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22, juxtaposing the BCR and ABL genes onto the shorte
chromosome 22, producing a fusion protein with abn
kinase activity.2 BCR-ABL was identified in 19823 and,
transfected with BCR-ABL produced a myeloprolifer
typical of CML in a mouse model.4 Most recently, CM
first human malignancy treated with a gene-targete
imatinib — the principal subject of this review.
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ABSTRACT

• Chronic myeloid leukaemia (CML) was the first human cancer 
linked to an acquired chromosomal abnormality, subsequently 
shown to be a reciprocal translocation between chromosomes 
9 and 22. The resulting fusion gene product, BCR-ABL, was 
shown to be the causative agent of the disease.

• CML has an incidence of around 1–2 cases per 100000; in 
Australia, there are probably more than 200 new cases per year 
and more than 1300 prevalent cases.

• Treatment of CML with imatinib has been a powerful vindication 
of the concept of rational, gene-targeted drug design.

• Five-year published experience with imatinib at 400mg orally 
daily demonstrates 89% overall survival and an estimated 93% 
freedom from disease progression. Adverse effects are mostly 
mild and transient.

• Higher doses of imatinib may be more efficacious and will be 
studied in upcoming clinical trials in Australia; however, imatinib 
is almost certainly not curative.

• Up to 28% of patients may have to stop imatinib because of 
intolerance or disease resistance, mostly due to point mutations 
of BCR-ABL. In this situation, many patients will respond to 
second- and third-generation tyrosine kinase inhibitors.

• Management of CML patients should involve close monitoring, 
especially in the first 2 years, with regular cytogenetics and 
quantitative polymerase chain reaction to optimise response 
and identify suboptimal responders as early as possible.

• Bone marrow transplantation remains the only known cure, but 
is reserved for patients whose kinase inhibitor therapy has failed, 
or who have advanced disease (accelerated phase or blastic 
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transformation).
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Incidence and natural history

CML has a similar incidence in all Western societies of around 1–2
cases per 100 000 population, with a peak incidence in the fifth
decade. Excessive radiation exposure is the only recognised cause. In
Australia, while the exact incidence is unknown, there are probably
more than 200 new cases each year and over 1300 prevalent cases.

Before effective treatments became available, the disease pursued a
unique course. The vast majority of patients are diagnosed in so-
called chronic-phase CML, really a pre-leukaemia, characterised by
fatigue, sometimes weight loss, splenomegaly, and a high white cell
count consisting predominantly of mature neutrophils and promye-
locytes. One-fifth of patients per year from diagnosis would enter the
accelerated phase — a rise in white cell and platelet counts,
basophilia, anaemia, and blast cells in the peripheral blood — and
then transformation to blast crisis (ie, secondary acute leukaemia).
Two-thirds of these are acute myeloid leukaemias, and one-third are
acute lymphoblastic leukaemias, reflecting the stem-cell nature of the
disease. These secondary acute leukaemias are notoriously refractory
to treatment, with intensive chemotherapy producing transient or no
remissions.

Diagnosis

The diagnosis of CML is best established with a bone marrow biopsy,
which classically shows hypercellularity, normal morphology, and the
presence of the Ph chromosome in most or all metaphases examined
with cytogenetic techniques. Fluorescence in situ hybridisation
(FISH) is a technique that can rapidly quantify the presence of the Ph
chromosome in several hundred cells. Other chromosomal abnor-
malities, if found, mostly define cytogenetically evolved disease, a
hallmark of transformation and, for this reason, traditional karyotype
analysis should be done at diagnosis.

Evolution of therapies (Box 1)

Early therapies included busulfan, which was clumsy to titrate as
well as leukaemogenic, and hydroxyurea, which is still frequently
used initially to reduce a very high white cell count quickly

(“cytoreduction”) to decrease the risk of organ damage from
leukostasis. During the 1980s, interferon alfa was shown to reverse
the proportion of leukaemic metaphases present in standard bone
marrow cytogenetic analyses of patients with CML, producing
two-thirds or complete clearance of Ph-positive metaphases (major
cytogenetic response and complete cytogenetic remission [CCR],
respectively) in 10%–38% of patients.5 However, interferon alfa
was an expensive and unpleasant therapy, with almost universal
lethargy and flu-like symptoms. More recently, advances in molec-
ular biology have led to rational, targeted drug design and the
development of imatinib, the first clinically successful tyrosine
kinase inhibitor (TKI).

Monitoring disease response

During the 1990s, the great promises of the molecular biological
revolution bore fruit, particularly in this disease. Rapid polymerase
chain reaction (PCR) amplification of BCR-ABL RNA transcripts
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was developed,6 providing very sensitive quantitative assays
(Q-PCR) of the amount of disease present.

Although assessment of the disease was traditionally performed
with serial bone marrow cytogenetic studies, Q-PCR results are
more informative, especially at low levels of disease (minimal
residual disease). As with most cancers, clinical detection of CML
usually occurs at a tumour burden of 1012 cancer cells; response
can be defined as haematological (normalisation of the white cell
count, which corresponds to about a 1-log reduction in the BCR-
ABL Q-PCR), cytogenetic (reduction or disappearance of Ph-
chromosome-positive marrow metaphases, or about 2-log reduc-
tion) or molecular (major molecular response equating to a 3-log
reduction in the assay) (Box 2). Peripheral blood and bone marrow
appear to give equivalent Q-PCR results.7

Introduction of imatinib
The late 1990s saw the introduction into clinical practice of imatinib
mesylate (Glivec, Novartis; Gleevec in the United States), the first
true “magic bullet” in cancer therapy — that is, a treatment that
specifically interacts with abnormal cellular processes in cancer cells,
largely sparing normal cellular processes. Imatinib is a synthetic TKI
specifically designed to inhibit the BCR-ABL fusion protein, by
competitive binding at the ATP-binding site.

The story of how Novartis (then Ciba-Geigy) was persuaded to
embark on the very expensive process of bringing Glivec to the
bedside has been told eloquently by the company’s chairman.8 The
trade name Glivec was borrowed from an already registered name
for another agent — a  planned glioma vector (K Lynch, formerly
Novartis Australia, personal communication).9 Initially, the com-
pound was known as signal transduction inhibitor STI571
(although wags soon renamed it “stop taking interferon”).

Incredibly, early reports of the imatinib experience were collated
by a CML patient who interviewed patients as they left the clinic
and then presented this information online at a website.10

Rumours of the leukaemia melting away on four tablets a day
rapidly escaped the trial centre in Oregon, USA. The pivotal IRIS
(International Randomized Study of Interferon and STI571) trial
between 2000 and 2001 randomly allocated 1106 patients to
STI571 or standard care (then interferon alfa plus cytosine arabi-
noside, a purine antimetabolite). Crossover to STI571 was allowed

for disease progression, intolerance of treatment, or failure to
achieve a major cytogenetic response at 24 months. Progression
was defined as death, accelerated phase, blast crisis, loss of major
cytogenetic response (more than two-thirds of metaphases Ph-
chromosome negative) and loss of complete haematological
response. The landmark publication in 2003 of interim, very
successful IRIS results heralded the era of gene-targeted cancer
therapy11 and provided proof-of-concept.

Efficacy of imatinib

Five-year follow-up results from the IRIS trial allow a mature
assessment of imatinib.12 A complete haematological response is
seen in 97% of patients; and a complete cytogenetic response is
seen in 82% of patients. The estimated 5-year progression-free
survival is 84%, the estimated 5-year survival without progression
to accelerated phase or blastic transformation is 93%, and the
overall survival on first-line imatinib on an intention-to-treat
analysis is 89.4%, rising to 95.4% if CML-unrelated deaths are
excluded. Moreover, it is clear that patients who achieve major
molecular response enjoy an extremely low risk of progression to
accelerated or blastic phase CML, regardless of when the response
is achieved. Another key finding is that this is maintained: there
has been no increased incidence over time of progression to
accelerated phase or blastic transformation, unlike with earlier
therapies.

Safety of imatinib
Common toxicities include mild nausea, muscle cramps, and a
distinctive peri-orbital oedema. Practical strategies to manage these
are discussed in a recent review.13 Grade III or IV acute toxicities
have been limited to myelosuppression, elevated liver enzyme
levels and a handful of other drug-related adverse events. No
unexpected long-term sequelae have emerged after 8 years. In a
small subset of patients, imatinib may be associated with markers
of increased and unbalanced bone remodelling.14

No increased cancer risk has yet been shown,15 but there are
emerging reports of cytogenetic changes in the Ph-negative meta-
phases in up to 10% of Ph-negative cells, including trisomy 8,

2 Relationships between the putative number of 
leukaemic cells, response, and the level of BCR-ABL 
transcripts*

*This research was originally published in Blood: Baccarani et al. Evolving 
concepts in the management of chronic myeloid leukemia: recommendations 
from an expert panel on behalf of the European LeukemiaNet. Blood 2006; 
108: 1809-1820. © American Society of Hematology. ◆
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1 Currently available therapies for chronic myeloid 
leukaemia

Agent/therapy Class of agent Effect on disease

Hydroxyurea Antimetabolite Rapid cytoreduction

Interferon alfa Immune 
modulator

10%–38% major cytogenetic 
response; effect lessens over 
time. Safe during pregnancy

Imatinib Tyrosine kinase 
inhibitor (TKI)

Now treatment of choice; 70% 
long-term disease control at 
molecular level

Dasatinib, 
nilotinib

Second-
generation TKI

Mostly used as second-line 
therapy in imatinib failure or 
intolerance

Allogeneic 
bone marrow 
transplantation

Not applicable Remains the only known cure; 
generally now reserved for TKI 
failure
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monosomy 7, and monosomy 5.16,17 Although frank myelodyspla-
sia and even de novo acute myeloid leukaemia have been
described,18 the prognosis is good if there are no obvious dysplas-
tic morphological abnormalities, and therapy need not be
altered.19

Ten cases of imatinib-associated cardiac failure were reported in
2006.20 This prompted reviews of the incidence in major CML
centres. At the M D Anderson Cancer Center in Houston, Texas, 22
cases were identified among 1276 patients enrolled in imatinib
clinical trials,21 a similar incidence to that found in the Framing-
ham Heart Study. Of these, 18 had a recognised predisposition (eg,
hypertension, diabetes) and 11 patients were able to continue on
imatinib.

Imatinib is thought to have no effect upon developing sperm, but
it is not recommended that men attempt to conceive while taking
imatinib. Ninety-three such men have fathered children, with the
outcome normal in all 41 known cases. In women, imatinib is
teratogenic. There are reports of 180 pregnancies, including 71%
with known first-trimester exposure. The outcomes are known for
125 cases: 63 had a normal infant, 35 women terminated, 18 (15%)
had spontaneous abortion, and 12 (9.6%) had fetal abnormalities.22

Craniosynostosis, exomphalos, and hyperplastic kidneys were seen.
The expected risk of abnormalities is about 10%.

Finally, there has been no evidence to date that imatinib has any
deleterious effect on patients who proceed to allogeneic bone
marrow transplantation (BMT), unlike interferon alfa. A recent
Australian review discussed the role of allogeneic transplantation
in the imatinib era.23 The authors superimposed survival curves
from the IRIS trial results from the Center for International Blood
and Bone Marrow Transplant Research for HLA-matched sibling
allogeneic BMT in chronic phase. This showed superior results for
imatinib at all time points up to 5 years from diagnosis. Neverthe-
less, allogeneic BMT remains the only curative approach and is still
used in patients for whom TKIs fail or in advanced disease.

The success of imatinib is a powerful vindication of the concept
of gene-targeted therapy. Imatinib has a dramatic effect on CML,
with near-complete disease eradication in most patients, when
assayed by the most sensitive techniques, and with a minimal side-
effect profile.

That said, there is debate about the optimum dose of imatinib. A
higher dose than the 400 mg used in the IRIS trial might differenti-
ate between slow responders and those who ultimately prove to be
non-responders. The Australian TIDEL I study demonstrated
superior cytogenetic response rates using 600 mg/day.24 Box 3
shows a summary of clinical trials in CML. We await with interest
the results of the TOPS trial in the US and Australia (comparing
400 mg/day with 800 mg/day) and the SPIRIT trial in Europe
(comparing 400 mg/day with 600 mg/day). The proposed CML9
(TIDEL II) trial of the Australasian Leukaemia and Lymphoma
Group uses escalating doses of imatinib if key milestones are not
met at 3, 6 and 12 months; and prompts a change to a second-
generation TKI (see below) at 18 months if required.

Can imatinib provide a cure?

Almost certainly not. BCR-ABL titres usually rise to baseline levels
within months of stopping imatinib, even in patients with complete
molecular remission.25 In one report of 12 patients in whom
imatinib was discontinued after more than 2 years complete molec-
ular remission, six patients remained Q-PCR negative after a median
follow-up of 18 months.26 This contrasts with the experience from

the M D Anderson Cancer Center. Among 10 women in whom
imatinib was stopped early because of pregnancy, there were higher-
than-expected rates of relapse and subsequent imatinib resistance.27

In these patients, prior imatinib exposure was relatively brief and full
response had not been achieved. These observations fit with a model
of biphasic effect of imatinib, with initial triggering of apoptosis in
differentiated cells, followed by a slower decline associated with
leukaemic stem-cell turnover (ie, longer remissions seen in those
with depleted leukaemic stem cells).28 This latter effect is ultimately
incomplete: leukaemic stem cells persist in low numbers, and thus
single agent imatinib is unlikely to be curative. The TWISTER trial in
Australia will study the effect of stopping imatinib in a small number
of patients in long-term remission, with close molecular and clinical
supervision (Box 3).

However, some patients either become intolerant of the drug, or
their leukaemia develops resistance to it. The IRIS experience is
that some 28% of patients will have to stop imatinib, principally
for reasons of emerging disease resistance (about 20%) or of
imatinib intolerance (8%). The peak incidence of imatinib failure
is seen at about 2 years and seems to fall away after that time. The
focus is now shifting to the management of these cases.

Mechanisms of imatinib resistance

Several mechanisms of resistance have been identified, but the
commonest cause is mutation of the kinase domain, seen in 50%–
75% of relapses. Since identification of the first mutation in
2001,29 at least 60 mutations have been described. A small
number are seen frequently in more than 10% of patients; a lesser
number are seen in 2%–10% of patients with mutations; and a
number of others have been recognised in vitro or very rarely.
These mutations directly affect tyrosine kinase binding to the

3 Completed and current clinical trials in chronic myeloid 
leukaemia

Name Trial rationale
No. of 
patients Notes/outcome

IRIS11,12 Compared imatinib 
with the then 
standard of care

1106 2000–2001; imatinib 
established as effective 
therapy

TIDEL I24 Compared imatinib 
400 mg/day with 
600 mg/day

102 Phase 2 Australian study; 
higher dose more 
effective

TOPS 2 : 1 randomisation 
to imatinib 
800 mg/day or 
400 mg/day

420 United States and 
Australia; recruitment 
completed

SPIRIT Compares imatinib 
400 mg/day with 
600 mg/day

> 500 Phase 3 trial based in 
Europe

TWISTER Effect of imatinib 
cessation in long-
term remitters

25 Ongoing in selected 
Australian centres

TIDEL II Rapid escalation of 
imatinib dose; early 
change to nilotinib 
if molecular 
landmarks are not 
met

150 Now accruing at many 
Australasian chronic 
myeloid leukaemia 
centres
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molecule, but they may also alter substrate specificity and affect
other signal transduction pathways. These mutations have been
ranked in terms of their transforming potency upon cell lines,
irrespective of their sensitivity to imatinib.30

For these reasons, mutation screening, detection and character-
isation have become essential for optimal patient management. In
Australia, mutation screening and detection is readily available
because of the internationally recognised work of Hughes and
Branford at the Institute of Medical and Veterinary Science and
Royal Adelaide Hospital. Although mutation screening is not
recommended at diagnosis (when the wild-type BCR-ABL clone
invariably predominates), it should be done if there is emerging
leukaemic resistance to imatinib (Box 4).

Second- and third-generation TKIs

The problem of resistance has led to the development of second-
and now third-generation inhibitors. The two most studied pres-
ently are dasatinib (Sprycel, Bristol-Myers Squibb) and nilotinib
(to be called Tasigna, Novartis; currently unregistered, but
approved by the Australian Drug Evaluation Committee).

Dasatinib is 325 times more potent than imatinib at inhibiting
BCR-ABL, at least in part because it binds to the active and inactive
conformations of the molecule. It inhibits BCR-ABL and other
tyrosine kinase processes, including C-Kit, PDGF-R, and SRC.
Nilotinib is 20–50 times more potent than imatinib and inhibits
BCR-ABL, C-Kit, and PDGF-R, but not SRC. Thus, only dasatinib
inhibits SRC kinase, with the theoretical advantage that this
pathway has been increasingly implicated in disease progression
through mechanisms distinct from BCR-ABL.31

Phase 1 experience with both drugs has been presented.32,33 In
chronic-phase CML, albeit with relatively early follow-up in both
articles, complete cytogenetic responses were seen in around 35%–
50% of imatinib-resistant patients with both agents; with updates on
the initial reports, this figure will rise. Adverse events with nilotinib
were mostly mild, and included raised bilirubin, itch, dry skin and
rashes, but there are concerns over cardiac QT prolongation and
three serious adverse cardiac events. Dasatinib was more myelosup-
pressive, and caused more diarrhoea, nausea and rashes. A unique
side effect is pleural effusions in up to 17% of patients.

A Phase 2 randomised controlled trial of dasatinib has also been
presented.34 Imatinib-resistant patients were randomly allocated to
either 140 mg dasatinib (70mg twice daily) or 800mg imatinib
(400mg twice daily) in a 2 : 1 randomisation. At 15 months’
follow-up, superior results were seen in the dasatinib arm, with
major cytogenetic responses in 52% versus 32% in the high-dose
imatinib arm.

On present data, the efficacy of nilotinib and dasatinib seems
broadly similar; in-vitro observations suggest that there are differ-
ences in the response of some of the known BCR-ABL point
mutations to either drug. Mutation analysis may guide selection of
a second-line agent. There remains at least one mutation — the so-
called T315I — which confers resistance to imatinib, dasatinib and
nilotinib, with no objective responses seen.

Fortunately, the third-generation TKIs are on the way. A handful
of reports of patients treated with MK-0457 have been pub-
lished.35 This is an aurora kinase inhibitor that affects spindle
formation, inducing ineffective mitoses to undergo apoptosis. Of
three patients with acute lymphoblastic leukaemia and the T315I
mutation present, two achieved complete responses and there was
one partial response. Other new kinase inhibitors in the pipeline

include bosutinib (SKI-606), some 300 times more potent than
imatinib, and experimental agents VX-680, BIRB-796, and
ONO12380.

Treatment of advanced disease
Our understanding of what constitutes advanced disease is chang-
ing (eg, in patients who show acceleration defined by clonal
evolution).36 But true accelerated phase and blast crisis patients
remain a problematic patient group. Very briefly, imatinib (with
chemotherapy mostly) initially produced encouraging responses,
but they proved transient.37 In accelerated phase and blast crisis
patients, 20%–40% are refractory to dasatinib and 30%–60% are
refractory to nilotinib.32,33 Transplantation also gives unsatisfac-
tory results, and new approaches are needed.

Optimal management of CML patients
Australasian guidelines have been formulated by the Australasian
Leukaemia and Lymphoma Group (similar to recommendations
proposed by Grigg and Hughes23) (Box 5); they are stricter than
the European guidelines.39 Newly diagnosed CML patients in
Australia and New Zealand should be assessed fully, including
bone marrow biopsy at 0, 3, 6 and 12 months, looking for
evidence of the Ph chromosome and other cytogenetic changes
that might indicate accelerated or transforming disease. Imatinib
should be commenced at 400 mg/day, or in higher doses as part
of a clinical trial. All patients should be monitored by their
molecular response to therapy, and in the CML9 (TIDEL II)
proposed trial, patients who do not achieve satisfactory molecu-
lar responses at specified landmark times will be moved to
escalated doses and even second-line therapy if necessary after
inadequate response at 12 months. Management of advanced
disease remains problematic.

Summary

Imatinib has proven to be nothing less than a stunningly effective
and safe therapy, and it has not only heralded the era of gene-
targeted therapy but also set the bar high. No serious long-term

4 Suggested treatment algorithm for chronic myeloid 
leukaemia

BMT = bone marrow transplantation. Q-PCR = quantitative polymerase chain 
reaction. TKI = tyrosine kinase inhibitor.

Adapted from Grigg A, Hughes T,23 with permission of the authors and 
Biology of Blood and Marrow Transplantation. ◆

Check compliance, mutation status; 
consider second-generation TKI or allogeneic BMT

Imatinib Initiate search to identify
allogeneic bone marrow donor

 in younger patients

Monitor with cytogenetics and Q-PCR

Suboptimal responseGood molecular or 
cytogenetic response

Ongoing Q-PCR each 3-6 months

If loss of response
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toxicities have emerged. Up to 20% of patients will become
resistant with a peak incidence at 2 years, and around 10% will be
intolerant. Strategies for these patients include increasing the dose
of imatinib, or changing to second-generation TKIs. Mature trial
results of higher-dose imatinib and further results from the newer
TKIs are eagerly awaited. Nevertheless, most patients will achieve
major molecular response when taking imatinib, and in these
patients their average survival has been estimated recently at more
than 20 years.40 With an eye to the future, an intriguing and very
recent report canvasses the possibility that combination therapy
with two or more TKIs, ultimately perhaps including an inhibitor
of T315I mutation, might be the road to a cure.41
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patients with high tumour burden.

• Imatinib 400 mg daily is the recommended starting dose unless 
patients are entering clinical trials of higher doses.

• Initial monitoring should include weekly full blood count and 
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baseline, and 3, 6 and 12 months; and quarterly quantitative 
polymerase chain reaction (Q-PCR) at a laboratory that has validated 
its results using the standardised numerical international scale.38
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equivalents (see Box 2).
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The trial dose starts at 600 mg and intensifies treatment if 
landmark responses are not met at 3, 6 and 12 months. ◆
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