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Abstract

Chronic myeloid leukemia (CML) is a clonal hematopoietic
disorderinduced by translocation of chromosomes 9 and 22,
resulting in an overproduction of myeloid blood cells. CML-
specific characteristics include a latency time of several
years, a period of coexistence of malignant and normal cells
and an eventual dominance of the malignant clone. Differ-
ent drug therapies are available, most notably imatinib,
which inhibits the oncogenic BCR-ABL1 tyrosine kinase. Al-
though the chromosomal aberration causing CML is well
known, the resulting dynamic effects on the system behav-
ior are not sufficiently understood yet. Here, we apply an
already established mathematical model of hematopoietic
stem cell organization. Based on parameter estimates for
normal hematopoiesis, we systematically explore the chang-
es in these parameters necessary to reproduce CML-specific
characteristics regarding emergence and course of disease
as well as a variety of qualitative and quantitative clinical
data on CML treatment. Our results indicate that 1 or more

of the following mechanisms are compatible with the induc-
tion of a dominant clone in the proposed model: a retarded
differentiation process, a reduced turnover time or a defec-
tive cell-microenvironment interaction of the neoplastic
cells. However, in order to explain the massive overproduc-
tion of malignant cells, an unregulated and abnormal activa-
tion of leukemia stem cells into cycle has to be assumed ad-
ditionally. Based on our simulation results we conclude that
CML dynamics can most appropriately be explained by a
modulation of the cell-microenvironment interactions of
leukemia stem cells, including both the process of stem cell
silencing and activation into cycle.
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Abbreviations used in this paper

CML chronic myeloid leukemia
HSC hematopoietic stem cell
HU hydroxyurea

IFN-a interferon-a

IM imatinib

PCR polymerase chain reaction
Ph Philadelphia chromosome
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Introduction

Chronic myeloid leukemia (CML) is a clonal disorder
of the hematopoietic system. It is induced by mutation on
the hematopoietic stem cell (HSC) level and results in a
malignant expansion and overproduction of (immature)
myeloid blood cells [Mauro and Druker, 2001]. Cytoge-
netically, malignant cells are characterized by a recipro-
cal translocation of chromosomes 9 and 22 [Goldman
and Melo, 2003]. It has been demonstrated that radiation
is capable of inducing such a genetic aberration [Ichima-
ru et al., 1981]. However, the precise mechanisms as well
as the frequency of the occurrence are only incompletely
known. The shortened chromosome 22 is referred to as
Philadelphia chromosome (Ph) which carries the BCR-
ABLI fusion gene. Its gene product, the oncogenic BCR-
ABLI protein, is a constitutively activated tyrosine ki-
nase, the expression of which has been shown to be re-
sponsible for the pathogenesis of CML [Deininger et al.,
2000]. But even though these mechanisms within indi-
vidual malignant cells are well understood, the resulting
response of the system to the neoplasm on the cell popu-
lation level is yet to be elucidated.

If left untreated, CML is a fatal disease. The only
known curative treatment option of CML is stem cell or
bone marrow transplantation [Goldman and Gordon,
2006]. This procedure, however, is associated with a high
early mortality rate. Furthermore, several drug therapies
are available. Hydroxyurea (HU) is a cytotoxic drug
which specifically acts on proliferating cells, regardless of
genotype, by inhibition of ribonucleotide reductase and,
therefore, by inhibition of DNA synthesis. This effect
prevents cell division and eventually leads to apoptosis
[de Lima et al., 2003]. Currently, HU is primarily used as
initial therapy to reduce the leukocyte count to normal
levels before other treatment is applied. Interferon-a
(IFN-a) has been used for many years in the management
of patients in the chronic phase of CML, but the mecha-
nisms by which it induces growth inhibitory effects in
leukemia cells are not exactly known. Several different
mechanisms have been suggested. It is widely accepted
that IFN-a has an immunostimulating effect, that is, it
renders leukemia cells visible to the immune system [Par-
mar and Platanias, 2003]. One indirect consequence of
this immune effect may involve normalization of the ad-
hesion to bone marrow stroma [Bhatia etal., 1994]. Down-
regulation of the expression of the BCR-ABLI oncogene
might be another potential mechanism [Verma and Pla-
tanias, 2002].
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Within the last decade, imatinib (IM) has rapidly be-
come the front-line therapy for de novo CML. This drug
inhibits the oncogenic BCR-ABLI tyrosine kinase by oc-
cupying the ATP-binding site of the BCR-ABLI protein,
thereby preventing phosphorylation of its substrates
[Buchdunger et al., 1996]. This process ultimately results
in the switching off of downstream signaling pathways
that promote leukemogenesis [Savage and Antman,
2002]. Although these molecular mechanisms are well
known, it is not sufficiently understood how they trans-
late into the dynamic regulation of normal and leukemic
cell growth. It is known that IM selectively acts on leuke-
mia cells where it induces a proliferation inhibitory effect
[Druker et al., 1996] as well as an increase in the apo-
ptotic rate of actively proliferating cells [Oetzel et al.,
2000; Vigneri and Wang, 2001; Holtz et al., 2007]. Mo-
lecular monitoring of tumor load revealed that IM in-
duces a biphasic decline of BCR-ABLI transcript levels
during the first year of treatment. It is characterized by
an initially rapid followed by a moderate decline. Fur-
thermore, a rapid relapse upon treatment cessation can
be observed [Michor et al., 2005].

An important obstacle in the design of curative drug
therapies is the fact that relevant details of the system be-
havior, such as resistance to IM treatment [Tauchi and
Ohyashiki, 2004], are only insufficiently understood, ir-
respective of the above-mentioned molecular insights
into pathogenesis of CML and IM activity.

It is the objective of this paper to apply an already
established mathematical model of HSC organization
[Roeder and Loeffler, 2002] to the situation of CML.
Based on parameter estimates for normal hematopoiesis,
we systematically investigate the changes in the cell-in-
trinsic parameters necessary to reproduce CML-specific
characteristics. The model has to be consistent with a va-
riety of qualitative and quantitative clinical data on CML
treatment. Thereby, a comprehensive, predictive and in-
terpretable picture of CML emergence, course of disease
and treatment can be obtained. To be able to generate
model predictions for new treatment options, an in silico
disease model consistent with established treatment op-
tions is required. Therefore, also data on former first-line
CML therapies, such as HU and IFN-q, are considered in
order to guarantee the validity of the model.

Materials and Methods

In this work, we apply a single-cell-based, stochastic mathe-
matical model [Roeder and Loeffler, 2002]. The model has been
developed for the HSC system and has already been validated for
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animal data, for example to describe clonal competition process-
es in mouse chimeras [Roeder et al., 2005]. Furthermore, it has
also been applied to 1 very specific treatment scenario in chronic
myeloid leukemia [Roeder et al., 2006]. A schematic representa-
tion of the model can be found in figure 1. It is assumed that cells
can reside in 2 signaling contexts (A, €)), which can be interpret-
ed as different growth environments, with A representing a stem
cell-supporting niche within the bone marrow. A short explana-
tion of the model can be found in the next paragraph. For a more
detailed mathematical description, we refer to the Appendix and
Roeder et al. [2006].

Each cell has a property a, which represents the affinity to re-
side in A. If a is greater than a given threshold a,,;,, the respective
cell is denoted as a stem cell. Affinity a can be interpreted as the
state of differentiation of a stem cell: the smaller g, the less stem
cell potential is attributed to a cell. Differentiation (that is, de-
crease in a) is considered to be a reversible process until a has
reached ap,;,. Whereas cells gradually lose affinity a under the
influence of environment () [a(t + 1) = a(f)/d], they regain it in A
[a(t + 1) = a(t)-r]. The latter can be interpreted as a regeneration
process on the individual cell level. Parameters d and r represent
differentiation and regeneration coefficients, respectively. If a
falls below ayyp, it is set to zero. Such a cell loses its potential to
change to A and, therefore, to regain a. It is no longer denoted as
a stem, but as a differentiated cell, which initiates a clone that am-
plifies and finally dies after a fixed lifetime. Whereas cells in A
are assumed to be quiescent, that is, in G¢-phase of the cell cycle,
cells in ) are actively proliferating with an average generation
time 7.. The transition of cells between the 2 signaling contexts is
modeled as a stochastic process, that is, at every time step each
cell has a certain probability to change from one compartment to
the other. The transition probabilities depend on the individual
cellular affinity a and the transition characteristics f, and f,.
These characteristics depend on the current numbers of cells in
A and (), respectively (for a schematic, see fig. 2).

The described model is implemented as a C++ computer pro-
gram. The source code can be obtained from the authors. Each
individual cell in the system is simulated according to the above-
outlined set of rules. These rules are applied at discrete time steps

(At =1 h) to simultaneously update the status of all model cells.
The algorithm includes stochastic decisions, for example, with
respect to transitions from one signaling context to the other. Due
to this system-intrinsic stochasticity, even different simulation
runs using identical model parameters generate quantitatively
different outcomes. A population of patients can be represented
by averaging the results of many single simulation runs.

The model assumes CML to be a clonal competition process
between the malignant clone (Ph+), comprising all cells originat-
ing from 1 mutated cell, and normal (Ph-) hematopoietic cells,
with potential quantitative differences in model parameters.

Asmentioned above, the model has already been applied to the
murine system [Roeder and Loeffler, 2002; Roeder et al., 2005]. In
these publications, parameter values were fitted to quantitative
data on specific mouse strains. In order to obtain a parameter set,
which we assume to adequately represent a normal human hema-
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Fig. 1. Model scheme. Normal (Ph-) and malignant (Ph+) stem
cells are assumed to coexist within 2 common signaling contexts
(A, Q). For a detailed model description, see text.
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lations, see table 2.
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topoiesis, the mouse parameter values served as a starting point.
Although specific model parameters can be expected to differ
considerably between mice and men, we assume the existence of
fundamental interspecies similarities with regard to the general
regulatory principles of hematopoiesis. Hence, it was an impor-
tant goal to change only as few system parameters as necessary
when applying the model to a new (here: the human) situation.

Using a parameter set capable of maintaining a steady state of
normal hematopoiesis, the introduction of 1 Ph+ stem cell is as-
sumed to represent the disease-initiating event. This stem cell is
assumed to have a growth advantage compared to normal cells
and is equipped with an inheritable marker, which allows track-
ing of its progeny, that is, the malignant clone, over time.

It is the aim of this study to investigate which model param-
eters are capable of inducing a growth advantage of leukemia cells
that leads to the formation of a manifest CML clone. A set of mod-
el parameters which consistently describes the situation of un-
treated chronic myeloid leukemia is determined by applying the
following qualitative criteria, all of which have been motivated by
clinical and experimental observations.

(1) The emergence of the disease has to be accompanied by a
long latency time of about 5-7 years [Ichimaru et al., 1981], char-
acterized by a coexistence of normal and leukemia cells, until the
proportion of neoplastic cells has reached more than 90%.

(2) If the disease remains untreated, the malignant clone even-
tually takes over the hematopoietic system, while the Ph- cells
gradually disappear [Goldman and Melo, 2003].

(3) Compared to normal hematopoiesis, there is an increased
absolute blood cell production primarily caused by an expansion
of the malignant clone [Mauro and Druker, 2001].

(4) Quiescent leukemia stem cells show a delayed Ph positivity
compared to actively proliferating cells, that is, the frequency of
Ph+ stem cells in the quiescent pool lags behind that among pro-
liferating cells [Dube et al., 1984].

All model parameters are systematically tested for the ability
to reproduce these criteria. The agreement of simulation results
and clinical/biological observations is judged by a consistency of
average simulations with all above-stated criteria.

To further test the consistency of the derived parameter con-
figurations beyond the emergence of CML, they are applied to
different treatment strategies in silico. The simulation results are
compared with qualitative and quantitative clinical data on CML
patients. In particular, the following assumptions are applied for
the simulation of treatment options.

HU treatment is assumed to induce an unselective kill of cells
in S-phase, thatis, a fixed percentage of S-phase cells per time step
undergo apoptosis, regardless of their genotype. In contrast, IFN-
ais assumed to affect leukemia cells only. At the moment of treat-
ment initiation, the model parameters of malignant cells, which
are capable of explaining the clonal dominance, are reset to the
values assumed for normal cells. IM treatment is assumed to in-
duce apoptosis and inhibition of the proliferative activity of pro-
liferating Ph+ stem cells. Technically, the apoptotic effect is mod-
eled by a selective kill of a fixed percentage of leukemia cells per
time step (degradation rate r4.g), while the proliferation inhibi-
tion is modeled by a reduction of the activation of leukemia cells
into cycle, that is, altering transition characteristic f,, (transition
from A to ()), at the fixed inhibition rate rj,.

Qualitatively, the model needs to reproduce that the majority
of HU and IFN-a patients show a hematologic response, with HU
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inducing more rapid responses than IFN-o. In almost none of the
HU patients, cytogenetic responses can be observed [Hehlmann
et al., 1993]. In contrast, IFN-a is capable of inducing cytogenet-
ic remissions in the majority of patients [Hehlmann et al., 1994].
Simulation of IM treatment needs to reproduce rapid hemato-
logic and rapid cytogenetic remissions [Savage and Antman,
2002].

Furthermore, simulation results of IM treatment are com-
pared with quantitative criteria, as highly sensitive measurements
of tumor load, utilizing real-time quantitative polymerase chain
reaction (PCR), are available [Michor et al., 2005; Roeder et al,,
2006]. In these studies, BCR-ABLI transcript levels were mea-
sured at different time points during IM treatment. A typical bi-
phasic decline of BCR-ABLI transcript levels during the first year
of therapy as well as a rapid relapse upon treatment cessation can
be observed [Michor et al., 2005]. An overview of the applied
model assumptions and criteria can be found in table 1.

In order to compare clinically determined BCR-ABLI tran-
script levels to the mathematical model, BCR-ABLI/ABLI per-
centages are approximated using cell numbers in the population
of nonproliferating differentiated cells according to the following
relation: [number of Ph+ cells/(number of Ph+ cells + [2 X num-
ber of Ph- cells])] X 100%, motivated by the existence of 2 copies
of each gene within individual cells and by a reported strong cor-
relation between cytogenetics, assessing the proportion of Ph+
cells, and real-time quantitative PCR measurements of BCR-ABLI
transcript levels in peripheral blood [Branford et al., 1999].

Results

CML Genesis

Based on a system of normal steady-state hematopoi-
esis (for model parameters, see table 2), 3 model param-
eters were found to be independently capable of inducing
a competitive growth advantage, namely differentiation
rate d, transition characteristic f, and cell cycle duration
7.. The possible parameter alterations can be found in
table 3. Each of these 3 parameter changes, applied to ex-
actly 1 proliferating stem cell (located in (}), is capable of
giving rise to a dominant clone. However, in each of these
scenarios, this capability is realized in only about 20% of
the cases, that is, in about 80% of the computer simula-
tions there is only a transient low-level contribution of
neoplastic cells. These cases, which are neglected in the
following, are characterized by the extinction of the ma-
lignant clone owing to the stochasticity of the model.

Upon applying any of the parameter changes given in
table 3, one obtains the results shown in figure 3. The per-
centage of the dominant clone relative to all cells within
the computer simulation (average = SD of 100 individu-
al simulation runs) was determined using the population
of nonproliferating differentiated cells. The disease-initi-
ating single-cell mutation event occurred at time point
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Table 1. Applied model assumptions and qualitative criteria for
the simulation of CML treatment options HU, IFN-o and IM

Table 2. Model parameter set for normal hematopoiesis

Parameter Value
Treatment Assumptions Criteria
Amin 0.002
HU unselective kill of rapid hematologic Amax 1.0
S-phase cells at a fixed but no cytogenetic d 1.05
rate per time step response r 1.1
IFN-a equalization of model hematologic and 7. 48h
parameters of normal cytogenetic responses Tg 8h
and leukemia cells, which TGyM 8h
are capable of explaining
the dominance of the e 24h
malignant clone Ap 20 days
Am 8 days
IM fixed degradation and biphasic decline of
proliferation inhibition BCR-ABLI transcript Ja(0) 0.5
rate selectively for levels and rapid relapse  fo(Na/2) 0.45
leukemia cells after treatment stop Ja(Na) 0.01
() 0.0
Ny 10°
Ju(0) 0.5
Jo(Na/2) 0.3
zero. Criteria 1 and 2 are met: after about 3 years, the pro-  fo(Na) 0.1
portion of malignant cells starts to rise. After about 5-7 JI%)T(“) 18'30
0

years, clinically relevant levels of malignant cells can be
detected. Finally, by outcompeting normal cells, the ma-
lignant clone takes over the hematopoietic system (fig. 3a).
Criteria 3 and 4, however, cannot be met: compared to
normal hematopoiesis, there is no increased production
rate of malignant cells (fig. 3b). The overall count of nor-
mal (gray) and malignant (black) nonproliferating dif-
ferentiated blood cells remains relatively constant over
time. Furthermore, as indicated by figure 3c, quiescent
HSCs (gray) do not show a delayed Ph positivity com-
pared to actively proliferating cells (black). At each time
point, the proportion of malignant quiescent stem cells is
almost identical to the proportion of malignant prolifer-
ating precursors.

In the results shown so far, only 2 of 4 qualitative cri-
teria could be met. Hence, a second parameter alteration
had to be considered. Because there is evidence that leu-
kemia cells show an unregulated cellular proliferation
[Eaves et al., 1986], the transition characteristic f,, of ma-
lignant stem cells, which normally depends on the abso-
lute number of proliferating stem cells, was set to con-
stant at a high level. The described alteration results in a
cell number-independent and, therefore, in an unregu-
lated activation of malignant cells into cycle.

Using this additional parameter modification, the sys-
tem dynamics change in such a way that all 4 criteria can
be met. The alteration of f,, has to complement the change
in either differentiation rate d, transition characteristic f,

240 Cells Tissues Organs 2008;188:236-247

The given parameters are capable of maintaining a normal
steady-state hematopoiesis in silico. The parameters are as fol-
lows: (@min> Amax) = range of affinity a that characterizes the pro-
pensity of a cell to reside in A; d = differentiation coefficient; r =
regeneration coefficient; 7. = cell cycle duration of stem cells;
75, Tgym = durations of S- and G,/M-phase; 7. = generation time
of proliferating differentiated cells; A, = transition time for pro-
liferating precursor cell stages; A, = life time of nonproliferating
precursor cell stages and mature, terminally differentiated cells;
fu fo = transition characteristics for change from () to A and A to
Q; fo(*), f(+) = function values of transition characteristic at given
argument; Ny, N = scaling factors of transition characteristics.

Table 3. Parameter changes giving rise to a dominant clone

Parameter Ph- Ph+
fu(Ny) 0.01 0.015
d 1.05 1.045
7. 48h 45h

Each of these 3 parameter alterations, applied to a single nor-
mal (Ph-) stem cell, is capable of giving rise to a dominant clone
(Ph+). Parameters are as follows: fa(NA) = function value of transi-
tion characteristic f, (describing the transition from the prolifer-
ating to the quiescent compartment) at cell number Nj = 10% d =
differentiation coefficient; 7. = cell cycle duration.

Horn/Loeffler/Roeder
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Fig. 4. CML genesis (2 altered model parameters), showing the scenario in which normal and malignant stem
cells are assumed to differ in their transition characteristics f, and f,, (scenario 1). The other 2 scenarios are
omitted because they are qualitatively identical. All graphs have been obtained averaging 100 individual simu-
lation runs. a Proportion of malignant nonproliferating differentiated cells = SD. b Absolute cell counts of
normal (gray) and malignant (black) nonproliferating differentiated cells. ¢ Proportion of actively proliferating
(black) and quiescent (gray) malignant stem cells.

or cell cycle duration 7, at the moment of the single-cell
mutation. It should explicitly be noted that altering tran-
sition characteristic f,, alone is not sufficient to induce a
growth advantage necessary for the emergence of a dom-
inant clone, because this parameter does neither influ-
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ence criteria 1 nor 2. This means that changes in model
parameters d, f,, or 7. are required for clonal dominance,
while the increased production of malignant cells, as well
as the delayed Ph positivity of quiescent Ph+ stem cells
are induced by the alteration of model parameter f,,.
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the corresponding computer simulation.

Upon altering either of the parameter combinations f,
and f,, (in the following referred to as scenario 1), d and
fo (scenario 2) or 7. and f,, (scenario 3) for 1 proliferating
stem cell, the results shown in figure 4 can be obtained
(compare to fig. 3 for the situation of only 1 altered pa-
rameter value). Please note that in order to avoid redun-
dancy, only 1 of the 3 scenarios is illustrated.

Scenarios 1, 2 and 3 are qualitatively identical, yet they
represent different functional mechanisms potentially
associated with the emergence of CML. Thus, an impor-
tant goal was to discriminate between the scenarios by
testing whether either of these is capable of reproducing
clinically observed data on CML treatment strategies.

CML Treatment

First, HU treatment was analyzed. An unspecific kill
of both normal and leukemia cells in S-phase at a con-
stant rate of 2% per time step was applied to all 3 afore-
mentioned CML scenarios. Because no estimates of this
rate were available in the literature data, it was chosen
arbitrarily. Therefore, it allows only for a qualitative anal-
ysis of the system behavior.

Due to the constant kill rate, cell numbers reach a
much lower steady-state level, that is, a significant hema-
tologic response can be observed. After cessation of ther-
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apy, the cell count rapidly returns to its pretreatment lev-
el. As HU was assumed to affect hematopoietic cells re-
gardless of genotype, the cell count of both leukemia and
normal cells is reduced. Please note that this reduction is
only detectable with respect to malignant cells owing to
the small number of normal cells. However, there is no
change in the proportion of malignant cells during HU
treatment, which also points to an equal relative cell
number reduction of both cell types. Hence, a cytoge-
netic remission cannot be induced. In all scenarios, the
procedure yields the results shown in figure 5a, that is,
based on HU treatment, discrimination between the 3
scenarios is not possible.

IFN-« treatment was simulated by altering the model
parameters, which are capable of explaining the domi-
nance of the malignant clone. That is, at the moment of
treatment initiation, transition characteristic f, (scenario
1), differentiation rate d (scenario 2) or cell cycle duration
7. (scenario 3) of malignant cells are reset to the values
assumed for normal cells. Transition characteristic f,,
however, remains unchanged. For the sake of simplicity,
all cells were assumed to be simultaneously affected. Due
to the applied parameter alterations, the growth advan-
tage of the malignant clone is undone, resulting in a slow
reduction of leukemia cells. At the same time, the popu-

Horn/Loeffler/Roeder



lation of normal cells recovers slowly. Hence, significant
hematologic as well as cytogenetic remissions can be ob-
served in silico. After cessation of therapy, even after con-
tinuous IFN-a administration for several years, a clini-
cally relevant relapse can be expected. In any of the 3
CML scenarios the results shown in figure 5b can be ob-
tained, that is, a discrimination of the 3 scenarios by
IFN-a treatment is not possible.

Finally, the simulation results were compared to clini-
cal data on BCR-ABLI transcript levels of IM-treated
CML patients. It was found that only scenario 1 was ca-
pable of reproducing the typical biphasic decline of BCR-
ABLI transcript levels during the first year of IM treat-
ment as well as the rapid relapse upon treatment cessation
(tig. 5¢). In scenario 1, differences between normal and
leukemic cells in the transition characteristics f, and f,
are assumed, which can be interpreted as differences in
the stem cell-microenvironment interaction (for exam-
ple, stroma attachment/detachment kinetics). Fitting the
mathematical model to the quantitative clinical data
[Roeder et al., 2006], degradation rate 4, and inhibition
rate r;,, were estimated to be 2.8 and 5.0% per time step,
respectively. The first (steep) decline is caused by a mas-
sive initial reduction of proliferating leukemia cells due
to the selective degradation effect. The second (moder-
ate) decline is induced by the dynamic regulation of the
system in response to the initial cell reduction. The mod-
el predicts leukemic stem cells to accumulate in compart-
ment A (that is, quiescent stem cells) during IM therapy.
These cells are responsible for the rapid relapse of BCR-
ABLI transcript levels after treatment stop.

Discussion

It could be shown that CML development can be ex-
plained as a clonal competition process of normal and
malignant cells, induced by quantitative differences in
cellular properties. It can be stated that the situation of
human hematopoiesis, in particular the situation of
chronic myeloid leukemia, can be explained within the
context of a general concept of tissue stem cell organiza-
tion, which is accounting for cell-cell and cell-microen-
vironment interactions, and which allows for a flexible
and reversible development of cellular phenotypes [Loeff-
ler and Roeder, 2002; Roeder and Loeffler, 2002].

Quantitative differences in at least 1 of 3 model pa-
rameters (differentiation coefficient d, transition charac-
teristic f,, cell cycle time 7.) were found to be capable of
inducing a dominant clone, which at first coexists with
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normal cells for a couple of years, but ultimately takes
over the hematopoietic system. It is sufficient to apply the
parameter alteration to exactly 1 actively proliferating
stem cell, representing a single-cell mutation, to induce a
macroscopic CML.

Note that owing to clonal fluctuations, this potential
is only realized in about 20% of the cases. Hence, our
model predicts that the formation of Ph does not neces-
sarily lead to the formation of CML. This result seems to
be confirmed by reports that very low levels of Ph+ cells
can be detected in healthy individuals, who, in the long
run, do not develop CML [Biernaux et al., 1995]. It can be
speculated that in about 80% of the cases the initially very
small neoplastic clone might not be able to maintain its
own population, but differentiates and finally undergoes
apoptosis. Interestingly, another group, which used a
fundamentally quite different mathematical model to an-
alyze general issues of clonal domination in myeloprolif-
erative disorders, found a similar percentage of about
80% [Catlin et al., 2005]. It must be mentioned, however,
that the authors fitted their model to adequately repro-
duce mouse and cat data; they did not apply it to the hu-
man situation. Catlin et al. [2005] explain the dominance
of the malignant clone without any modification of cel-
lular properties but by extra stem cell-supporting re-
sources (for example, alternative niches in the spleen or
liver) that only neoplastic HSCs can make use of.

Within our proposed model, differentiation rate d can
be interpreted as the velocity of stem cell differentiation.
Parameter d of neoplastic cells needs to be decreased to
induce the necessary growth advantage, which might
correspond to a retarded differentiation process of malig-
nant stem cells. In the clinical situation, highly immature
myeloid cells can be found in peripheral blood [Goldman
and Melo, 2003]. This observation might relate to an im-
paired differentiation process of leukemia stem cells.
However, the impaired regulation might as well be in-
duced at more mature cell stages.

Because 1 prominent mechanism involved in HSC
quiescence is the adhesion to bone marrow stroma, tran-
sitions of cells from signaling context () (actively dividing
cells) to A (quiescent cells) can be interpreted as stroma
attachment processes. Based on this interpretation, an al-
tered transition characteristic f, in leukemia cells repre-
sents a defective adhesion to bone marrow stroma, which
has also been reported experimentally [Gordon et al.,
1987; Bhatia et al., 1995].

The third critical parameter alteration (cell cycle time
7.) that was proposed by the model analysis has so far not
been reported in the literature, as data on human in vivo
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cell kinetics (for example, cycle time distributions) are
lacking almost completely.

Additionally to each of these parameter changes, tran-
sition characteristic f,, of neoplastic cells was set to con-
stant at a high level in order to induce an increased pro-
duction of leukemia cells. This parameter alteration can
be interpreted as an unregulated and increased activation
of quiescent stem cells into cycle. Such observations can
also be found in the literature [Eaves et al., 1986].

We would like to emphasize that within the proposed
model, only the given parameter values are capable of in-
ducing the desired model behavior, represented by the
criteria stated above. Different parameter values neces-
sarily result in a different competitive behavior of the
clones (normal, malignant) and, for example, thus fail to
reproduce criterion 1, that is, the delay from the initial
malignant transformation to the formation of a manifest
CML which is estimated to be about 5-7 years.

In the present work, we could demonstrate that the
proposed model consistently explains a variety of clinical
data on CML monotherapies such as HU, IFN-« and IM.
Qualitative data on HU treatment can be reproduced
based on the assumption of a constant kill rate of S-phase
cells, independent of genotype. This conforms to biolog-
ical insights regarding modes of action of HU [de Lima et
al., 2003]. Qualitative data on IFN-« therapy can be ex-
plained under the assumption that the model parameters
of malignant cells, which are capable of explaining the
clonal dominance (for example, transition characteristic
fo), are reset to the values assumed for normal cells. Such
a normalization of cellular properties could also be ob-
served in biological experiments with respect to adhesion
to bone marrow stroma [Bhatia et al., 1994]. This model
assumption, however, which predicts a complete eradica-
tion of the malignant clone after about 15 years of treat-
ment (fig. 5b), is likely to represent only the theoretically
best possible scenario for IFN-a therapy. As there are no
reports on the cure of CML with continuous IFN-a ad-
ministration, it can be speculated that in the clinical situ-
ation the growth advantage of malignant cells is only re-
duced but not entirely eliminated. Please note that the
assumption made for IFN-« treatment is sufficient to in-
duce significant cytogenetic remissions, that is, no ex-
plicit cell kill has to be assumed.

Beyond the qualitative description of the HU/IFN-«
effects, the model is capable of explaining quantitative
clinical data on IM treatment [Roeder et al., 2006] by as-
suming 2 different functional mechanisms. First, a con-
stant degradation rate was applied selectively for prolif-
erative leukemia cells. This conforms to reports on an

244 Cells Tissues Organs 2008;188:236-247

increased apoptotic rate of malignant cells [Oetzel et al.,
2000; Vigneri and Wang, 2001; Holtz et al., 2007]. Sec-
ond, selectively for leukemia cells, transition character-
istic f,, was decreased to a lower constant level. This can
be interpreted as follows: IM reduces the rate at which
leukemia cells are activated into cycle. Therefore, the ex-
cessive proliferation of malignant cells can be stopped.
However, stroma detachment kinetics are still unregu-
lated, that is, independent of cell numbers. The decrease
in f,, has no impact on the biphasic decline kinetics of
BCR-ABLI transcript levels, but as a result a considerable
number of malignant cells is kept in a quiescent state
during therapy. Upon cessation of treatment, the thera-
py-induced reduction of cell cycle activity is replaced by
a rapid activation of a large amount of malignant G,
stem cells into cycle, resulting in the clinically observed
rapid relapse of BCR-ABLI transcript levels. The poten-
tial accumulation of quiescent leukemia stem cells in the
course of IM treatment leads to the model prediction of
a benefit of the application of proliferation stimulating
drugs additional to IM [Roeder et al., 2006]. This strat-
egy has also been suggested experimentally. Jorgensen et
al. [2006] and Holtz et al. [2007] performed in vitro stud-
ies and found that quiescent stem cells are resistant to
IM therapy but can be activated into cycle by cytokines
such as G-CSF, rendering them more accessible to IM
therapy.

Only 1 of 3 model scenarios, which are capable of in-
ducing CML, is additionally capable of explaining the
quantitative clinical data on IM therapy. It is the scenar-
io which assumes parameter differences between normal
and malignant cells in transition characteristics f, and f,,.
The other 2 scenarios, involving differentiation rate d
and cell cycle duration 7, neither reproduce the typical
biphasic decline kinetics of BCR-ABLI transcript levels
nor the observed rapid relapse after termination of ther-
apy.

Concluding from our theoretical results, we suggest
that neither a retarded differentiation process of primi-
tive stem cells nor different cell cycle time distributions
in leukemia cells underlie the observed phenomena. In-
stead, we suggest differences in the dynamic regulation
of cell-to-stroma attachment/detachment kinetics as pos-
sible key pathologic mechanisms. However, additional
influences of, for instance, an impaired differentiation
process, particularly of leukemia precursor cells, cannot
be ruled out.

The quantitative model presented in this study repre-
sents human hematopoiesis in a simplified fashion.
Therefore, transition characteristics f, and f,, subsume a
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variety of cell-intrinsic and cell-extrinsic factors, for ex-
ample, complex interactions of growth factors. In reality,
this is most likely a high-dimensional system. Further-
more, the presented mathematical model does not dis-
criminate between different functional end cells, that is,
lineage commitment has been ignored completely at this
stage. In hematopoietic disorders such as CML, however,
the overproduction of particular lineages, for example
myeloid blood cells, is an important endpoint, which was
not investigated in this work owing to the limitations of
the model. These processes, which can also be explained
within the general concept of this model [Glauche et al.,
2007a], have to be incorporated in a future version. An-
other simplification affects mature cell stages, which are
called differentiated cells in the model. Feedback mech-
anisms from more mature cell stages into stem cell regu-
lation processes are not yet included. The same is true for
regulatory mechanisms of differentiated cell stages. Asa
technical consequence, kill rates have exclusively been
applied to stem cells. There is no dynamic regulation in
the model which compensates for an increased death
rate of differentiated cells, for example by an increased
amplification of previous cell stages. Consequently,
treatment interventions may result in a short-term un-
derestimation of absolute numbers of differentiated cell
stages.

Despite these limitations, the stochastic model used in
this paper is still the most comprehensive mathematical
model which has so far been applied to the situation of
CML. Previous model approaches could explain only a
subset of the experimentally and clinically observed phe-
nomena. Michor et al. [2005] used a 4-compartment
model approach based on a hierarchical view of hemato-
poietic differentiation. They show that their model can
reproduce clinical data on IM treatment on a short time
scale of 1 year. The authors conclude from their model
analysis that leukemia stem cells are not at all depleted by
IM therapy. This statement has since been controversial-
ly discussed [Glauche et al., 2007b; Michor, 2007]. Fur-
thermore, it is assumed that normal and malignant cells
grow totally independent of each other. As this presump-
tion seems to be unlikely, the authors recently presented
a more sophisticated model, which assumes a competi-
tion process between normal and malignant cells [Ding-
li and Michor, 2006]. This model is in principle also able
to consistently explain short- and long-term BCR-ABLI
transcript dynamics.

It could be shown in the present study that the applied
stochastic model represents a powerful tool to study
emergence and development of CML. Furthermore, this
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work provides the first systematic model analysis of the
functional mechanisms potentially associated with CML
emergence. It will be a future challenge to further con-
tribute to a better understanding of the disease. For ex-
ample, IM resistance, which currently represents a major
obstacle to successful treatment, will be analyzed from a
modeling point of view. So-called secondary mutations,
which are thought to play an important role in IM resis-
tance, are currently neglected in our modeling analyses.
They will be considered in future studies. Furthermore,
mathematical modeling might contribute to an optimi-
zation of treatment planning.

Appendix

The presented model is mathematically represented as a sin-
gle-cell-based, stochastic process. This means that the develop-
ment of each individual cell in the system is simulated according
to a set of defined rules including stochastic decisions. These rules
are applied at discrete time steps (At = 1 h) to simultaneously up-
date the status of all model cells. Each cell is characterized by a
triple [a(t), m(f), c(f)], defined by its affinity a(f) € {0} U [amin,
Amax)> its signaling context m(f) € {A, )} and its position in the
cell cycle c(t) € {0,1, ... , 7}, with 7. representing the cell cycle time.
To realize an update step, the actual total number of stem cells in
A and Q [N,(t), Ng(t)] is determined. Based on these numbers,
the new status of each model cell [a(t + 1), m(t + 1), c(t + 1)] is cal-
culated as follows.

(1) If the cell resides in signaling context A, it changes to () or
stays in A with probabilities w = a;,/a(f)f,[No(t)] and 1 - w, re-
spectively, where f,, denotes the transition characteristic describ-
ing the change from A to () (see below). If the cell stays in A, its
affinity a is increased by multiplication with regeneration coef-
ficient r = 1 [a(t + 1) = a(t)*r], until a has reached its maximum
value a,,y. If the cell changes to signaling context Q) [m(t + 1) =
], its position in the cell cycle is set to the beginning of S-phase
[c(t + 1) = ¢1], which is calculated by ¢; = 7. + (75 + 76,/m). Here, 75
denotes the length of S-phase and 7,/ defines the combined du-
ration of G,- and M-phase.

(2) If the cell resides in signaling context (), it changes to A or
stays in () with probabilities a = a(t)/am.yfo[Na(t)] and 1 - «, re-
spectively, where f, denotes the transition characteristic describ-
ing the change from () to A (see below). Herein, a change to sig-
naling context A is only possible in G;-phase of the cell cycle, that
is, c(f) < ¢;. If the cell changes to A, only its signaling context is
modified [m(t + 1) = A]. If it stays in (), it is tested whether a has
already reached its minimum value a,,;,. If not, a is decreased by
division by differentiation coefficientd = 1 [a(t + 1) = a(t)/d] and
the cell cycle position is incremented [c(f + 1) = c(f) + 1]. In case of
cell cycle completion [that is, c(f) > 7], c(t + 1) is set to zero and a
new identical cell is generated (cell division). If, in contrast, a has
reached the minimum value a,;,, it is set to zero and the cell is
considered to start a terminal differentiation program. This
means that the cell initiates a clone with a fixed life time A =
Ap + Ap. Herein, the first period A, represents the status of prolif-
erating precursors where the clone still amplifies with a duplica-
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tion time 7.. The second period Ay, represents the status of non-
proliferating precursors and mature cells (for a schematic of the
model, see fig. 1).

The transition probabilities & and w depend on the actual af-
finity of the cell a(f), on the fixed parameters a,,;, and ap,y, and
on the transition characteristics f,[Na ()] and f,[Nq(t)], respec-
tively. The latter 2 functions depend on the total number of stem
cells (N4, Ng) in the respective target signaling contexts. They are
modeled by a general class of sigmoid functions:

determine v}, », Vs and v, by the more intuitive values f,(0),
JaroWNas/2)s fajoNaja) and fo o (®e): = limy, .. faroNas):

v = (hhhs = h)/(hy + hs - 2h,)

v,=h -n
v =In[(h; - 1)/v,]
Vy :fa/m (“)

with

fa/w (NA/Q> = !

+v,

NA/XZ

A/Q

vt exp[zx3

The parameters v}, v,, v; and v determine the shape of f,.
Ny is a scaling factor for Ny/. It is possible to uniquely
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