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N the past decade clinical and laboratory studies
have led to important new insights into the bi-
ology of chronic myeloid leukemia (CML). Bas-

ic science has defined the molecular pathogenesis of
CML as unregulated signal transduction by a tyro-
sine kinase. Clinical science has demonstrated that it
is curable through immune-mediated elimination of
leukemia cells by allogeneic T lymphocytes.

 

CLINICAL FEATURES

 

CML is a malignant clonal disorder of hemato-
poietic stem cells that results in increases in not only
myeloid cells but also erythroid cells and platelets in
peripheral blood and marked myeloid hyperplasia
in the bone marrow (Fig. 1). The median age at
presentation is 53 years, but all age groups, includ-
ing children, are affected. Most patients also have
thrombocytosis, which is consistent with the pres-
ence of a defect in a pluripotent hematopoietic stem
cell. The typical symptoms at presentation are fa-
tigue, anorexia, and weight loss, but about 40 per-
cent of patients are asymptomatic, and in these pa-
tients, the diagnosis is based solely on an abnormal
blood count (Table 1). The most common abnor-
mality on physical examination is splenomegaly,
which is present in up to half of patients. The nat-
ural history of CML is progression from a benign
chronic phase to a rapidly fatal blast crisis within
three to five years. The blast crisis is often preceded
by an accelerated phase in which increasing doses of
hydroxyurea or busulfan are required to lower the
neutrophil count. In contrast to the maturation of
CML cells during the chronic phase, during a blast
crisis cells fail to mature and resemble the myelo-
blasts or lymphoblasts found in patients with acute
leukemias.

I

 

MOLECULAR PATHOPHYSIOLOGY

 

The diagnosis of CML is usually based on detec-
tion of the Philadelphia (Ph) chromosome. This ab-
normality, first described as a shortened chromosome
22 in 1960

 

1

 

 and then as a t(9;22) translocation in
1973,

 

2

 

 is present in 95 percent of patients. Another
5 percent have complex or variant translocations in-
volving additional chromosomes that have the same
end result, which is fusion of the 

 

BCR

 

 (breakpoint
cluster region) gene on chromosome 22 to the 

 

ABL

 

(Ableson leukemia virus) gene on chromosome 9.
The Ph chromosome is found in cells from the my-
eloid, erythroid, megakaryocytic, and B lymphoid
lineages, indicating that CML is a stem-cell disease.
During the evolution to a blast crisis, a range of non-
random, secondary chromosomal changes occur, in-
cluding duplication of the Ph chromosome and tri-
somy 8.

 

3

 

 Mutations or deletions of tumor-suppressor
genes such as 

 

p16

 

4

 

 and 

 

p53

 

 occur with variable fre-
quency and presumably contribute to the malignant
phenotype.

 

5

 

The molecular consequence of the t(9;22) trans-
location is the creation of the fusion protein BCR–
ABL, which is a constitutively active cytoplasmic
tyrosine kinase. Depending on the site of the break-
point in the 

 

BCR

 

 gene, the fusion protein can vary
in size from 185 kd to 230 kd. Each fusion gene en-
codes the same portion of the ABL tyrosine kinase
but differs in the length of BCR sequence retained
at the N terminal (Fig. 2). Nearly all patients with
typical chronic-phase CML express a 210-kd BCR–
ABL protein, whereas patients with Ph-positive acute
lymphoblastic leukemia express either a 210-kd or a
190-kd BCR–ABL protein (the latter is sometimes
referred to as 185/190 kd). Recently, a larger, 230-
kd BCR–ABL fusion protein was found in a sub-
group of patients with CML who presented with a
lower white-cell count than is usual for the disease
and in whom progression to blast crisis was slow.

 

6

 

The fact that fusion proteins of different sizes can be
correlated with different outcomes has led to labo-
ratory studies of the biologic activity of the proteins.
The results indicate that the 190-kd BCR–ABL pro-
tein has greater activity as a tyrosine kinase and is a
more potent oncogene than the 210-kd protein,
suggesting that the magnitude of the tyrosine kinase
signal affects the expression of the disease.

 

7,8

 

The cloning of the Ph translocation has led to the
development of highly sensitive and specific molec-
ular probes that are valuable tools for monitoring re-
sponses to therapy. Quantitative cytogenetic infor-
mation can be obtained by fluorescence in situ
hybridization without the need to culture cells or
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Figure 1.

 

 Photomicrographs of a Peripheral-Blood Sample and
Bone Marrow Samples from a Patient with Chronic Myeloid
Leukemia.
Panel A shows a peripheral-blood smear with numerous mye-
loid cells, including myelocytes and a basophil (center) (Wright’s
stain, ¬40). In Panel B, a bone marrow specimen obtained with
a trephine shows marked hypercellularity and almost no fat
(hematoxylin and eosin, ¬40). In Panel C, marked myeloid hy-
perplasia is evident in the bone marrow specimen at a higher
magnification (hematoxylin and eosin, ¬160).
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B
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analyze cells in metaphase.

 

9

 

 Polymerase-chain-reac-
tion (PCR) testing of peripheral-blood RNA is high-
ly sensitive: it can detect 1 Ph-positive cell expressing
the BCR–ABL fusion transcript in 10

 

5

 

 to 10

 

6

 

 normal
cells.

 

10

 

 One consequence of these newer diagnostic
tests has been the reclassification of the response to
treatment on the basis of hematologic, cytogenetic,
and molecular remissions. A hematologic remission
indicates a return of peripheral-blood cell counts
and bone marrow morphology to normal, whereas
cytogenetic and molecular remissions indicate the

disappearance of the Ph chromosome or the 

 

BCR–
ABL

 

 gene, respectively. The favorable prognostic
value of hematologic and cytogenetic remissions is
clear, on the basis of data on survival among patients
treated with interferon alfa,

 

11

 

 but the clinical value
of molecular testing remains to be defined. Negative
PCR results in patients treated by allogeneic bone
marrow transplantation clearly predict a favorable
outcome,

 

12,13

 

 but positive results are difficult to in-
terpret, because of the extreme sensitivity of the PCR
assay. For example, the results of PCR assays can re-
main positive in interferon-treated patients who are
in complete cytogenetic remission and patients who
have survived for several years after bone marrow
transplantation, two subgroups with very favorable
outcomes,

 

14,15

 

 presumably because small numbers of
leukemic cells remain. Newly developed quantitative
PCR assays allow monitoring of the level of BCR–
ABL messenger RNA transcripts over time. On the
basis of these assays, a progressive increase in mini-
mal residual disease after allogeneic transplantation
appears to predict eventual relapse.

 

10

 

MECHANISM OF LEUKEMOGENESIS

 

Laboratory studies of 

 

BCR–ABL

 

 have established
that it is an oncogene that induces leukemias in an-
imals. Transgenic expression of the 190-kd BCR–
ABL protein in mice causes acute leukemia at birth,
suggesting that it confers a potent oncogenic signal
in hematopoietic cells.

 

16

 

 Karyotypic studies of the
leukemia cells from these mice indicate secondary
chromosomal abnormalities analogous to blast-crisis
cells in humans.

 

17

 

 Another model of CML involves

 

*Approximately 40 percent of patients are asymptomatic.
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Clinical findings*

 

Fatigue, anorexia, weight loss
Splenomegaly
Hepatomegaly

 

Peripheral-blood findings

 

Elevated white-cell count (usually greater than 25,000/mm

 

3

 

)
Elevated platelet count in 30 to 50 percent of cases
Basophilia
Reduced leukocyte alkaline phosphatase activity
All stages of granulocyte differentiation visible on peripheral 

smear

 

Bone marrow findings

 

Hypercellularity, reduced fat content
Increased ratio of myeloid cells to erythroid cells
Increased numbers of megakaryocytes
Blasts and promyelocytes constitute less than 10 percent of 

all cells

 

Figure 2.

 

 Structure of BCR–ABL Fusion Proteins.
The structure of the wild-type ABL and BCR proteins is shown, with the site of the break points in each marked by the
arrows. The sizes of the fusion proteins differ depending on the amount of the BCR sequence that is retained. The length
of the ABL sequence is the same in all cases. ABL has two alternative first exons (1a and 1b). TK denotes the tyrosine
kinase domain.
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the transfer of the 

 

BCR–ABL

 

 gene into hematopoi-
etic stem cells of normal mice by infection with a
retrovirus. In these animals a range of acute and
chronic myeloid leukemias develops that varies in
strains with different genetic backgrounds.

 

18-20

 

 These
findings suggest that the pathogenesis of CML is a
multistep process.

Most laboratory studies of the function of the
BCR–ABL protein have focused on determining the
effects of overexpression on growth and cellular
transformation. The protein can transform hemato-
poietic cells so that their growth and survival in vitro
become independent of cytokines.

 

21,22

 

 It can also
protect hematopoietic cells from programmed cell
death (apoptosis) in response to cytokine withdraw-
al and DNA damage by chemotherapy or radia-
tion.

 

23,24

 

 However, in primary CML cells, the effects
of the BCR–ABL protein are less dramatic, particu-
larly with regard to apoptosis.

 

25,26

 

 It also increases ad-
hesion of hematopoietic cells to extracellular-matrix
proteins by increasing the activity of integrin.

 

27

 

 One
mechanism for this effect may involve the BCR–
ABL substrate CRKL, which induces adhesion when
it is phosphorylated, by allowing the assembly of fo-
cal adhesion complexes.

 

28

 

 Curiously, primary CML
cells adhere poorly to bone marrow stroma in vi-
tro.

 

29,30

 

 This result appears to contrast with data
from cells engineered to express the BCR–ABL pro-
tein and will require further study. Nevertheless, the
adhesion defect offers another mechanism for leuke-
mogenesis, since CML cells may escape negative reg-
ulatory influences that stromal cells normally exert
on hematopoietic cells through contact between
stromal cells and stem cells.

Biochemical studies of leukemogenesis indicate
that the BCR–ABL protein is a constitutively active
tyrosine kinase confined to the cytoplasm, whereas
wild-type ABL shuttles between the nucleus and
cytoplasm.

 

31,32

 

 As a consequence of increased tyro-
sine kinase activity, the BCR–ABL protein can phos-

phorylate several substrates, thereby activating mul-
tiple signal-transduction cascades affecting the growth
and differentiation of cells. The substrates include
CRKL,

 

33-35

 

 p62Dok,

 

36,37

 

 paxillin,

 

38

 

 CBL,

 

39

 

 and RIN,

 

40

 

which activate pathways involving RAS,

 

41

 

 RAF,

 

42

 

phosphatidylinositol-3 kinase,

 

43

 

 JUN kinase,

 

44

 

 MYC,

 

45

 

and STAT

 

46-48

 

 (Fig. 3). The ways in which these path-
ways become activated are not well defined, but an
emerging theme is that the BCR–ABL protein acti-
vates the same signaling cascades activated by cyto-
kines that control the growth and differentiation of
normal hematopoietic cells. Since the BCR–ABL sig-
nal is constitutive, these cells escape constraints on
normal growth and become leukemic.

A major goal of current research is to define the
specific signal-transduction events that contribute to
leukemogenesis so that rational therapeutic inter-
ventions can be designed. One clear theme is that
loss of tyrosine kinase activity through either muta-
tion or the use of pharmacologic inhibitors blocks
the leukemogenic activity of the BCR–ABL protein.

 

49

 

In addition, inhibition of the RAS,

 

50

 

 RAF, phos-
phatidylinositol-3 kinase,

 

43

 

 AKT,

 

51

 

 JUN kinase,

 

44,52

 

and MYC

 

45,53

 

 pathways prevents the transformation
of cells in which the BCR–ABL tyrosine kinase is
constitutively activated. Although the signaling path-
ways are complex, it is possible that BCR–ABL
function could be blocked by the inhibition of sin-
gle pathways.

 

TREATMENT OPTIONS

 

During the chronic phase of CML, cytoreductive
therapy is required in most patients to avoid throm-
botic complications that can result from high circu-
lating levels of neutrophils. Fortunately, CML cells
are sensitive to several oral chemotherapeutic drugs.
Ninety percent of patients who are treated with hy-
droxyurea or busulfan have hematologic remissions.

 

54

 

Hydroxyurea is preferred to busulfan because the me-
dian duration of the chronic phase and median sur-
vival were significantly better in a comparative trial
of long-term therapy to maintain the neutrophil
count in the normal range (Table 2).

 

54

 

 Hydroxyurea
is advantageous primarily because of its favorable
toxicity profile rather than because it has a specific
effect on CML cells. Treatment with either drug re-
sults in a negligible rate of cytogenetic response and
has no effect on the rate of progression to blast cri-
sis; therefore, these treatments must be considered
palliative.

 

Allogeneic Bone Marrow Transplantation

 

CML is a disease of hematopoietic stem cells.
High-dose chemotherapy that destroys the leukemic
cells also destroys normal bone marrow and there-
fore must be followed by allogeneic bone marrow or
stem-cell transplantation. Decades of follow-up data
from multiple centers have confirmed that high-dose

 

Figure 3.

 

 Signal Transduction by the BCR–ABL Protein.
Constitutive activation of its tyrosine kinase domain causes the
BCR–ABL protein to activate a number of cytoplasmic and nu-
clear signal-transduction pathways that affect the growth and
survival of hematopoietic cells.

BCR–ABL

STAT

RAS

RAF
JUN kinase MYC

AKT
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chemotherapy with busulfan and cyclophosphamide
or combined chemotherapy with cyclophosphamide
and fractionated total-body irradiation followed by
allogeneic bone marrow transplantation is curative
therapy in patients with CML in chronic phase. The
International Bone Marrow Transplant Registry

 

57

 

and the European Group for Blood and Marrow
Transplantation

 

58

 

 have recently reported survival rates
of 50 to 60 percent among patients with CML in
chronic phase who received chemotherapy alone or
radiotherapy plus chemotherapy followed by trans-
plantation of marrow cells from HLA-matched sib-
ling donors (Table 3). The largest single-institution
experience is that of the Fred Hutchinson Cancer
Center in Seattle, which reports a survival rate of 70
percent at 10 years.

 

59

 

 The success of allogeneic trans-

plantation is age-dependent, being significantly low-
er in patients over the age of 40 years, primarily be-
cause of higher treatment-related mortality. Although
age is clearly an important prognostic variable, trans-
plantation decisions must be considered individually
in the light of other variables that influence out-
come, such as disease stage and the level of donor–
recipient HLA matching.

Because of the risk of transplantation-related mor-
tality, it may be tempting to delay the procedure in
patients with HLA-matched related donors until the
disease progresses. This approach is inappropriate
for two reasons. First, among patients with CML,
those who undergo transplantation when the disease
is in the chronic phase have a higher likelihood of
survival than do those who undergo transplantation
during the accelerated phase or blast crisis.

 

57,59

 

 Sec-
ond, patients who undergo transplantation within
the first year after diagnosis have a higher likelihood
of survival than do those who undergo transplanta-
tion later, even if it is before progression to the ac-
celerated phase.

 

57,63

 

 These findings indicate that CML
cells are capable of becoming resistant to high-dose
chemotherapy and radiotherapy. Given that CML
progresses steadily to a more malignant phenotype
and that it is not possible to define the point in the
chronic phase at which the likelihood of survival
tends to decrease, allogeneic transplantation should
be considered at the time of diagnosis in eligible pa-
tients with HLA-matched sibling donors.

Unfortunately, only 15 to 20 percent of patients
with CML are candidates for allogeneic transplanta-
tion from HLA-matched related donors because of
age limitations and the low probability of having an
HLA-matched sibling donor. This number can be
increased to 30 percent through the use of HLA-
matched unrelated donors identified by bone mar-
row–donor registries.

 

64

 

 However, the survival rate
among recipients of transplants from unrelated do-
nors identified by the National Marrow Donor Pro-
gram is substantially lower than that among recipi-
ents of transplants from related donors (Table 3).

 

60,61

 

Recent results from a Seattle study are better, partic-
ularly in patients who were 50 years of age or young-
er who received a transplant matched for HLA-A, B,
and DRB1 by molecular studies.

 

62

 

 Molecular typing
allows a distinction to be made between subtypes
of serologically related but immunologically distinct
HLA antigens. Although this strategy appears to im-
prove survival, it will decrease the number of pa-
tients with CML for whom an appropriate donor
can be found.

 

The Role of the Graft-versus-Leukemia Effect 
in Curing CML

 

A major lesson from clinical research on trans-
plantation in patients with CML is the role of the
immune system in achieving a cure. The first hint of

 

*Doses are modified on an individual basis according to changes in the
patient’s peripheral-blood counts.

†Data are from randomized clinical trials.
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†

Hydroxyurea 0.5–2.0 g/day orally Cytopenias, rash, nausea

Busulfan 2.0–6.0 mg/day orally Cytopenias, rash, bone mar-
row aplasia

Interferon
alfa

5 million U/m2/day sub-
cutaneously

Fever, myalgias, rash, depres-
sion, thrombocytopenia

Interferon
alfa plus 
cytarabine

Interferon alfa, 5 million 
U/m2/day subcutane-
ously, plus cytarabine, 
20 mg/m2/day for 10 
days each month

Fever, myalgias, rash, depres-
sion, thrombocytopenia, 
nausea, vomiting, diarrhea, 
mucositis, weight loss

*IBMTR denotes International Bone Marrow Transplant Registry,
EBMT European Group for Blood and Marrow Transplantation, NMDP
National Marrow Donor Program, and NA not available.

†This study was performed at the Fred Hutchinson Cancer Center in
Seattle.

TABLE 3. RESULTS OF ALLOGENEIC BONE MARROW 
TRANSPLANTATION IN PATIENTS WITH CHRONIC MYELOID 

LEUKEMIA IN CHRONIC PHASE.*

STUDY AND TYPE OF DONOR

NO. OF 
PATIENTS

DURATION OF

FOLLOW-UP SURVIVAL RELAPSE

yr percent

HLA-matched related donor
IBMTR57 2231 3 57 13
EBMT58 373 8 54 19
Clift and Anasetti59† 351 >10 70 20

HLA-matched unrelated donor
NMDP60,61 779 3 40 5
IBMTR57 331 3 38 NA
Hansen et al.62† 196 5 57 NA
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this concept was a correlation between graft-versus-
host disease, a potentially fatal complication of allo-
geneic transplantation, and the long-term success of
transplantation, as measured by leukemia-free sur-
vival.65 The importance of this phenomenon, termed
the graft-versus-leukemia effect, became evident when
transplantations were performed with bone marrow
depleted of T lymphocytes to ameliorate graft-versus-
host disease. This approach successfully reduced mor-
tality from graft-versus-host disease, but the relapse
rate of CML approached 60 percent.66 These results
implicated T lymphocytes in the donor marrow as a
critical ingredient in the success of allogeneic trans-
plantation in patients with CML. Formal proof of
this hypothesis has come with the demonstration
that infusions of donor lymphocytes are sufficient to
induce complete remissions in the absence of any
conditioning chemotherapy or radiotherapy in pa-
tients who relapse after allogeneic bone marrow trans-
plantation.67-69

Current efforts are focused on making allogeneic
transplantation safer and more available by reducing
the risk of graft-versus-host disease without sacrific-
ing the curative graft-versus-leukemia phenomenon.
One approach is to remove T cells from the donor
bone marrow and then reinfuse them at a later date.
Threshold doses of T cells have been defined that
can induce the graft-versus-leukemia effect but not
graft-versus-host disease when they are infused after
engraftment.70 The most likely explanation for the
reduction in graft-versus-host disease is the delivery
of T cells at a time when target tissues such as the
gut and liver have recovered from damage induced
by chemotherapy or radiation. A future challenge is
to test this concept more widely and extend its util-
ity to transplantation involving unrelated donors, af-
ter which the risk of graft-versus-host disease is
higher. 

A major research question in transplantation biol-
ogy is whether graft-versus-host disease and the
graft-versus-leukemia effect can be separated at the
cellular level, in order to obtain the clinical benefits
of the graft-versus-leukemia effect while avoiding
the complications induced by graft-versus-host dis-
ease. In this regard, efforts are under way to isolate
from donor T cells leukemia-specific cytotoxic T-cell
clones whose numbers might be expanded in vitro.
CML cells express the tumor-specific BCR–ABL fu-
sion gene, and therefore it might be possible to pro-
duce tumor-specific immunity to peptides spanning
the BCR–ABL junction. These peptides induce T-cell
immune responses,71,72 but it is not clear whether
these T-cells specifically recognize and kill autolo-
gous CML cells.

Interferon Alfa

Because the majority of patients with CML are
not candidates for allogeneic transplantation, alter-

native therapies have been studied extensively. One
such therapy is interferon alfa (Table 2). It can in-
duce hematologic and cytogenetic remissions in pa-
tients with CML in chronic phase.73 In several clin-
ical trials, the cytogenetic-response rate and the
survival rate were higher in patients who received
long-term treatment with subcutaneous interferon
alfa at a dose of 5 million U per square meter of
body-surface area per day than in patients who re-
ceived other drugs54,55,74-76 (Table 4). Therefore, in-
terferon alfa is now first-line therapy in patients with
CML who are not eligible for allogeneic bone mar-
row transplantation.

A complete cytogenetic response or a partial cy-
togenetic response to treatment with interferon alfa,
defined as a reduction in the percentage of Ph-pos-
itive cells in metaphase to less than 34 percent, oc-
curs in 20 to 30 percent of patients. Minor respons-
es (defined as the presence of less than 67 percent
Ph-positive cells in metaphase) occur in an addi-
tional 10 percent. Patients with complete cytogenet-
ic responses gain the most clinical benefit from treat-
ment with interferon alfa,11 but those with lesser
responses also benefit, as compared with patients
treated with hydroxyurea.75 Only 5 to 10 percent of
patients have sustained, complete disappearance of

*Complete responses (defined as the absence of Ph-positive cells) and
partial responses (defined as the presence of <34 percent Ph-positive cells
in metaphase) are included.

†This is the rate at six years.

‡This is the rate at three years.

§This study was a meta-analysis.

TABLE 4. RESULTS OF CLINICAL TRIALS OF INTERFERON ALFA AND 
OTHER DRUGS IN PATIENTS WITH CHRONIC MYELOID LEUKEMIA.

STUDY AND TREATMENT

CYTOGENETIC-
RESPONSE RATE*

5-YR

SURVIVAL

percent

Italian Cooperative Study Group on
Chronic Myeloid Leukemia74

Hydroxyurea 1 29†
Interferon alfa 19 50†

Hehlmann et al.54

Hydroxyurea <1 44
Busulfan <1 32
Interferon alfa 9.6 5.9

Allan et al.75

Hydroxyurea or busulfan — 34
Interferon alfa 11 52

Ohnishi et al.55

Busulfan 5 32
Interferon alfa 16.3 54

Guilhot et al.56

Interferon alfa 24 79‡
Interferon alfa plus cytarabine 41 86‡

Chronic Myeloid Leukemia Trialists’
Collaborative Group76§

Chemotherapy 42
Interferon alfa 57

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITY OF HOUSTON on October 6, 2014. For personal use only. No other uses without permission. 

 Copyright © 1999 Massachusetts Medical Society. All rights reserved. 



1336 · Apr i l  29, 1999

The New England Journal  of  Medicine

Ph-positive cells, and they survive the longest. In ef-
forts to improve the response rate, current trials are
focused on the use of combination therapy. The
most promising results have been obtained with a
combination of cytarabine and interferon alfa.56 Since
cytarabine has substantial gastrointestinal and hema-
tologic toxicity, the superiority of this combination
needs to be confirmed before it becomes standard
therapy.

Little is known about the mechanism of action of
interferon alfa in CML. It has immune modulatory
effects on tumor cells, such as increased expression
of HLA class I antigens,77 but it is not clear whether
these have a role in CML. In a recent study, inter-
feron alfa in combination with granulocyte–macro-
phage colony-stimulating factor stimulated an in-
crease in the number of antigen-presenting dendritic
cells in vitro.78 Dendritic cells from patients with
CML may selectively stimulate killing of autologous
Ph-positive cells but not Ph-negative cells by T cells,79

and therefore the anti-CML activity of interferon
alfa may be mediated through the activation of den-
dritic cells.

Clinical Decision Making: Transplantation versus 
Interferon Alfa Therapy

Over the past 10 years the survival of patients with
CML has improved as a consequence of early diag-
nosis through routine blood counts and treatment
with transplantation or interferon alfa. In view of the
improved cytogenetic-response rates in patients treat-
ed with a combination of interferon alfa and cytara-
bine, physicians counseling patients with CML who
are eligible for allogeneic bone marrow transplanta-
tion may face a difficult decision. Although curative,
allogeneic bone marrow transplantation is associated
with substantial mortality and potentially disabling
morbidity among those who survive for long peri-
ods. Treatment with interferon alfa is safer, but the
percentage of patients who have a complete cytoge-
netic remission is low and the durability of the sur-
vival benefit has not been defined in large numbers
of patients.

One strategy supported by decision analysis80 is to
treat older patients or younger patients for whom no
suitable donor of bone marrow is available with in-
terferon alfa (Fig. 4). In patients who have a cytoge-
netic response within one year, treatment with inter-
feron alfa is continued indefinitely; the others undergo
transplantation. With improvements in HLA-match-
ing procedures and pretransplantation risk assess-
ment, this algorithm will require modification. An
implicit assumption of this approach is that the suc-
cess of allogeneic bone marrow transplantation is
not affected by prior treatment with interferon alfa,
but there have been conflicting reports on this topic
and the issue remains unsettled.81-83 Patients who re-
lapse after allogeneic bone marrow transplantation

can be treated successfully with infusion of donor
lymphocytes,67-69 interferon alfa,84,85 or a second al-
logeneic transplantation.

NOVEL TREATMENTS

Autografts

Studies of combination chemotherapy with cytar-
abine and anthracyclines, similar to that used in the
treatment of acute myeloid leukemia, have demon-
strated transient cytogenetic remissions but minimal
long-term clinical benefit in patients with CML in
chronic phase.86,87 Currently, there is renewed inter-
est in combining high-dose chemotherapy with stem-
cell purification so that autologous transplants with
Ph-negative stem cells can be used. Stem cells that
are Ph-negative are harvested during the recovery
phase after induction chemotherapy, and they success-
fully engraft, resulting in Ph-negative hematopoie-
sis.88 However, Ph-positive hematopoiesis inevitably
recurs, usually within the first year after transplanta-
tion, with a return to the chronic phase of CML.89,90

This recurrence probably results from the failure to
remove all cells that are positive for BCR–ABL dur-
ing the enrichment process. This hypothesis has
been confirmed in retrovirus-marking trials, which
demonstrate that virus-marked CML cells contrib-
ute to relapse.91 This result has provided a rationale
to purge stem-cell preparations of residual CML
cells with antisense messenger RNA directed against
the BCR–ABL92 or the MYB 93 gene, in in vitro cul-
ture conditions that select against Ph-positive cells,94

or by physically separating Ph-negative stem cells
from Ph-positive stem cells.95 The clinical feasibility
and safety of these strategies have been demonstrat-
ed, but their therapeutic value remains to be proved.

Autografting alone, however, even when it is com-
bined with effective purging strategies, is unlikely to
result in long-term remissions in most patients, pre-
sumably because the graft-versus-leukemia effect or
graft-versus-host disease does not develop in these
patients. The reason for this effect is explained by
studies in twins. The relapse rate was two to three
times as high in patients who received bone marrow
transplants from their identical twins — an approach
theoretically equivalent to the use of autografts
purged of Ph-positive stem cells — as in comparable
patients who received HLA-matched transplants
from siblings who were not their identical twin.57,59

On the basis of this experience, it seems likely that
patients who receive autografts will require post-trans-
plantation therapy to remain in remission. Treatment
with interferon alfa offers some promise because it
can restore Ph-negative hematopoiesis in some pa-
tients who relapse after allogeneic bone marrow trans-
plantation.84,85 An alternative approach is treatment
with interleukin-2, which is active against CML cells
and is useful as post-remission therapy for acute my-
eloid leukemia.96
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Molecular Therapy

Recent success in defining the molecular basis of
many types of cancer has shifted the search for treat-
ments toward identifying compounds that specifical-
ly impair proteins involved in signal transduction by
cancer cells. Knowledge about the pathways critical
for the leukemogenic activity of the BCR–ABL pro-
tein provides a number of potential targets for drug
therapy. One compound that can selectively inhibit
the tyrosine kinase activity of BCR–ABL has shown
promise in preclinical studies in vitro and in ani-
mals.49 Another promising target is the RAS path-
way, which is required for the anti-apoptotic as well
as the transforming activity of the BCR–ABL pro-

tein.50,97 A series of potential anti-RAS drugs called
farnesyltransferase inhibitors, which block a lipid
modification required for RAS to function as a sig-
naling molecule,98 are currently under study in clin-
ical trials in patients with other cancers.

CONCLUSIONS

Allogeneic marrow transplantation is firmly estab-
lished as the treatment of choice for patients with
CML, but only a small percentage of patients bene-
fit from this curative procedure, because of limita-
tions in the availability of donors and advanced age
of patients. Treatment with interferon alfa, alone or
perhaps in combination with other drugs, is suitable

Figure 4. Approach to the Treatment of Patients with Chronic Myeloid Leukemia in Chronic Phase.
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for most patients but fails to induce long-term cyto-
genetic remissions in most patients. Laboratory and
clinical research has defined the critical roles of the
BCR–ABL fusion protein in the pathogenesis of
CML and the immune system in curing patients by
means of transplantation. On the basis of these in-
sights, new treatment strategies are currently under
investigation that involve pharmacologic inhibitors
of the BCR–ABL signal-transduction pathway and
peptides or cell-based immunotherapy to activate a
leukemia-specific immune response.
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