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ABSTRACT
Background
Tyrosine kinase inhibitors, such as imatinib, are not considered curative for chronic myeloid
leukemia – regardless of the significant reduction of disease burden during treatment – since
they do not affect the leukemic stem cells. However, the stochastic nature of hematopoiesis
and recent clinical observations suggest that this view must be revisited.

Design and Methods
We studied the natural history of a large cohort of virtual patients with chronic myeloid
leukemia under tyrosine kinase inhibitor therapy using a computational model of
hematopoiesis and chronic myeloid leukemia that takes into account stochastic dynamics
within the hematopoietic stem and early progenitor cell pool.

Results
We found that in the overwhelming majority of patients the leukemic stem cell population
undergoes extinction before disease diagnosis. Hence leukemic progenitors, susceptible to tyrosine kinase inhibitor attack, are the natural target for chronic myeloid leukemia treatment.
Response dynamics predicted by the model closely match data from clinical trials. We further
predicted that early diagnosis together with administration of tyrosine kinase inhibitor opens
the path to eradication of chronic myeloid leukemia, leading to the wash out of the aberrant
progenitor cells, ameliorating the patient’s condition while lowering the risk of blast transformation and drug resistance.

Funding: JMP is supported by
FCT-Portugal. AT is supported
by the Emmy-Noether program
of the German Research
Foundation. DD is supported by
an Early Career Development
Award from the Mayo Clinic.
Manuscript received
on xxx.
Revised version arrived August
4, 2009. Manuscript accepted
on November 11, 2009
Correspondence:
David Dingli, Mayo Clinic College
of Medicine, 200 First Street
SW, Rochester, MN 55905 USA.
E-mail: dingli.david@mayo.edu

Conclusions
Tyrosine kinase inhibitor therapy can cure chronic myeloid leukemia, although it may have to
be prolonged. The depth of response increases with time in the vast majority of patients. These
results illustrate the importance of stochastic effects on the dynamics of acquired hematopoietic stem cell disorders and have direct relevance for other hematopoietic stem cell-derived diseases.
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Introduction
Chronic myeloid leukemia (CML) is an acquired
hematopoietic stem cell disorder characterized by expression of the BCR-ABL oncoprotein.1-5 Animal models as
well as theoretical considerations on the age-specific incidence of CML in human populations suggest that aberrant
BCR-ABL expression alone may be enough to explain the
chronic phase of the disease.1,5,6 The BCR-ABL oncoprotein interacts with many substrates in the leukemic cell,
which ultimately leads to the CML phenotype.7
The introduction of ABL kinase inhibition with imatinib
opened a new era in the therapy of CML.2 However, the
lack of evidence that this agent has any direct impact on
the leukemic stem cell8 has led to questions regarding the
capacity of imatinib, or the newer tyroskine kinase
inhibitors such as dasatinib or nilotinib, to cure CML.9,10
On the other hand, the therapeutic success of tyrosine
kinase inhibitors suggests that they efficiently control disease burden in early progenitors and more committed
blood cell lineages. In fact, in the absence of acquired
resistance to tyrosine kinase inhibition, CML is no longer
fatal and the increasing survival of these patients is projected to make the disease one of the most prevalent
leukemias. Moreover, there are now reports of patients
with CML who, despite stopping tyrosine kinase inhibitor
therapy, have remained free of relapse for significant periods of time.11
Previous investigations of CML, including theoretical
models,9,12,13 did not take into account the stochastic nature
of hematopoiesis.14 Given the small size of the active
hematopoietic stem cell pool,15,16 which is not expanded in
CML,3 and of which only a very small fraction are LSC,13,17
stochastic effects should not be overlooked when investigating cell dynamics.14,18 Moreover, the fact that BCR-ABL
does not give a fitness advantage to the LSC19 means that
expansion of the LSC clone can only occur by neutral drift.
In other words, LSC do not benefit and/or are not dependent on BCR-ABL expression, and their expansion is, therefore, independent of oncoprotein expression. Thus, the
expansion or elimination of LSC is the same as that of normal hematopoietic stem cells and dependent on chance
alone, a feature which is impossible to capture with a
deterministic model, in which equal cell division rates
imply a constant ratio of LSC and normal hematopoietic
stem cell numbers. Here, we argue that LSC should not be
considered the main target for CML eradication. Instead,
and in accord with the fact that CML is LSC-derived but
progenitor cell driven,20 we show how and why progenitor cells, not LSC, are the major cause of problems related
to CML. To this end, we developed a model of
hematopoiesis which takes explicitly into consideration
its stochastic nature and associated effects. In the majority of simulated cases, we found that continued tyrosine
kinase inhibitor therapy (assuming it is well tolerated) has
the potential to cure CML despite the fact that these
agents do not hit LSC. Our results correlate nicely with
independent clinical data21 and we employed our model
to predict the probability of disease relapse as a function
of duration of therapy.

Design and Methods
Normal hematopoiesis

in dynamic equilibrium in which cells move along the hematopoietic tree as they become increasingly differentiated.22 In a healthy adult,
approximately 400 hematopoietic stem cells, which each replicate on
average once per year,15,23 are responsible for the daily marrow output
of approximately 3.5¥1011 cells. As cells differentiate, they reach new
levels of the hematopoietic tree, and we associate a specific compartment to each stage of cell differentiation (Figure 1). Cell divisions contribute to differentiation with a probability ε and to amplification
with probability of 1-ε across the hematopoietic tree.22 When a cell in
compartment i divides and the two daughter cells differentiate they
move to the next compartment (i+l). Cells in compartment i replicate
at a rate ri that increases exponentially together with compartment
size (Nj). Adjacent compartments are related by Ni/Ni-l = y = 1.93 and
ri/ri-l = r = 1.26. From prior work, we have determined that there are
32 compartments (K=32) in the hematopoietic tree and that ε=0.85
for normal hematopoiesis.22 We capture the dynamics of
hematopoiesis combining three different approaches including population dynamics in discrete time, age-structured populations and a
continuous model when the cell population is large enough. This is
similar to cell dynamics in the colonic crypt as described by Johnston
et al.24,25 where these approaches are discussed in detail.

Stem cell dynamics
BCR-ABL expression changes the properties of the progeny of
LSC, but not the LSC directly.19,26 The active hematopoietics stem cell
pool is not expanded in CML,3 hence the evolutionary dynamics of
hematopoietic stem cells and LSC can be described by a neutral
Moran process in a population of approximately 400 cells.22,23 Disease
dynamics typically starts with the appearance of the first LSC and at
a given interval of time, one cell is chosen at random for reproduction
and subsequently another cell is chosen for export (differentiation) so
that the cell population remains constant under an appropriate feedback mechanisms24,25 (Figure 2). When 400 ‘selection-reproductionexport’ events have occurred, 1 year has passed. Export of a LSC
starts the expansion of the CML progenitor pool.

Chronic myeloid leukemia dynamics
The progenitors derived from LSC express BCR-ABL and have a
reduced differentiation capacity. Bone marrow expansion concomitant with observations suggests that cells expressing BCR-ABL have
a differentiation probability εCML = 0.72.13 Besides marrow expansion,
this reduced probability of differentiation, compared to normal progenitors (in agreement with what is observed) ultimately also results
in an increased hematopoietic output leading to the diagnosis of
CML (>1012 cells/day).27

Treatment
From our prior studies, we have estimated that at any time, imatinib therapy affects approximately 5% of the leukemic cell population.13 This percentage will increase when a higher dose of drug is
given. Imatinib acts to increase the differentiation capacity of treated
cells, leading to a supra-normal value for εlMAT (εlMAT > ε0 > εCML. Hence,
normal cells acquire a relative fitness advantage compared to treated
cells (Figure 3).26 Circulating cells have a finite life-time and are continuously being washed out. As a result, the disease burden decreases, as observed clinically.9,12

Simulations
The hematopoietic tree is modeled here by a sequence of 32 compartments. Since each compartment represents one level of the tree,
it maintains information typical for all cells in that stage of differentiation: the number of different cell types (normal, CML and imatinib-treated cells) and the rates of replication for each cell type. To
simulate the dynamics we defined very small time intervals τ (compared to the cells’ period of replication 1/Ri), such that in each inter-
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val each cell replicates with a probability given by pi=τ Ri. In every
step in the simulation we examined every compartment and updated
the amounts of each cell type using either a stochastic (i≤K) or a
deterministic (i>K) update mechanism: in the stochastic case, every cell
in the compartment i replicates with probability pi(1-εi) or differentiates with probability pjεi. In the deterministic case, each cell type
changes in time according to the ordinary differential equation:
Ni = - di . Ni + bi-l . Ni-1 (1)
where di = (2ε -1)ri represents the rate at which cells leave tree level
“i” and bi-1 = 2ε . ri-1 represents the rate at which cells originating from
tree level “i-l” are injected into level “i”. The stationary state Ni = 0
leads to normal hematopoiesis. The appearance of CML mutations in
compartment “i” means we also considered another set of equations
besides Eq. (1) formally identical to the first, but for CML cells (NiCML)
replacing ε with εCML < ε. In the presence of imatinib, a third set of
(formally identical) equations now involving ε1MAT must be introduced. Numerical solution of these equations is very efficient and
hence this constitutes the preferred method of solution for tree levels
that contain a large number of cells (i > K). Below this limit, stochastic effects will have a significant influence on the dynamics of
healthy, CML and imatinib-treated cells. At the interface between
stochastic and deterministic dynamics, we explicitly took into
account that the input of the first deterministic tree level (bi-1 . Ni-1 in
Eq. 1) is simply the discrete output of the previous (stochastic) level.
As the cell populations increase in size (from compartment 1
onwards), a compartment may be reached in which the number of
cells is large enough to render stochastic effects negligible, so that stochastic and deterministic models give the same result. Finding this
transition point is very helpful since individual cells need to tracked
only up to that compartment which makes the computations much
more efficient and economic with respect to memory storage. Total
bone marrow output is still captured by compartment.32

Normal hematopoiesis can be represented by a compartmentalized model (Figure 1) in dynamic equilibrium in
which cells move along the hematopoietic tree as they
become increasingly differentiated.22 Hematopoietic stem
cells lie at the root of the tree, and each branching of the
tree may be associated with a compartment in which cells
at a given stage of differentiation are accounted for. The
implementation details of normal hematopoiesis are
explained in the Design and Methods section.
CML disturbs normal hematopoiesis due to expression
of BCR-ABL by the leukemic cells. The main phenotypic
effect of BCR-ABL expression is to reduce the differentiation capacity of progenitor cells.26 However, it appears that
BCR-ABL expression does not give a fitness advantage to
the LSC in CML.19 Hence, the active stem cell pool does
not grow in CML3 despite the sizable enhancement of
marrow cell output which is characteristic of this disease.27
We, therefore, considered that hematopoietic stem cells
and LSC, located at the root (i.e. level 0) of the hematopoietic tree (Figure 1), follow a stochastic Moran process28
under neutral drift (Figure 2) with approximately 400 cells
that on average replicate each at a rate R0 = 1/year.22 CML
dynamics begins when one or more LSC are present in a
population of wild-type (normal) hematopoietic stem
cells. Export of the first CML cell starts the path leading to
disease (in most cases). No new mutations leading to the
appearance of another BCR-ABL clone are explicitly considered, since this is a very rare event.29 Bone marrow
expansion concomitant with observations suggests that
progenitors and differentiated cells expressing BCR-ABL
have a higher relative fitness than normal cells (Figure 3A),
which ultimately lead to an increase in daily bone marrow
HSC

Results

LSC

Stochastic dynamics of leukemic stem cells
We started by investigating the consequences of
describing CML dynamics in a stochastic framework.
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Figure 1. Hematopoiesis and CML dynamics with and without treatment. Illustration of a typical treatment stage of the hierarchical
tree model adopted here (further details provided in the Design and
Methods section). Normal, CML and tyrosine kinase inhibitor (TKI)treated cells (imatinib) co-evolve at each stage of differentiation.
Cell differentiation occurs with probability ε, which depends on cell
type, as indicated; otherwise the cell undergoes self-renewal.
Because of the relative fitness difference between cell types (inset
of Figure 3A), normal cells will out-compete TKI-treated cells (but
not CML cells). This leads to the reduction of disease burden
achieved with treatment (Figure 5).

4

Figure 2. Moran dynamics within the active stem cell pool.
Hematopoietic stem cells (HSC) and LSC (identified on top) undergo
a stochastic Moran birth-death process which conserves the population size, consistent with the observed lack of expansion of the stem
cell pool in CML.3 In the first step (upper panel, a) one of the N cells
is chosen at random to replicate (circled cell in a), producing an
additional identical cell and increasing the population by one (b).
Subsequently one of the N+1 cells is chosen at random to be exported (squared cell in c) – being transformed into one of the downstream cell types bringing the population size back to N (d).
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output compatible with the diagnosis of CML (>1012
cells/day).27
In Figure 2 we illustrate the typical steps of the Moran
process employed to investigate stem cell dynamics. The
nature of the Moran process leads to the typical scenarios
associated with stochastic evolutionary dynamics: expansion, extinction and latency of the LSC clone.18,28,30 The
impact of these stochastic effects14,18 on clone size at the
level of the stem cell compartment plays a crucial role and
is discussed below.

Leukemic stem cell extinction
We evaluated the natural history of a million virtual
patients following their disease over time from the
appearance of the first LSC. Figure 3A shows the probability of extinction of the LSC lineage as a function of fitness
advantage, illustrating that this probability is maximized
precisely in the case of CML in which LSC and
hematopoietic stem cells are neutral. Figure 3B displays
the increase of the extinction probability as a function of
time under neutral evolution. The simulations portray a
remarkable and unexpected result in the context of CML:
in the vast majority of cases, clonal extinction of LSC
occurs. More importantly, by the time the disease is diagnosed (~5 years after the appearance of the first LSC),
most patients – 84% – no longer have LSC (Figure 3B).
Closer inspection of the results shows that LSC extinction
is an early event: After 1 year already 50% of the patients
no longer have LSC. For those patients in whom LSC are
still present, we observed that the average clone size
increases by one LSC per year (R2=0.9999). Moreover,
since the current model treats certain parts of the
hematopoietic tree stochastically, some patients may
never be diagnosed with CML, despite initially carrying
LSC (see below).

Stochastic dynamics of progenitor cells
Due to the limited number of most primitive cells within the hematopoietic tree, stochastic effects will play an
important role in the dynamics of CML. However, since
levels incorporating the more committed cell lineages
quickly become very large, stochastic effects may be neg-

A
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lected above a given level K and one can resort to a deterministic description based on ordinary differential equations. As explained in the Design and Methods section,
our model is capable of treating the first K levels stochastically, and the subsequent levels deterministically.
In Figure 4A, the average time to diagnosis for different
values of K converges to approximately 5.1 years when K
Æ 4, compatible with what has been observed at
Hiroshima.31 However, this threshold is not enough to
infer the probability that disease diagnosis does not take
place once the LSC clone becomes extinct. Indeed, for values of K up to 6, no convergence is achieved for this quantity, from which we learn that at least seven stochastic levels, including the hematopoietic stem cell pool, are
required (Figure 4B). Consequently, in all simulations performed in this work, a threshold K=7 was assumed. From
Figure 4B, we observe that the number of cases in which
no diagnosis is reached is limited to approximately 3% of
the cohort of virtual individuals, despite the fact that, in
most cases, the LSC clone has become extinguished.

Chronic myeloid leukemia dynamics with and without
leukemic stem cells
Understanding how CML can be diagnosed in the
absence of LSC requires following hematopoietic cells as
they traverse the different stages of differentiation linking
stem and circulating cells, the process illustrated in Figure
1. Given the limited capacity of self-renewal at every stage
(inset of Figure 3A) and also that replication rates increase
as cells become more differentiated, propagation of the
BCR-ABL oncogene to circulating blood is not immediate,
but constrained by the hierarchical dynamics of the
hematopoietic tree, leading to almost 5 years between
appearance of the first LSC and the diagnosis of CML.31
Crucial to the whole process is the fact that the differentiation probability of non-stem cell lineages depends on
whether cells carry the BCR-ABLl oncogene (εCML) or not
(ε).32,33 It has been shown in a purely deterministic model13
that in order to explain average CML dynamics, including
bone-marrow expansion (a fingerprint of CML), one has
ε>εCML. The effective advantage (inset of Figure 3A) of
CML cells due to enhanced self-renewal13,20 leads to their

Figure 3. Extinction of leukemic
stem cells. Pext gives the extinction
probability of LSC (fitness rCML≥r0)
co-evolving with hematopoietic
stem cells (HSC) (fitness r0), while
Pneutral provides the limit when
rCML=r0. (A) The red line depicts the
ratio Pext/Pneutral, which is maximized
for neutral drift, as is the case
between LSC and HSC in CML19
(inset). The fitter lineage will
increase rapidly whenever rCML>r0.
This happens for non-stem-cells
cells, whose differentiation probabilities ε depend on their type
(inset; note that larger values of ε
lead to lower relative fitness) (B)
Probability of extinction of the LSC
clone as a function of time. At
diagnosis (dashed line) approximately 84% of patients have no
LSC (further details provided in the
Design and Methods section). The
probability converges to the theoretical result 1-1/N, where N is the
size of the stem cell pool.
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expansion at all stages of differentiation(34). The slow rate
of replication of early progenitors, in turn, implies that the
wash-out of these cells from early stages of differentiation
is a slow process: the appearance of the first LSC sends a
ripple down hematopoiesis leading to diagnosis in 97% of
the cases, of which only 16% carry LSC at diagnosis. In
other words, the same hierarchical architecture that protects the organism from LSC invasion determines a delay
in both CML diagnosis and the impact of LSC extinction:
CML progenitor cells persist for years, sustaining CML
and enabling its diagnosis even in the absence of a LSC
clone. These results clearly indicate that the major immediate goal in CML treatment should not be the eradication
of LSC but the eradication of the much larger population
of leukemic progenitors which drives the disease, increasing the risks of acquired resistance and blast transformation (see below). If one achieves such a goal when LSC no
longer feed malignant cells into hematopoiesis, therapies
will be mostly curative. We argue that, currently, tyroskine kinase inhibitors are the best strategy to fit this purpose.

Imatinib therapy
The therapeutic effect of imatinib is to increase the differentiation probability of CML progenitor cells εCML Æ
εlMAT > ε > εCML,13,32 resulting in a relative fitness advantage
of normal cells with respect to treated cells (inset of Figure
3A). Hence, normal cells will partially out-compete treated cells, leading to a progressive reduction in disease burden as shown in Figure 5A, where treatment with imatinib was started right after diagnosis. Consequently, continuous drug administration ensures that normal progenitors dominate hematopoiesis.13,26

Duration of imatinib treatment
Up to now, the duration of tyrosine kinase inhibitor
therapy required to ‘cure’ CML remains to be determined.
In order to address this issue, we followed two populations each with 106 virtual patients who were treated with
imatinib for periods varying from 1 up to 9 years after
diagnosis of the disease (which takes, on average 5.1 years
to reach), treatment being subsequently withdrawn. In
both cohorts the simulated patients started out with one
LSC. In the first cohort (C1) only those virtual patients
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that did not have any LSC at diagnosis were retained. As
such this population provides an idealized scenario in
which the stem cell compartment can no longer feed the
disease in any of the simulated patients, in this way providing an upper bound for the results shown in Figure 5.
In the second cohort (C2) no restrictions were imposed,
and so approximately 16% of the patients in this population had LSC at diagnosis. Once treatment was stopped,
the simulations were followed for an additional period of
10 years. We investigated the possible relapse of the disease, associated with the burden at diagnosis. We also
examined the reduction in BCR-ABL levels during treatment. Figure 5A shows that the probability of relapse
drops quickly with increasing treatment time. Persistence
of LSC in a patient always translates into a finite chance of
relapse. Hence, since in C2 some patients may still have
LSC, the probability of relapse never reaches exactly zero.
As the duration of treatment increases from 1 to 9 years,
the disease burden is reduced further (Figure 5B), with the
probability of relapse falling in parallel (~ 3.1 log reduction
at 1 year to ~ 3.8 log reduction at 4 years21). This trend
becomes clear when examining Figure 5C. Almost 67% of
the virtual patients reach complete cytogenetic response
(~3 log reduction in the BCR-ABL/BCR ratio, Figure 5)
after 1 year of treatment, compatible with data reported
by Druker et al.21 Moreover, at least 2% of these patients
achieve major molecular response (≥4 log reduction of disease burden) within 6 months of treatment initiation.
Clinically, a >4.5 log reduction in disease burden after 12
months of therapy has been reported.35 For longer treatment periods (Figure 5C), the fractions of patients achieving complete cytogenetic response and major molecular
response increase significantly, reaching 94% and 71%
respectively after 5 years. On average, complete cytogenetic response is reached after 1 year of treatment, whereas a major molecular response requires 3.5 years or longer
periods of treatment. These model predictions are consistent with the independent clinical data from Druker et al.21
and correlate nicely with the experimental data observed
by Branford et al.36 (Figure 5D). Overall, our results show
that even though there is still a possibility of relapse, in the
absence of acquired resistance, continued imatinib therapy is capable of sustained reduction in disease burden
down to levels compatible with major molecular response
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Figure 4. Stochastic-deterministic
dynamics of hematopoietic cells.
Starting with a single LSC, the stochastic dynamics of bone marrow
cells was followed for a cohort of
106 virtual patients. (A) A plot of the
mean time to diagnosis (and its
variation as a function of the number of compartments treated stochastically). (B) The probability of no
diagnosis is plotted as a function of
the number of compartments treated stochastically; in this case, K=7
compartments are the minimum
threshold necessary to obtain converged results. This more stringent
threshold has been used throughout
in assessing the role of stochastic
effects in CML dynamics.
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or even lower, in which case relapse probability becomes
very low (Figure 5C).

Discussion
The structure and dynamics of hematopoiesis make
CML perhaps a unique neoplasm. The small number of
hematopoietic stem cells contributing to hematopoiesis
and their slow rate of replication explain to a large extent
why CML and related disorders are rare.22,37 Arguably,
CML is the best studied neoplasm for which the molecular defect leading to many of the disease characteristics is
known and introduction of BCR-ABL into hematopoietic
stem cells leads to a disease that recapitulates many of the
features of the chronic phase of CML in animal models.1,5
Given the fundamental role of BCR-ABL in driving CML,
the impact of ABL kinase inhibitor therapy on disease
dynamics can be understood. Our work shows that the
dire consequences of CML are, in most cases, not a conse-

A

quence of LSC dynamics, but result from the altered
behavior of cells downstream from the stem cell pool,
leading to profound changes in progenitor cell dynamics
which may subsequently trigger the emergence of blast
crisis and resistance to therapy. The enhanced self-renewal imparted by aberrant BCR-ABL expression explains
why CML cells undergo a higher number of cell divisions
before they appear in the circulation.13,38 With increasing
self-renewal, the cells appear to be ‘trapped’ in
hematopoiesis longer than normal cells. Consequently,
our model predicts that with imatinib therapy, circulating
hematopoietic cells should have an increase in average
telomere length, compared to their length before initiation
of therapy, a phenomenon that has been experimentally
proven.39
In the absence of tyrosine kinase inhibitor therapy, CML
progenitors have a fitness advantage compared to normal
cells (inset of Figure 3A), and most of the time: (i) there are
many more CML progenitor cells (~105) than LSC (~1); (ii)
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Figure 5. Efficacy of imatinib treatment. Two virtual cohorts, C1 and C2, each with 106 patients, were considered. In all cases, CML dynamics starts from one LSC. Cohort C1 (light green bars) includes only patients with no LSC at diagnosis. Cohort C2 (dark green bars) includes
all patients (with and without LSC at diagnosis). (A) Probability of relapse as a function of treatment time. (B) Average log-reduction of disease burden as a function of treatment time. (C) The fraction of C2 patients that reached complete cytogenetic response (CCyR, dark blue)
and major molecular response (MMR, cyan). (D) Correlation plot between model prediction of MMR for simulated C2 patients and data for
observed MMR for actual patients from Branford et al.36

haematologica | 2010; 95(6)

7

T. Lenaerts et al.

the former replicate faster (~once every 8-10 weeks) than
the latter (~once per year); (iii) genomic instability imparted by BCR-ABL increases the mutation rate of CML progenitor cells, which raises the risk of resistance and transformation;40 (iv) CML progenitors contribute longer to
hematopoiesis than their normal counterparts due to
enhanced self-renewal;20 and (v) CML progenitors undergo
a higher number of replications during their lifetime.13,27,41
Consequently, without therapy, the effective population
of CML progenitors is large and at risk of additional mutations that may lead to resistance and/or blast transformation. In view of this, it is perhaps not surprising that blast
crisis arises from cells belonging to the colony-forming
unit – granulocyte-macrophage pool rather than the LSC.3
Moreover, any therapy that effectively suppresses the
CML progenitor pool should significantly reduce the probability of treatment failure and blast transformation. In the
present framework of CML dynamics, the progressive
decline in CML progenitors under imatinib explains why
the risk of treatment failure decreases with time from
5.5% after 1 year of therapy to 0.4% after 4 years.21
Similarly, the risk of progression to accelerated phase or
blast transformation decreases from 2.1% after 1 year to
essentially 0% after 4 years for patients who achieve a
complete cytogenetic response (~3 log reduction in the
BCR-ABL/BCR ratio, Figure 5).21 Finally, studies of newly
diagnosed patients treated with imatinib show that the
risk of transformation is reduced compared to that of
patients on standard therapy with interferon-α and cytosine arabinoside with an improvement in survival.21
Overall, these findings strongly suggests that imatinib is
capable of doing what is necessary – to suppress the
uncontrolled growth of CML progenitor cells. In this
respect, the second generation tyrosine kinase inhibitors
— dasatinib and nilotinib — are expected to give even better results although they tend to be more toxic.
In the present context, it is also clear why therapies
involving non-specific inhibitors of cell proliferation (cytosine arabinoside and hydroxyurea), do not alter the natural history of the disease including progression to blast crisis. Unlike imatinib, these agents do not reverse the fitness
advantage of the CML progenitor cells and do not discriminate between normal and CML cells; hence, the clone will
grow, persistently dominate hematopoiesis and maintain
the risk of transformation due to its large size. The only
exception has been interferon-α, which also reduces the
fitness of CML progenitor cells compared to their normal
counterparts.32 Interestingly, some long-term survivors
have been reported who have been treated with interferon-α alone, and some appear to be operationally cured.42
Recently, it was shown that interferon-α increases the
replication rate of hematopoietic stem cells;43 perhaps by
doing so, interferon-α increases the probability of stochastic extinction of the LSC clone, thus providing an explana-
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