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The basic model. Our mathematical model is based on the architecture of the hematopoi-
etic system as proposed by Irving Weissman and colleagues'?. Denote by zg, x1, =2, and
xs the abundances of normal hematopoietic stem cells, progenitors, differentiated cells,
and terminally differentiated cells. Their respective leukemic abundances are given by g,
Y1, Y2, and ys for cells without resistance mutations and by zg, 21, 22, and z3 for cells with
imatinib resistance mutations. We assume that normal hematopoietic stem cells are held
at a constant level by a homeostatic mechanism. The growing leukemic cell population
might eventually upset this homeostasis, but we do not consider this effect here. Leukemic
stem cells escape from the homeostatic control and grow at a slow pace; it takes about
6-7 years from the first occurrence of the BCR-ABL oncogene to detection of disease®. If
imatinib resistance mutations are neutral in the absence of treatment, then leukemic stem
cells with these mutations grow at the same rate as the other leukemic stem cells. It is
conceivable that some resistance mutations confer a selective advantage or disadvantage
leading to different expansion rates of resistant clones. We assume, for simplicity, that the
leukemia follows an exponential growth law; other dynamics are possible and need separate
investigation.

Stem cells produce progenitors which produce differentiated cells which produce ter-
minally differentiated cells. The rate constants are given by a, b, and ¢ with appropriate
indices distinguishing between healthy, leukemic, and resistant cell lineages. The current
understanding is that the BCR-ABL oncogene increases the rate at which leukemic stem
cells proliferate and differentiate into progenitors. Furthermore, the BCR-ABL oncogene
is thought to increase the rate at which progenitors proliferate and turn into differentiated
leukemic cells. Therefore, we expect that a, > a, and b, > b,. Imatinib counteracts this
effect and reduces the rates to a; < ay and b’y < by. The death rates of stem cells, pro-
genitors, differentiated, and terminally differentiated cells are denoted by dy, di, do2, and
ds. The ‘death’ rates can include further differentiation of some cell types. Progenitors,
differentiated, and terminally differentiated cells have a limited potential for cell division.

They divide a certain number of times before they differentiate further or undergo apop-
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tosis. The actual dynamics of this process is more complicated than described in our
simple model, but the essential features are captured: we assume that a stem cell leads
to a progenitor lineage that divides i times thereby generating 2° cells. The number 2¢ is
embedded in the rate constant a. Equally, a progenitor leads to a differentiated cell that
generates 27 cells, and this number is embedded in the rate constant b. Imatinib reduces
the rate constants a and b, thereby preventing a certain number of cell divisions in each
stage.

With these assumptions, we have the following system of differential equations:

to = [Mzo) —dolzo  go =[ry(1 —u) —dolyo 20 = (r2 —do)zo + ryyou
T1 = azTo — d171 U1 = ayyo — d11 21 =az20 —diz1
Tg = by — dowo Y2 = byy1 — dayo Z9 = bz1 — doz
T3 = CpT2 — d3T3 Uz = cyy2 — d3ys i3 = Cy22 — d3z3

Homeostasis of normal stem cells is achieved by an appropriate declining function, .
Normal cells remain at their equilibrium values, zo, 1 = azxo/d1, x2 = byx1/d2, and
T3 = cgwo/ds. At the start of therapy, leukemic cells are in steady state ratios with
their precursors: ys3 = cyy2/ds, y2 = byy1/de, and y1 = ayyo/d1. The leukemic stem cell
population expands as yo(t) = exp[(ry — do)t] (ignoring resistance mutations). Imatinib
dramatically reduces the rate constants, a, to a; and b, to b;. This leads to a bi-phasic
decline. The first slope describes the exponential decline of differentiated leukemic cells to
their new steady state, ys = b;yl /da. The magnitude of this decline is around 1000-fold,
suggesting that b; is 1000 times smaller than b,. Thus, imatinib prevents about 10 rounds
of cell division of differentiated leukemic cells. Note that 2! = 1024. The exponential
decline is given by exp(—dat). The observed slope establishes that the turnover rate of
differentiated leukemic cells in the presence of imatinib is de = 0.05 per day. Hence the
average life-time of these cells is about 1/ds = 20 days. After about 200 days of therapy,
differentiated leukemic cells have reached their new steady state with leukemic progenitors
and follow their decline that is given by exp(—dit). The data suggest that the turnover
rate of leukemic progenitors is d; = 0.008 per day corresponding to an average life-time
of about 1/d; = 125 days. A minimum estimate of the magnitude of this decline is about
7-fold, suggesting that a; is at the very least 7 times smaller than a,. The overall 5000-fold
decline is the combined effect of a;, and b .

We have assumed that imatinib primarily acts by reducing the proliferation rate of
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leukemic cells, but it is in principle possible that imatinib also increases the death rates
of those cells. In this case, we have to assign different death rates to the z, y and =z
populations, but all our conclusions remain the same; the numerical estimates for the
decay slopes refer to the death rates of the corresponding cells during imatinib therapy.
‘Death’ includes any process that removes cells from the relevant subpopulation and does
include cellular differentiation. It is also conceivable that the BCR-ABL oncogene changes
the death rates of leukemic cells. In this case again, the observed slopes indicate the
turnover rates of leukemic cells during imatinib therapy. Should BCR-ABL and imatinib,
however, not affect the death rates of these cells, then our results apply to the turnover
rates of healthy hematopoietic cells, too.

If therapy is interrupted, the model predicts an explosive recurrence of cancer cells.
Since imatinib leads to an at least 5000-fold reduction of the production of differenti-
ated leukemic cells, stopping therapy leads to a sudden 5000-fold increase of differentiated
leukemic cells at the time scale of their cell division. If imatinib led to a decline in leukemic
stem cells, then the rebound after therapy should be to a level below baseline (by whatever
amount leukemic stem cells have declined during therapy). If imatinib does not lead to a
decline of leukemic stem cells, the rebound should lead to baseline levels or beyond. The
latter is observed in all three patients who stopped therapy (Fig. 2). Once terminally dif-
ferentiated leukemic cells reach their new steady state, the further increase of the disease
burden follows the characteristic time scale of leukemic stem cell expansion.

For comparison with the experimental PCR data, we calculate the BCR-ABL to BCR
ratio as (ys + z3)/(2zs + ys + 23) times 100%. A healthy cell has two copies of BCR. A
leukemic cell normally has one copy of BCR and one copy of BCR-ABL. Most cells that
are sampled by the PCR assay are terminally differentiated cells.

There are several other theoretical investigations of CML that analyze various aspects
of the disease*~7.

The probability of resistance mutations. Table 1 shows the observed percentage
of patients with acquired resistance mutations during the first and second year of treatment.
In 5.9% of early chronic phase patients, resistant leukemic cells are detected within the
first year of treatment; in 12%, resistant leukemic cells are detected within the first two
years of therapy. These numbers increase to 14% and 32% in late chronic phase patients
and to 38% and 62% in accelerated phase patients. ‘Early chronic phase’ refers to patients

who commenced imatinib within one year of diagnosis.
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We use a continuous-time branching process to calculate the probability that a patient
has resistance mutations at the beginning of imatinib therapy. Assume that resistance
mutations are neutral prior to therapy: this means mutated and unmutated stem cells
expand at the same rate in the absence of imatinib. Leukemic stem cells, 1y, follow a
branching process starting with a single cell at time ¢ = 0. They go extinct with probability
do/a, and grow exponentially to give rise to leukemia with probability 1—dy/a,. Resistant
mutants are produced from normal leukemic cells with probability u per cell division. They
reproduce and die at the same rate as normal leukemic cells. For the probability of having
resistance mutations once the stem cell population has reached a certain size, 1y, we obtain
P =1 — exp(—uyoo). Here 0 = (1 + s)log(1 + 1/s), where s = (ay, — do)/dop denotes the
excess reproductive ratio of leukemic stem cells. For a wide range of plausible values of s,
there is only little variation in o: if s changes from 0.1 to infinity, then o changes from
2.64 to 1.

We expect that patients who are diagnosed at later stages of CML disease tend to have
a larger population size, 1y, of leukemic stem cells and consequently a higher chance of
harboring resistance mutations at the time when therapy is started (Table 2). In addition,
these patients might already have a more aggressive, faster growing leukemia and therefore
the time to detection of resistance and treatment failure can be shortened (Table 3).
Finally, especially in blast crisis it is conceivable that the mutation rate of leukemic cells

is increased, which could also contribute to a higher incidence of resistance mutations.

RQ-PCR measurements. BCR-ABL transcript levels are determined by a quanti-
tative real-time polymerase-chain-reaction (RQ-PCR) assay®?. BCR is used as the control
gene. BCR-ABL values are expressed as percentage of the BCR transcript levels to com-
pensate for variations in the RNA quality and efficiency of reverse transcription. Every
leukemic cell has one copy of the normal BCR gene and at least one copy of BCR-ABL.
The values sometimes exceed 100%because BCR-ABL expression can be upregulated in
leukemic cells.

The PCR measurement determines the fraction of leukemic cells among all terminally
differentiated cells in the blood because peripheral blood predominantly contains such
terminally differentiated cells. The standard method to estimate the level of leukemic cells
in CML patients is conventional cytogenetic analysis of bone marrow metaphases. The
quantitative PCR method for measuring BCR-ABL levels in blood correlates closely with

the cytogenetic assessment of leukemic cells in the bone marrow and is an accurate and
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reliable method for measuring the leukemic burden®~14.

In total we have analyzed data for 169 patients, but 46 of those patients were studied
for resistance and treatment failure. Of the remaining 123 patients, 68 patients had enough
data points and never showed an increase in leukemic cell count during the first 12 months
of therapy. We have chosen these 68 patients to calculate the bi-phasic decline slopes under
successful therapy attempting to exclude the confounding effects of acquired resistance.
Figure 5 shows the molecular response to imatinib in these 68 patients.

The first slope is determined by calculating the exponential decline between 0 and 3
months; a mean value of 0.05 £ 0.02 per day is obtained, which corresponds to a decline of
5% per day. The second slope is determined by calculating the exponential decline between
6 and 12 months; a mean value of 0.008 4 0.004 per day is obtained, which corresponds to
a decline of 0.8% per day. Figure 1f shows the median with quartiles as calculated from

all patients shown here.
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Figure legends.

Figure 5: Molecular response to imatinib. The figure shows the leukemic cell load in all
patients used to calculate the bi-phasic decline. This analysis excludes patients who had
a rise in their leukemic burden during the first twelve months of therapy. This approach

attempts to exclude the effect of acquired resistance mutations.

Table 1: Observed percentage of patients with acquired resistance mutations during the
first and second year of treatment. In 5.9% of early chronic phase patients, resistant
leukemic cells are detected within the first year of treatment; in 12%, resistant leukemic
cells are detected within the first two years of therapy. These numbers increase to 14%
and 32% in late chronic phase patients and to 38% and 62% in accelerated phase pa-
tients. ‘Early chronic phase’ refers to patients who commenced imatinib within one year

of diagnosis.

Table 2: Predicted percentage of patients which harbor resistance mutations depending
on the abundance of leukemic stem cells, 39, and the mutation rate conferring resistance,

u. Resistant leukemic cells can be below detection limit in some patients. We use s = 1.

Table 3: Predicted time until detection of resistance mutations (y3 = z3) and until

treatment failure (23 = 10'?) in dependence of the abundance of resistant stem cells at

the start of therapy, z9(0). Parameter values are dyp = 0.003, di = 0.008, d2 = 0.05,
dz =1, a; = 0.8, b, = 5, ¢, = 100, r, = 0.008, a, = 2a,, by = 2b;, ¢y = ¢z, 7, = 0.023,
/

a, = ay/100, b, = b,/750, ¢, = ¢y, ax = a, = ay, b, = b, = by, c; = ¢, = ¢, and

u=4-10"8.
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Observed incidence of imatinib resistance

early chronic| late chronic | accelerated
phase phase phase

1 year |5.9% 14% 38%

2 years| 12% 32% 62%

Table 1



Predicted fraction of patients with resistance mutations

Y Yo 10° 10 © 10 7 10
4 .10 7 5.4% 43% 100% 100%
4 .10 8 0.6% 5.4% 43% 100%

Table 2



Table 3

Predicted time to detection of
resistance and treatment failure

z,(0) detection failure

10 186 d 566 d

100 141 d 470d
1000 101 d 357d
10 000 61 d 241d

100 000 9.2d 119d




