinilla-Ibarz J, Cathcart K, Korontsvit T, et al. (2000) Vaccination of
patients with chronic myelogenous leukemia with bcr-abl oncogene
breakpoint fusion peptides generates specific immune responses.
Blood 95:1781

206. Fujii S, Shimizu K, Fujimoto K, et al. (1999) Analysis of a chronic
myelogenous leukemia patient vaccinated with leukemic dendritic
cells following autologous peripheral blood stem cell transplantation.
Jpn J Cancer Res 90:1117

207. Przepiorka D, Ippoliti C, Koberda J, et al. (1994) Interleukin-2 for
prevention of graft-versus-host disease after haploidentical marrow
transplantation. Transplantation 58:858

208. Robinson N, Sanders JE, Benyunes MC, et al. (1996) Phase I trial of
interleukin-2 after unmodified HLA-matched sibling bone marrow
transplantation for children with acute leukemia. Blood 87:1249

209. Soiffer RJ, Murray C, Gonin R, Ritz J (1994) Effect of low-dose in-
terleukin-2 on disease relapse after T-cell–depleted allogeneic bone
marrow transplantation. Blood 84:964

210. Vey N, Blaise D, Lafage M, et al. (1999) Treatment of chronic myel-
ogenous leukemia with interleukin-2: a phase II study in 21 patients.
J Immunother 22:175


