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ABSTRACT. A mathematical model is presented that describes several signal-
ing events that occur in cells from patients with chronic myeloid leukemia,
i.e. autophosphorylation of the Bcr-Abl oncoprotein and subsequent signaling
through the Crkl pathway. Dynamical effects of the drug STI-571 (Gleevec)
on these events are examined, and a minimal concentration for drug effective-
ness is predicted by simulation. Most importantly, the model suggests that,
for cells in blast crisis, cellular drug clearance mechanisms such as drug efflux
pumps dramatically reduce the effectiveness of Gleevec. This is a new predic-
tion regarding the efficacy of Gleevec. In addition, it is speculated that these
resistance mechanisms might be present from the onset of disease.

1. Introduction. Chronic myeloid leukemia (CML) is a proliferative disorder of
the blood system characterized by the increased production and accumulation of
cells from the myeloid lineage. Though this lineage encompasses many cell types
such as red blood cells, platelets, monocytes, and neutrophils, the neutrophil cell
type is most affected (Figure 1). Indeed, patients with CML often have blood neu-
trophil concentrations a hundred to a thousand times above normal. All blood cells
originate from a small pool of hematopoietic stem cells in the bone marrow. Thus,
the origin of the elevated neutrophil count, and the origin of the disease, is a small
pool of malignant stem cells that exhibit deregulated proliferation [19,25,27,43].

CML progresses through three stages. The initial chronic phase is characterized
by the overproduction of granulocytes. Non-leukemic granulocytes continue to be
produced, and both leukemic and non-leukemic cells mature fully. This phase
typically lasts 3-5 years from diagnosis. An intermediate accelerated phase of 6-
18 months follows. Lastly, blast crisis occurs, a stage in which the production of
non-leukemic granulocytes disappears as the production of leukemic granulocytes
dominates. In addition, a higher percentage of the leukemic granulocytes produced
are immature, non-functional cells. Prognosis during blast crisis is usually poor,
with a median duration to mortality of only 3-6 months [31,39].
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FIGURE 1. Hematopoiesis. Blood cells of all types originate from
a small pool of hematopoietic stem cells in the bone marrow. The
two major lineages are the myeloid lineage and the lymphoid lin-
eage. FEach lineage is further divided into more specialized cell

types.

At the molecular level, the hallmark of CML can be traced to a single mutation:
the presence of the Philadelphia (Ph) chromosome in myeloid cells at all stages
of differentiation. This chromosome is created by the translocation of a region
of chromosome 9 with a region of chromosome 22 [38]. Chromosomes contain
genes, and genes encode proteins. The major protein that corresponds to the Ph
chromosome is Ber-Abl, and is present in >90% of cases of CML [3,10,15,51].

Functionally, Ber-Abl acts as a kinase enzyme, catalyzing the addition of phos-
phate groups to various substrate molecules, but in a deregulated manner, whereas
cell signaling is normally a carefully regulated process. Enzymes become activated
and inactivated in response to both extracellular and intracellular conditions. In
response, different signaling pathways become activated or inactivated. Bcr-Abl
abrogates this on/off control mechanism by continually activating multiple signal-
ing pathways, pathways linked, for example, to the control of cellular proliferation
and cell death. Signaling pathways constitutively activated by Ber-Abl include: the
Ras pathway [31,36], the Jun-kinase pathways [37], the PI3K pathway [45], and the
Jak-STAT pathway [8,14,26].

That Ber-Abl alone is sufficient to cause CML has been experimentally estab-
lished [13], and represents a unique feature of CML. The cause of most cancers
usually cannot be traced back to the presence of a single genetic abnormality, as in
CML. Instead, for most cancers, a multitude of defects arise at both the genetic and
molecular level, obscuring the underlying mechanism for the transformation of a
cell from the normal state to a cancerous state. Because of the unique role that Ber-
Abl plays in CML, research efforts aimed at treating CML have logically targeted
Ber-Abl and its enzymatic activity. Therapies based on this strategy have already
proven themselves as viable treatments for CML. In particular, recent clinical trials
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of the compound STI-571, branded Gleevec by the drug company Novartis, have
demonstrated remarkable efficacy at inhibiting Ber-Abl and inducing remission in
patients with CML [11,18,28].

We present a mathematical model here that describes Ber-Abl autophosphory-
lation and signaling through the Crkl pathway. The main result derived from this
model is that drug clearance by the cell during blast crisis is very rapid, leading
to reduced drug effectiveness. In addition, it is speculated that this mechanism(s)
might be present even before therapy begins. Lastly, results of a phase plane anal-
ysis predict a minimal value for the cellular concentration of Gleevec required for
efficacy.

2. Mathematical Model. Our model contains two main components. This first is
Ber-Abl autophosphorylation. Unphosphorylated Ber-Abl binds reversibly to ATP
to form a Ber-Abl-ATP complex, which then encounters a second Bcer-Abl-ATP
complex to cross-phosphorylate Ber-Abl. This phosphorylated form of Ber-Abl
is denoted Ber-Abl*. Simulation results from this portion of the model can be
compared to mouse experimental Ber-Abl autophosphorylation data [29].

The second component of the model is Ber-Abl signaling through the Crkl path-
way. Ber-Abl* binds a molecule of ATP. At this point, the Ber-Abl*-ATP complex
binds Crkl, transferring to Crkl a phosphoryl group from ATP. Finally, the Ber-
Abl*.-ADP-Crkl breaks apart to give Ber-Abl*, ADP, and phosphorylated Crkl,
denoted Crkl*.

Crkl signaling is included here because the phosphorylation level of Crkl provides
an indirect measure of Bcr-Abl activity in human cells. Ber-Abl autophosphory-
lation levels cannot be measured directly from human cells obtained in the clinic
[23], so an indirect measure must be used. This indirect measure is taken to be the
percentage of phosphorylated Crkl molecules; Crkl is a known substrate of Ber-Abl
[34,35,48]. In normal human cells, the percentage of phosphorylated Crkl molecules
is approximately 25%-30%, but in leukemic cells it is over 70% [23]. To make our
model more relevant for human data then, we have included Ber-Abl signaling
through the Crkl pathway. It must be emphasized, however, that examining Ber-
Abl signaling through the Crkl pathway is not the main goal of our model since no
experimental time-concentration data exists with which this portion of the model
can be validated. The Crkl pathway has therefore been included in anticipation
that such time course data from human cells obtained in the clinic will become
available in the future.

A diagram of the complete network of Ber-Abl autophosphorylation and Crkl
signaling is presented in Figure 2. Figure 3 illustrates how Gleevec acts as a com-
petitive inhibitor of ATP for both Ber-Abl and Ber-Abl* [40].

The diagram in Figure 2 is translated into the following set of ordinary differential
equations using standard principles of biochemical kinetics.

d[Ber-Abl]

o = So — k1[Ber-Abl][ATP] + k_1[Ber-Abl-ATP]

+kdeph1 [Ber-Abl*] — kdegl [Ber-Abl]
71{11 [BCI‘—Abl] [G] + kfll [BCI‘—AblG] (1)
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FIGURE 2. Ber-Abl autophosphorylation and signaling through
the Crkl pathway. The first step in all Ber-Abl mediated cell signal-
ing events is the binding of ATP to Ber-Abl. Two such molecules
then cross-phosphorylate each other to produce an activated, phos-
phorylated form of Ber-Abl, denoted Ber-Abl* and two molecules
of ADP. Ber-Abl* then binds a second ATP molecule, after which
it can bind a number of substrates. One such substrate is Crkl.
The Ber-Abl*-ATP complex phosphorylates Crkl, which then prop-
agates the signal through the rest of cell.

w = k1[Ber-Abl|[ATP] — k_;[Ber-Abl-ATP]
—kq A [Ber-Abl-ATP)?

+k_1 A [Ber-Abl-ATPeBcr-Abl-ATP] 2)

d[Ber-Abl-ATPeBcr-Abl-ATP]

= = kq a [Ber-Abl- ATP)?

—k_q A [Ber-Abl-ATPeBcr-Abl-ATP]
—kauto/Ber-Abl- ATPeBer-Abl-ATP] (3)

*
dlBer-AbIT] o [Ber-Abl- ATPeBer-Abl-ATP] — k)3 [Ber-AbI*|[ATP]

+k_1[Ber-Abl*-ATP] — kyo[Ber-Abl*][G]
+k_19[Ber-Abl*-G] + kpp, [Ber-Abl*- ATP-Crkl] (4)
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FIGURE 3. Current understanding of the mechanism of action of
Gleevec (STI571). Gleevec is a competitive inhibitor of ATP for
the ATP binding site in both Ber-Abl and Ber-Abl*, though the
drug binds more strongly the unphosphorylated form, Ber-Abl.
Binding of ATP to Ber-Abl and Ber-Abl* is crucial to Ber-Abl
induced deregulated cell signaling.

d[Ber-Abl-ATP]

7 = kg [Ber-Abl*|[ATP]

—k’_ 1B [BCI‘—Abl* ~ATP]
—ko[Ber-Abl*-ATP][Crkl] 4+ k_o[Ber-Abl*- ATP-Crkl](5)

d[Ber-Abl-ATP-Crkl]
i

= ko[Ber-Abl*-ATP][Crk]]
—k_o[Ber-Abl*-ATP-Crkl]

—kp, [Ber-AbL ATP-Crk] (6)
O] — S, — kgogs Crkl) — ky[Ber-AbI*-ATP|[Crk]
+k_o[Ber-Abl* ATP-Crkl] + kgeppo[Crkl* )
O] — 6, + ki [Ber-ALS- ATP-Crkl] — kg o [Crkl] (8)
dBer-AbLG] - _ ;o (Ber-ADBI[G] — k_pq [Ber-AbLC] 9)
a[Ber-Abl*.G]

a = kyo[Ber-AbI|[G] — k_[o[Ber-Abl*.G] (10)
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2.1. Notation. [...] represents cellular concentration in nM of a particular species.
Sp and Sy are the synthesis rates of Ber-Abl and Crkl from DNA transcription and
subsequent mRNA translation, respectively. Sy is the background phosphorylation
rate of Crkl to produce Crkl*.

2.2. Model Assumptions. First, we assume that the concentration of ATP, de-
noted [ATP], is constant.

Second, we assume that the phosphorylation of Crkl by inactive Ber-Abl is neg-
ligible in comparison to the phosphorylation of Crkl by activated Ber-Abl*. Phos-
phorylation reactions require that the enzyme initially bind ATP. The rate with
which ATP binds to the unphosphorylated, inactive form of Ber-Abl is a thousand
times lower than the rate with which it binds to the active, phosphorylated form
[40].

Third, we assume that autophosphorylation of Ber-Abl proceeds via a cross-
phosphorylation mechanism whereby two molecules of Ber-Abl-ATP bind to each
other and a phosphoryl group from ATP is transferred from one complex to the
other. Though autophosphorylation can also occur via an intramolecular mecha-
nism, kinetic experiments involving the catalytic domain of murine Bcr-Abl more
strongly support a cross-phosphorylation mechanism [6].

Fourth, we assume linear degradation for all species. Currently there are two
known mechanisms of protein degradation. The first consists of enzyme-mediated
attachment of a ubiquitin chain to proteins, which are then recognized and tar-
geted for degradation by proteasomes [22]. The second is mediated by enzymes
in cellular organelles called lysosomes [12]. Though both mechanisms could give
rise to nonlinear degradation dynamics, we assume that the concentrations of any
enzyme involved in protein degradation remains sufficiently constant such that the
dynamics can be taken as first order. In a similar manner, we assume that all
dephosphorylation reactions are also first order.

Fifth, we assume that the rate of binding and phosphorylation of two Becr-
Abl-ATP molecules during cross-phosphorylation is much faster than the rate of re-
lease of products from the Ber-Abl*- ATPeBer-Abl*-ATP complex (kguto << k14)-
Exact numerical values for kg, and k14 are not known for this particular reaction,
so we base this assumption on published rate constants for similar binding, phospho-
rylation and product release reactions mediated by other kinase enzymes [9,44,52].
Similarly, we assume that the rate of binding and phosphorylation of Crkl by the
Ber-Abl*-ATP complex is much more rapid than the rate of release of products
from the Ber-Abl*-ATP-Crkl complex (kph << ko). These two assumptions imply
that the concentration of [Ber-Abl-ATPeBer-Abl-ATP] and [Ber-Abl*-ATP-Crkl]
reach pseudo-steady state relative to the other reactions in the system. Setting the
rate equations for these two species to zero and making appropriate substitutions
leads to the following reduced set of equations.

dBer-AbI] - _ g} [Ber-ABIJ[ATP] + k_, [Ber-Abl-ATP]
Jrkdephl [BCI’—Abl*] — kdegl [BCI‘—AbH

10°
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d[Ber-Abl-ATP]

= = ky[Ber-Abl][ATP] — k_1[Ber-Abl-ATP]

__MAFanto g apaTR)? (12)
k_1A + Eauto
d[Ber-Abl*] _ Fypkauto
dt "~ k_qA + Fauto
kphk2
kph + k2

[Ber-AbL-ATP)? — kg [Ber-Abl¥][ATP]

+ [Ber-Abl* ATP][Crkl] - kgopp 1 [Ber-Abl]

9
+k9 [Ber-Abl*| ((%) G?@”) + k_19[Ber-Abl*-G|  (13)

d[Ber-Abl-ATP]

o = kg[Bcr-Abl*|[ATP] — k_g[Bcr-Abl*-ATP]

kjphk2
— P2 [Ber-Abl*-ATP][Crk]] (14)
kph +k_o
ke k
d[cdikl] _ 5 — — PN R ABI*.ATP][Crk]
kph +k_o
+hdeph2[Crkl*] — kqego[CTH] (15)
alCrkl]  _ Fphks Ber-Abl*. ATP][Crkl] — & Crkl*
T =S P, B AN ATPICH] ~ Kgopn[Cri] - (16)
dBer-AbLG] - _ 4 (Ber-AbI|[G] — k_1 [Ber-AbLG] (17)
*,
w = ko [Ber-Abl¥][G] — k_o[Ber-Abl*.G] (18)
aGm
T U kG (19)
ng? m m m m
—5 = k21GIp — kG + k3G gy — koo Gy (20)

4G el m m m 59 m
—i = kngbl - ngGceH* kdegchelli kIl W [BCI‘—AbH Gcell

i ((22) o) - ((22) et
+k_19 ((%) [Bcr—Abl*-G]) (21)

The last three equations, (19)-(21), describe the pharmacokinetics of Gleevec
in the mouse (Figure 4). G7}p, Gy}, and G,y represent the mass of Gleevec in
the intraperitoneal cavity (IP), blood (bl), and cell, respectively. U represents the
injection rate of the drug into the animal, and is approximated by an impulse func-
tion. The numerical factor (109/59) converts between mass units and nanomolar
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FIGURE 4. Pharmacokinetic model for Gleevec in the mouse.
Gleevec is injected into the intraperitoneal (IP) cavity. We assume
a mouse body weight of 25 grams to arrive at an initial Gleevec
dosage of 0.00125 g [29]. The blood then delivers the drug to the
tumor cells located on the left flank of the mouse.

concentration units; the molecular weight of Gleevec is 590, and the apparent vol-
ume of distribution was calculated to be 0.1 L using data from [29] and [21] and
standard principles of pharmacokinetics [41].

Equations (19)-(21) are necessary to compare simulation results with experimen-
tal in vivo data from mouse models of CML available in the literature [29]. In these
experiments, Gleevec is administered either orally (liquid form) or intraperitoneally,
after which it is absorbed into the blood. The blood then delivers drug to the tu-
mor cells, located on the left flank of the mouse. Both oral and intraperitoneal
administration lead to rapid absorption into the blood.

Simulation results of individual species by themselves cannot be used to compare
the model to experiment; concentration-time data for individual species are not
available. On the other hand, relative data, i.e. the ratio of phosphorylated Ber-
Abl molecules after Gleevec administration to phosphorylated Ber-Abl molecules
before Gleevec administration, is available [29]. In addition, pharmacokinetic data
for Gleevec in the mouse is available in [21]. As a result, the following output model
was used to compare our mechanistic model, equations (11)-(21), to experimental
data:

[Ber-Abl*],_
=1 e (22)
[Ber-Abl*],_,
bl
Y2 = (23)
59mgolL

Equation (22) represents the percentage of phosphorylated Ber-Abl molecules
after administration of Gleevec at time ¢ = 0, while equation (23) represents the
concentration of Gleevec in the blood in units of mol/L. The value of [Ber-Abl*| at
time ¢ = 0 is not known precisely. However, experimental gel data in [21] suggests
that in the absence of Gleevec, most Ber-Abl molecules exist in the phosphorylated
state. Consequently, initial values for both [Ber-Abl] and [Ber-Abl*] were chosen
such that the ratio [Ber-Abl*]/[Ber-Abl] was as close to one as possible.



MODEL OF GLEEVEC DYNAMICS IN CHRONIC MYELOID LEUKEMIA 107

T
W Experimental Data
—— Simulation results

0.9

o o o
o ~ ©

percent Bcr—Abl autosphorylation

o
0

0.4

0.3
0 100 200 300 400 500 600

time (min)

FIGURE 5. Best fit of equations (11)-(21) to data. Error bars were
determined separately from the experiment. Gel experiments were
obtained from the authors of [29], and the percent error computed
as the standard deviation of the band intensities divided by the
average intensity.

3. Parameter Estimation. Numerical values for the parameters in Table 1 were
established from: 1) published values for the particular reaction, 2) published val-
ues for similar reactions in different systems, and 3) concentration-time curves for
our model fitted to experimental data from [29] and [21] using least squares opti-
mization.

To fit simulated concentration-time curves to experimental data, a hybrid param-
eter search algorithm was employed, based on differential evolution (DE) for global
searching [45], in combination with a local search algorithm provided in MATLAB.
DE is a population based direct search algorithm having the same general schema
as a conventional genetic algorithm (GA), but is more efficient for optimization
of a real-valued multimodal function. To further guarantee the optimality of the
estimated parameters, after the termination of the DE algorithm, a local search is
started from the approximate solution that the DE reaches. The local search algo-
rithm used here is a trust region based conjugate gradient method implemented in
the Matlab Optimization Toolbox; details can be found in [4]. The best fit criterion
was taken to be minimization of unweighted least squares error, based on variability
data provided by the author of ref. [21] (personal communication). Matlab was
used to implement the overall scheme for parameter estimation and simulation.

Due to the large size of the parameter space, only certain combinations of pa-
rameters likely to be identifiable were allowed to vary; the rest were held fixed.
Adjustable parameters were chosen based on the following criteria. We first fixed
parameters with values known directly from the literature (Table 1). We then
identified those parameters found in combination with other parameters as sums
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Parameter | Value Units Parameter Type | Source |
1 k1 0.048 nM~! min—! 2 [9,44]
2 k_1 0.06 min ! 3
3 k1A 3.5 nM~! min—! 3
4 k1A 0.036 min~? 3
) k1B 0.006 nM~! min—! 2 [9,44]
6 k1B 0.00849 + 1.09x107° min ! 4
7 ko 0.0032 nM~! min—! 2 [32]
8 k_o 0.186 min~! 2 [32]
9 kauto 0.48 min—! 2 [47]
10 kph 0.42 min ! 2 [33]
11 kdephl 0.000268 min~? 3
12| kgeph2 0.022 min~* 3
13 kry 0.006 nM~! min—! 1 [40]
14 k_11 40x kyq min ! 1 [40]
15 ko 0.0002 nM~! min—! 1 [40]
16 kfIQ 7000Xk12 min~?! 1 [40]
17 So 0.0148 + 1.15x107° nM/min 4
18 S1 0.0024 nM/min 3
19 So 1.8x107° nM/min 3
20 kdegl 0.0018 min—! 1 [16]
21 | kqeg2 0.042 min~* 3
22 kdeg?) 1.00 £ 6.30x10~2 min ! 4
23 [ATP] 7 nM 3
24 ko1 3 min~! 3 [21]
25 k3o 0.00935 + 1.23x107° min~? 4 [21]
26 kos 0.00221 + 3.86x10~° min ! 4 [21]
27 ko1 0.0042 min ! 1 [49]

TABLE 1. Parameter values for Ber-Abl signaling model. Param-
eter types are as follows. 1: values obtained from the literature,
based on experimental data related to the particular reaction, with
sources given. 2: estimated using known experimental data from a
similar, but unrelated, reaction. 3: unidentifiable model parame-
ters. 4: identifiable model parameters fitted to produce best least
squares error of simulation results to known experimental data.
These are given along with their computed standard deviations.

or products, as in equations (12)-(16), e.g. the term k1akayuto/(k—14 + kauto) in
equation (12). Since the individual parameters in these combinations do not appear
in other parts of the model, we redefined each combination as a lumped parameter
to simplify analysis:

__k1ARauto Gy — FphFa (24)

k_1A + kauto kon + k-2

Next, a numerical sensitivity analysis was performed to test identifiability of the re-
maining adjustable parameters. Individual parameters and the lumped parameters

851
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in (24) were adjusted sequentially up to one order of magnitude above and below an
initial estimated value to discern if the change would have an effect on simulation
output. Those that produced no change in output were fixed. The actual values of
these numerically unidentifiable parameters are not of biological importance to this
study, so fixing them is justified given that the resulting least squares fit is accept-
able. In the end, a reduced set of adjustable, numerically identifiable parameters
was obtained. These were then allowed to vary during the hybrid DE - local search
parameter fitting runs.

After fitting, parameter standard deviations (Table 1) were computed using data
variability noted earlier as follows. Given N measurements and p unknown pa-
rameters to be identified, the covariance matrix of the estimated parameters was
calculated from [2]:

V=627
where 62 is the estimate of the variance of measurement computed as ﬁ times the
sum squares of residual error between the measurement and the simulated output
using the estimated parameters, and J is the N X p sensitivity matrix that contains
the derivatives of the model outputs with regard to the estimated parameters at

every instant of the observation. J was obtained by a forward approximation of
the derivatives.

4. Simulation Results. Equations (11)-(21) with equations (22) and (23) as the
output were simulated and fit to experimental data [21,29]. A good fit was obtained
only when the parameter kdegS became large (Table 1). This parameter represents
nonspecific clearance of Gleevec from a cell, for example degradation of the drug
within the cell itself or drug eflux from the cell mediated by membrane transporter
proteins such as P-glycoprotein (Pgp) and Multidrug Resistance Protein (MRP)
[1,42,50]. The large value of this parameter has an important biological implication:
it predicts that, during blast crisis, mechanisms responsible for drug degradation
and/or clearance from a cell dramatically reduce the effectiveness of Gleevec.

5. Phase Plane Analysis. The crucial first step in all Ber-Abl mediated signaling
events is the initial binding of ATP to Ber-Abl. Mathematically, this is reflected
in the fact that equations (11) and (12) drive all other equations in the system.
Inspection of (11) and (12) reveals that the only coupling that occurs between
these two equations and other equations in the system arises from only two terms
appearing in (11), the k_y9[Bcr-Abl-G] term and the kdephl [Ber-Abl*] term. As-
suming that these two terms are negligible decouples (11) and (12) from the rest of
the equations. This allows for a phase plane analysis of (11) and (12), leading to
relevant biological conclusions in this limiting situation.

The phase plane portrait of equations (11) and (12) is presented in Figure 6; the
corresponding null clines are given by

k_1 So
Ber-Abl| = Ber-Abl-ATP] 4
[ ] k1 [ATP] + kdegl + kIl [G} [ ] k1 [ATP] + kdegl + kIl [G}
(25)
[Ber-Abl] = F1Akauto [Ber-Abl-ATP]? + L [Ber-Abl-ATP)
k1[ATP](k_1 A + Fauto) k1 [ATP]

(26)
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FIGURE 6. Phase plane analysis of equations (11) and (12) ne-
glecting the k_y9[Ber-Abl-G] and the kdeph1 [Ber-Abl*] terms in
equation (11). The solid line indicates the [Ber-Abl] null cline in
which no drug has been added to the system. The dotted line in-
dicates the [Ber-Abl] null cline with a Gleevec concentration of 1
mM. The effect of the drug is to move the fixed point to a lower
value of [Ber-Abl] and [Ber-Abl-ATP], as expected. Arrows point
to the location of fixed points.

The figure shows that, before drug therapy begins, the concentration of [Ber-Abl]
and [Ber-Abl-ATP] reach levels of approximately 0.2 nM and 0.12 nM, respectively.
Analytically, this fixed point is given by

b+ Vb2 — dac

[Ber-Abl-ATP] = 5a (27)
kyak
_ 1A "auto
where a = " [ATP](k,1A+kauto)7 and
b koioo k_q
Fi[ATP]  ki[ATP] + Eqegy + Ky [G]
So
c=—

k1 [ATP] + kqegy + k11 [C]

and is stable by linear stability analysis. Adding Gleevec to the system causes this
fixed point to move to lower values of [Ber-Abl] and [Ber-Abl-ATP], as expected.
Because the location of the fixed point is affected by the concentration of Gleevec,
we plot the fixed point as a function of Gleevec concentration (Figures 7A and 7B).
These figures show that a 1 M cellular concentration of Gleevec is enough to drop
the concentration of Ber-Abl by over 90%, whereas a slightly higher concentration
of Gleevec is required to achieve the same 90% reduction in the concentration of
Ber-Abl-ATP. Greater amounts of Gleevec have a minimal effect. It should be
noted, however, that Gleevec cannot reduce the concentration of either species to
zero. This is consistent with the mechanism of action of Gleevec; the drug acts as
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FIGURE 7. (a)-(b). Ber-Abl and Ber-Abl-ATP fixed points as a
function of Gleevec (STI571) concentration. A low mM cellular
concentration of Gleevec appears sufficient to effectively reduce the
amount of Ber-Abl and Ber-Abl-ATP in a cell. This conclusion,
however, should be regarded as the minimal amount required for
drug efficacy because of assumptions made in the analysis (see
text).

a competitive inhibitor of ATP (Figure 3). It does not directly affect the synthesis
of Ber-Abl.

6. Discussion. Simulation results suggest that, during blast crisis, the nonspecific
clearance of Gleevec from a cell is very rapid, reducing effectiveness of the drug. If
this model prediction is correct, it suggests an approach to enhance the effectiveness
of Gleevec: delineate the mechanism(s) responsible for clearance of the drug, and
then develop other therapies to block this process to give in combination with
Gleevec.

One possible mechanism for drug clearance is efflux from the cell mediated by
membrane transporter proteins such as Pgp or MRP. Experimental reports have
already demonstrated that in cell lines resistant to Gleevec, this mechanism plays an
important role [30]. Simulation results presented here predict a new effect. Because
cells used in the experiment to which our model was fitted [29] were acutely treated
with Gleevec, i.e. they had not been exposed to Gleevec prior to the experiment,
the model predicts that cellular drug clearance mechanisms have a significant effect
from the beginning of Gleevec therapy, not just after therapy has begun.

It must be noted, however, that although the cells used in the experiment to
which our model was fitted had not been exposed to Gleevec, they were obtained
from patients in blast crisis who had been previously treated with another drug,
busulfan. As a result, two scenarios exist that might explain the appearance of
cellular drug clearance mechanisms. First, drug clearance might be insignificant
in the beginning, but disease progression to blast crisis and/or exposure to drug
therapies, regardless of which drug is used, might cause an increase in clearance.
Alternatively, clearance mechanisms might be present in leukemia cells from the
onset of disease. Experimental evidence supports the latter scenario [7] for the
specific case of clearance by drug efflux proteins; cells from newly diagnosed CML
patients were shown to already display drug efflux activity at levels much higher
than in non-leukemic cells. In sum, model results predict that cellular drug clear-
ance mechanisms is significant during blast crisis, and it is speculated that this
phenomenon might be present from the very beginning of the disease.
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The model presented here has been fitted to mouse Ber-Abl autophosphorylation
data. Similar data are not available for the human because Ber-Abl obtained from
human clinical material rapidly degrades during experimental procedures required
to isolate the protein [23]. Relevant results for the human can still be reached,
however, despite the fact that we fit our model to mouse data. First, both human
and murine Ber-Abl must initially undergo autophosphorylation in order to become
activated. The mechanism of autophosphorylation is likely the same, although this
must be regarded as an assumption. Second, the catalytic domains of murine and
human Bcr-Abl are identical except for a single amino acid substitution at position
336 in the Abl subunit. Gleevec binds to this catalytic domain, but binding is
unaffected by the amino acid substitution [40]. As a result, the dynamics of Gleevec
in mouse models and in humans with regard to Ber-Abl inhibition is also likely the
same. Thus, results presented here, that cellular drug clearance mechanisms are
significant during blast crisis, are expected to carry over into the human.

Finally, results from a phase plane analysis show that a minimal cellular con-
centration of Gleevec is required for drug efficacy. This conclusion, however, was
made under two assumptions, that the terms k_y9[Bcr-Abl-G] and k‘dephl[Bcr—
Abl*] were negligible. The first assumption, that k_y9[Bcr-Abl-G] is negligible, is
equivalent to Gleevec behaving as a “perfect” drug, one with infinite affinity for
its target. In other words, Gleevec binds Ber-Abl, but never releases. In reality
Gleevec is not “perfect.” Neglecting the second term, kzdephl[Bcr—Abl*]7 ignores

an input source to the equation for Ber-Abl, equation (11). Therefore, the overall
effect of ignoring these two terms is that the cellular concentration of Ber-Abl is
underestimated. As a result, the conclusion reached above, that a 1 mM Gleevec
cellular concentration is needed to effectively lower the level of Ber-Abl, should be
regarded as the minimal amount required for drug efficacy.
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