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Patient-specific molecular response
dynamics can predict the possibility of
relapse during the second treatment-

free remission attempt in chronic
myelogenous leukemia

Abstract

In chronic myelogenous leukemia (CML), treatment-free remission (TFR) is defined as maintaining a major molecular response
(MMR) without a tyrosine kinase inhibitor (TKI), such as imatinib (IM). Several studies have investigated the safety of the first TFR
(TFR;) attempt and suggested recommendation guidelines for such an attempt. However, the plausibility and predictive factors for a
second TFR (TFR;) have yet to be reported.

The present study included 21 patients in chronic myeloid leukemia who participated in twice repeated treatment stop attempts. We
develop a mathematical model to analyze and explain the outcomes of TFR;. Our mathematical model framework can explain patient-
specific molecular response dynamics. Fitting the model to longitudinal BCR-ABLI transcripts from the patients generated patient-
specific parameters. Binary tree decision analyses of the model parameters suggested a model based predictive binary classification
factor that separated patients into low- and high-risk groups of TFR; attempts with an overall accuracy of 76.2% (sensitivity of
81.1% and specificity of 69.9%). The low-risk group maintained a median TFR; of 28.2 months, while the high-risk group relapsed

at a median time of 3.25 months. Further, our model predicted a patient-specific optimal IM treatment duration before the second

IM stop that could achieve the desired TFR; (e.g., 5 years).
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Introduction

Chronic myelogenous leukemia (CML) is a myeloproliferative disorder
that results from the translocation of chromosomes 9 and 22 which leads to
the expression of the oncogenic BCR-ABLI fusion tyrosine kinase and the
clonal expansion of transformed multipotent hematopoietic stem cells [1,2].
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The current standard of care for CML is oral administration of tyrosine kinase
inhibitors (TKIs) targeting oncogenic ABL tyrosine kinase activity. Imatinib
(IM), the first Food and Drug Administration (FDA)-approved TKI for CML
treatment, has dramatically improved the outcomes of patients with CML
[3-5].

After five years of IM therapy, approximately 50% of chronic-phase
patients can achieve a deep molecular response (DMR): A molecular response
greater than a 4-log reduction (MR [4]) is defined as a BCR-ABLI/ABLI
level less than or equal to 0.01% (BCR-ABLI/ABLI < 0.01%). A molecular
response greater than a 4.5-log reduction (MR) [4,5] is defined as a BCR-
ABLI/ABLI level less than or equal to 0.0032% (BCR-ABLI/ABLI <
0.0032%).[6-8] However, due to their side effects, toxicities, and high
treatment costs, TKIs need to be safely discontinued [9,10]. Several studies
have shown that patients who achieve 2a DMR (MR) [4,5] can discontinue
TKIs, and the achievement of long-term treatment-free remission (TFR) is
an important clinical goal after TKI cessation [11-15].


https://doi.org/10.1016/j.neo.2022.100817
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2022.100817&domain=pdf
mailto:eunjung.kim@kist.re.kr
mailto:jaeyoungkim@cnu.ac.kr
mailto:dwkim@eulji.ac.kr
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neo.2022.100817

2 Patient-specific molecular response dynamics can predict the possibility of relapse

E. Kim et al. Neoplasia Vol. 32, No. C, 2022

To support the clinical decision for safe TKI discontinuation, it is
crucial to identify factors that can predict the risk of molecular relapse after
therapy cessation. A multicenter stop imatinib (STIM) study showed that
the duration of IM therapy before the first treatment stop is associated with
molecular relapse after the cessation [12]. In another study, Takahashi et al.
[16] showed that the duration of a major molecular response (MMR) (3-
log reduction in the BCR-ABLI/ABLI transcript ratio, BCR-ABLI/ABLI
< 0.1%) is strongly associated with molecular relapse-free five-year survival
rate following the first IM discontinuation. In our previous work, we observed
that treatment duration and the occurrence of IM withdrawal syndrome
are associated with a lower risk of molecular relapse in TFR; attempts
[11,17]. It should be noted that IM withdrawal syndrome consists of
musculoskeletal pain that resembles Polymyalgia Rheumatica after tyrosine
kinase inhibitor therapy cessation [18]. Daher-Reyes et al. [19] reported
that the doubling time of the BCR-ABLI transcript within the first six
months after IM discontinuation could be a predictive marker for a successful
TFR, attempt. The European LeukemiaNet recently suggested guidelines
for safe TKI discontinuation, including a duration of DMR > 2 years and
TKI therapy duration > 5 years [20]. It has also been reported that early
molecular response dynamics assessed by the BCR-ABLI halving time after
TKI treatment could be a predictive factor for TFR;?. A recent study raised
the possibility of a potential molecular marker that could predict TFR. Shen
et al. reported that folate receptor 3 (FOLR3) was highly expressed in some
non-relapsed patients whereas it was not expressed in any relapsed patients.
Further, the presence of a single nucleotide polymorphism (SNP) in this
gene was associated with the risk of relapse after TKI cessation [22]. Patients
who experience molecular relapse (BCR-ABL1/ABLI increased to 0.1%) after
the first IM discontinuation can receive a second round of TKI treatment.
Patients who achieve MMR again are eligible for a second TKI stop attempt.
However, predictive markers that could support a clinical decision for the
second TKI discontinuation are currently lacking.

Several mathematical models have been developed in attempts to
understand the first principles of leukemic cell dynamics upon the
administration of IM therapy. Some models that are combined with clinical
data involving one-time IM cessation have been used to predict the prognosis
of treatment discontinuation. A mathematical model explaining the biphasic
kinetics of leukemic cell decline upon IM therapy has suggested that the
limited ability of IM to eradicate leukemic stem cells is associated with
IM resistance [23]. In another study, Tang et al. [24] performed statistical
analyzes of STIM study data and developed a mathematical model to provide
insights into the two different outcomes (cure vs. no-cure scenario) of the
trial. An agent-based mathematical model that describes hematopoietic stem
cell organization has suggested that the number of residual leukemic stem
cells at the time of IM stop is a prognostic factor of IM discontinuation [25].
However, none of these models has been applied to a second TFR attempt
(TFRy).

In this study, we describe the molecular response of chronic phase CML
patients who underwent both the first and second TFR attempt by utilizing a
mathematical modeling approach. Specifically, we developed a mathematical
model that could simulate the dynamics of leukemic stem cells, leukemic
progenitor cells, differentiated leukemic cells, and BCR-ABLI levels during
two repeat cycles of on and off IM therapy. The model was calibrated
and validated with longitudinal BCR-ABLI measurements from individual
patients. Based on patient-specific model parameters that control BCR-ABLI
dynamics, we suggest model-based predictive factors for the risk of relapse
during TFR; that could be used to support the clinical decision for a future
second TFR attempt.

Study patients

This study involved a cohort of 21 chronic-phase patients treated with
frontline IM therapy who relapsed during the first TFR attempt and re-

achieved MMR upon the reapplication of IM. These patients then underwent
a second TFR attempt. The patients fulfilled the criteria for safe treatment
discontinuation [20]. The characteristics of these patients are summarized in
Table 1. The median age was 40 years old (range, 18-63 years old). Before
the first discontinuation, the median duration of the initial IM treatment was
68 months (range, 38-136 months). The period of a sustained molecular
response (MR [5]) (BCR-ABL1/ABLI < 0.001%) was 32.9 months (range,
24-103 months). During IM discontinuation, the BCR-ABLI transcript
level was analyzed using a quantitative reverse transcriptase polymerase chain
reaction (QRT-PCR) assay with the following monitoring schedule: every 1-2
months for the first six months, every 2-3 months from the first six months
to 12 months, and every three months thereafter. All 21 patients relapsed
within a median follow-up period of 4 months (range: 2-21 months) in the
TFR; attempt. Upon the initial identification of a loss of MMR (MMR:
BCR-ABLI1/ABLI < 0.1%), a consecutive second assessment was performed
within four weeks. In cases of repeated MMR loss (molecular relapse), IM
treatment was reintroduced, thus resulting in a re-achievement of MR [5] ata
median of 5.6 months (range, 1.8—-12.1 months). After sustaining MR [5] for
a median of 31 months (range, 14-44 months) of IM therapy, IM treatment
was discontinued again. In this cohort, 16 patients experienced relapse within
a median period of 4.8 months (range: 1.8-31 months). The remaining five
patients maintained TFR, with a median duration of 33 months (range, 23—
47 months). This study was approved by the institutional review board and
was conducted according to the Declaration of Helsinki.

Materials and methods
Mathematical model

We developed a mathematical model that describes CML cell dynamics
based on the biology of the hematopoietic differentiation hierarchy system
[26,27]. Morrison et al. proposed the hierarchy of the hematopoietic system,
which is composed of stem cells, progenitor cells, and differentiated cells
[26,27]. Like normal hematopoiesis, leukemogenesis is also known to be
hierarchically organized [28]. Based on these biological data, we developed a
model composed of three cell types: leukemic stem cells, leukemic progenitor
cells, and leukemic differentiated cells. It should be noted that we did not
consider the interaction between normal hematopoietic cells and leukemic
cells since leukemic cells can outcompete healthy cells and already escape
homeostatic control by normal cells [29-31]. Leukemic cells can modify
or hijack their microenvironments to promote their expansion [32,33].
However, we assume that all leukemic cells had already acquired these fitness
advantage over normal cells at the point of diagnosis (~100 international scale
corresponding to 10'? cells), [34] and therefore we do not consider normal
cells’ influence on leukemic cells in this study.

In the model, the abundance of cells is denoted by S (leukemic stem cells),
P (leukemic progenitor cells), and D (leukemic differentiated cells). The §
population divides at a rate of g per day, dies at a rate of §s, and produces
a P cell population at a rate of ¢. The P cell population divides at a rate of
rp and dies at a rate of §p. Since research has shown that the expansion of
the S cell population can be modulated by competition, [31,35] we assumed
density-dependent growth of the S cell population (i.e., growth modulated by
the Sand P cell populations residing in the same microenvironment) [35,36].
This density dependency has also been used by other mathematical modeling
studies [23,24,37]. The P cell population generates the D cell population at a
rate of &. The natural death rate for the D cell population is denoted by 8p.

IM treatment can reduce the expansion of leukemic progenitor cells and
differentiated cells [23]. Studies with CML patients who underwent IM
therapy showed that IM treatment also potentially inhibits the expansion of
leukemic stem cells [35,37,38]. Based on the biological and clinical data, our
model assumes that IM therapy can inhibit the expansion of the S (increased
cell death rate, §s) and P (increased cell death rate 8p) cell populations
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Table 1

Patient characteristics.

Parameters

Patients (N = 21)

Age (yr), median (range)
1st stop
IM therapy duration (mo), median (range)

Period of MR® before IM cessation (mo), median (range)

Duration of TFR; (mo), median (range)
2nd stop
IM therapy duration (mo), median (range)

Period of MR® before IM cessation (mo), median (range)
Duration of TFR;, relapsed, (mo), median(range)

Duration of TFR, (mo), median (range)

40 (18-63)

68 (38-136)
32.9 (24-103)
4 (2-21)

31 (14-44)

5.6 (1.8-12.1)

4.8 (1.8-31) (n = 16)
33 (23-47) (N=5)

Abbreviation: IM, imatinib, MR®, (BCR-ABL1/ABL1 < 0.001%), yr: year, mo: months.

and decrease the differentiation from the P to D cell populations (decreased
differentiation rate from P to D, & by a factor (F)). We provide the following
rationale for why IM can inhibit leukemic stem: The first reason is the
biphasic decline in BCR-ABLI/ABLI transcripts in patients treated with an
imatinib (IM) therapy. The initial sharp decline is caused by the eradication of
proliferating leukemic cells, and the second decline is attributed to leukemic
stem cell death or the inhibition of differentiation [23,37,39—41]. The second
reason is that mathematical analyzes of the IRIS (a phase 3 international
randomized study of interferon and ST1571) [38] revealed that an IM
therapy prevents the proliferation of leukemic stem cells, thus causing the
leukemic stem cell compartment to die out. Otherwise, rapid relapse during
long-term IM therapy is inevitable (~7-8% relapse at the 5th year of IM
therapy; ~50% relapse at the 6th year of IM therapy).

Based on the model assumptions, we develop the following mathematical

model.
das
as _ 5 s0)s,
dt 1S, P)
dpr
— =S+ (rp—8p)P,
dt
4D _ p_s,p
dl’ — DL/
where
s (0 IMoff (0 ifIMoff (& ifIMoff
S = s, if IMon™ 7 = \6p, if IMon™” = \&/zif IMon™ ™7

F > 1 indicates the reduction rate by the treatment. In the model, (S, P) =
S+ P where S+ P > 0.

As this system of nonlinear differential equations cannot be solved in
closed form, we numerically solved the equations utilizing an ODE solver

(odel5s) in MATLAB (MathWorks, Boston, MA, USA).

Parameterization

The model parameter identification and estimation process were
performed by applying a numerical sensitivity analysis, a structure correlation
analysis, and numerical optimization (a more detailed explanation of this
process is presented in the supplementary method). Based on our sensitivity
analysis (Fig. SIA) and structure correlation analysis (Fig. S1B), the parameter
rs was determined to be the least sensitive and mostly correlated parameter,
and so it was set to be a fixed value for all patients (rs =0.001, comparable
to the previous estimation by other groups) [24,37].

To compare patient BCR-ABLI to ABLI ratio data, we calculated the
model predicted BCR-ABLI to ABLI ratio as D/(2N + D) x 100%, where
N represents the number of healthy differentiated cells, and D indicates

the mathematical model-predicted leukemic differentiated cell population.
A healthy cell has two copies of ABLI, while a leukemic cell has one copy of
ABLI and one copy of BCR-ABLI. qRT-PCR assays are typically performed
on peripheral blood and differentiated cells account for most of the cells
analyzed by the assay. The BCR-ABLI/ABLI ratio in blood is known to
correlate with the cytogenic assessment of leukemic cells in bone marrow,
and it is shown to be reliable for monitoring tumor burden [6,42—44]. This
calculation method has been used in several previous studies [23,24,37]. The
number of white blood cells was used to set a value for NV (Table S1). The
initial D cell population (Dy) in the model could be directly derived from the
initial BCR-ABL1/ABLI level for each patient by solving the linear equation
Dy/(2N + Dy) x 100=B, for Dy, where N is the number of normal cells
(Table S1) and By is the BCR-ABLI/ABLI data at the beginning of therapy.

The remaining parameters were estimated by comparing the individual
patient longitudinal change in BCR-ABLI to ABLI ratio with the
model-predicted BCR-ABLI to ABLI ratio (M (H;t;) = D(H; %)/ (2N +
D(H; t;)), where H is the model parameter set, # is time, D is differentiated
cell population, and V is the number of healthy differentiated cells). Next, for
each patient, we separated the BCR-ABLI/ABL1 data points into two sets: the
training set and the testing set. The training set is composed of BCR-ABLI
data points collected from the start of treatment to the first relapse, while
the testing set is composed of the data points collected from first relapse to
the end of data collection. We used the training set data to estimate patient-
specific model parameters that minimized the difference between the patient
qRT-PCR data and the model-predicted BCR-ABLI to ABLI ratio. The
accuracy of the model parameterization was assessed on the testing set. Linear
regression of simulated versus measured BCR-ABLI/ABLI ratios yielded an
R? of 0.66 (Fig. S1C).

We next evaluated the impact of density-dependent growth control of
the S cell population on model performance. The model without density-
dependent feedback produced a lower R? value (R? of 0.54) than the original
model (R* of 0.66) (Fig. S2). We therefore conclude that the density-
dependent term helps accurately describe the patient data.

Statistical analysis

The probability of TFR was plotted using the Kaplan-Meier method
and compared using the log-rank test. We utilized binary tree analysis in
MATLAB [45,46] to identify predictors and cutoffs that could be used to
separate patients into low-risk and high-risk TFR, attempt groups. This
statistical method is often used to study relationships between a response
variable (e.g., TFR; in our study) and predictor variables (e.g., predictive
markers in our study). This method can predict a response by recursively
partitioning data into two subgroups based on the predictor values.
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Results
LPatient-specific molecular response ro IM therapy and discontinuation

We observed highly differential TFR durations between the patients in
our study (Table 1 and Fig. $3). During the TFR,; attempt, four patients
maintained TFR; for longer than six months, while others relapsed within
2-6 months. In contrast to the TFR, attempt, patients tended to maintain
a longer TFR in the second IM discontinuation attempt. Approximately
half (n = 9) of the patients maintained TFR; for longer than six months.
Motivated by these diverse interindividual BCR-ABL1 kinetic responses, we
aimed to identify predictive markers for relapse during the second TFR
attempt.

Predictive factors for TFR; are less likely predictive of TFR;

Predictive factors for TFR; have already been reported in previous studies
[11,12,17,19-21]. We evaluated the ability of these predictive factors to
determine the risk of relapse during the second treatment stop attempt
(TFR,). In our study, the duration of IM therapy was not correlated with
the duration of TFR, (Fig. 1A, R*=0.003). Doubling time within the six
months after treatment discontinuation, a known predictive factor for TFR;,
was not found to be an effective predictor for TFR;. Further, the duration of
TFR,; separated by the doubling time was not significantly different (Fig. 1B,
Student’s t-test, p-value > 0.05). Last, the probabilities of a sustained TFR,
in the four different groups divided by the halving time were not significantly
different (Fig. 1C, log-rank test, p-value > 0.05). The results of these analyzes
highlight the need to identify factors for predicting the probability of a

sustained TFR; or the risk of relapse during the second treatment stop.

The mathematical model simulates patient-specific molecular response
dynamics

To develop predictive factors specifically for the TFR, attempt, there
is a need for a method to predict BCR-ABL1/ABLI dynamics during on
and off IM therapy. The dynamics of the BCR-ABLI/ABLI transcript levels
represent changes in differentiated leukemic cells in response to on and
off therapy. We developed a personalized mathematical model that could
explain the patient-specific leukemic cell dynamics governing temporal BCR-
ABLI/ABLI changes during on and off therapy. To elaborate, our model
is an ordinary differential equation model that can explain the temporal
evolution of cell populations based on the architecture of hematopoietic
differentiation. The model describes the dynamic behaviors of three leukemic
cell types: leukemic stem cells (5), leukemic progenitor cells (), and leukemic

differentiated cells (D) (Fig. 2). A detailed description is provided in the
mathematical model section (materials and methods).

Fitting the model to a training set provided patient-specific model
parameters that minimized the least squared error between the model-
predicted BCR-ABLI/ABLI levels and the patient BCR-ABLI/ABLI levels
(a more detailed explanation is provided in the parameterization section in
the supplementary methods). The accuracy of this model was assessed by
comparing the model-predicted BCR-ABLI1/ABLI levels with patient data
from the testing set (Figs. 3A and S4, blue lines). The L, norm error

(|lerror||a= |3 (Model(t;) — Data(t))?, t: testing set time points) values
i=1

for each patient are presented.

The fitted model predicted the underlying dynamics of the S, 2 and D cell
populations in each patient. Fig. 3B—D show the dynamics of the S, 2 and D
cell populations in a representative patient who relapsed during both the first
and the second IM discontinuation attempts. As can be seen in the figure, the
S cell population in this patient decreased with IM therapy, but it then slightly
increased during IM removal. The rate of the decrease in the P cell population
during IM therapy was higher than that in the § cell population. Further,
the P cell population increased during IM cessation. The D cell population
dynamics were similar to those of the P cell population.

Mathematical model-based predictive binary classifier for TFR,

By employing patient-specific model parameters governing the dynamics
of the S, B and D cell populations for each patient, we attempted to identify
predictive factors for the risk of relapse during the second treatment free
remission attempt (TFR,). It should be noted that we assumed that a low
risk indicates a longer period of TFR,. A binary tree analysis identified
both the most significant predictor (8s/7p) and the cutoff that separates a
high risk from a low risk of relapse during TFR, (Fig. S5A, B, a more
detailed explanation in the supplementary method). Among the 21 patients
considered, 13 had 8s/7p values under the cutoff for 8s/rp, while the
remaining 8 had values exceeding the cutoff. Patients with a high 8/7p were
classified into the low-risk relapse group (7 = 8), while those with a low §5/7p
were classified into the high-risk relapse group (z = 13) for the TFR; attempt.
To assess the accuracy of this predictive factor, receiver operating characteristic
(ROC) curve analysis was performed (supplementary methods) [47]. An
ROC curve is a graph of a classifier’s sensitivity versus its false-positive rate
(1-specificity). The area under the ROC curve (AUC), a summary measure
was 0.744 (AUC = 1 indicating perfect classification ability and AUC < 0.5
indicating no classification ability). The overall accuracy of this classifier was

found to be 76.2% (95% confidence interval CI: (66.1%, 86.3%)), with a
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Fig. 4. Kaplan-Meier curves of TFR; in two sub cohorts classified by the
classifier % The log-rank test was performed (p-value < 0.001).

sensitivity of 81.8% (95% CI: (62.8%, 99.9%)) and a specificity of 66.9%
(95% CI: (46.2%, 87.7%)).

We next compared the TFR, probabilities between the high-risk group
and the low-risk group. Fig. 4 presents the results of the log-rank test and
the Kaplan-Meier curves of these two patient groups (the high-risk group
made up of the 13 patients with a low 85/7p and the low-risk group made
up of the 8 patients with a high 8s/7p). The average TFR, duration of the
high-risk group was four months (range: 2—-14 months), while that of the low-
risk group was 30 months (range: 9-48 months). The probability of TFR,
in the low-risk group was significantly different from that in the high-risk
group (log-rank test, p-value < 0.001). Taken together, the results indicate
that model-derived parameters successfully differentiated the high-risk TFR,
group from the low-risk TFR, group.

Optimal IM therapy duration for 5-year TFR,

We predicted the optimal treatment duration for the 2nd IM treatment
(i.e., the duration that could achieve the desired duration of TFR,) in the
low-risk group using the Monte Carlo Method (a detailed explanation is
provided in the supplementary methods). We solely considered the low-
risk group because the high-risk group was predicted to relapse quickly
during the TFR, attempt, even with a sufficient IM therapy duration (>
10 years); thus, treatment cessation may not be a safe option for patients
in the high-risk group. For the low-risk group (» = 8), we set the desired
duration of TFR; to 5 years and predicted the IM therapy duration to achieve
this desired duration (the supplementary methods provide a more detailed
explanation). Fig. 5 shows the individual patient BCR-ABL1/ABLI dynamics
with the optimal duration of IM therapy. Five patients required less than
three years of IM therapy (range: 1.5-2.4 years), while the remaining three
patients required more than three years of therapy (range: 3.5-7.7 years).
For patients who required less than three years of IM therapy for five years
of a relapse-free response after the second treatment stop attempt (Fig. 5),
a few years of additional IM therapy can reduce the cell population to a
small size (e.g., 100~1000 cells). For these patients, we performed additional
simulations considering the stochastic behavior of cell populations (Fig. S6
& supplementary methods). Taken together, our simulations confirm that
our proposed method can provide a personalized IM therapy duration for a

desired TFR; (e.g., 5-year).
Discussion

This study presents a mathematical model-based approach that can
simulate the differentiation dynamics of CML cells during two repeated TFR

attempts. Using longitudinal molecular response measurements and observed
clinical outcomes from the TFR; attempt from a small cohort of 21 patients
with chronic myeloid leukemia, we calibrated the model to clinical data
and predicted the risk of molecular relapse in TFR, attempt. By analyzing
the relationship between patient-specific model parameters and the TFR,
duration, we were able to identify a binary classifier for the risk of molecular
relapse for TFR; for the patient group: the ratio of the death rate of the
leukemic stem cell population to the growth rate of the leukemic progenitor
cell population. This classifier separated the low-risk group from the high-risk
group in the cohort according to the TFR, attempt with 76.2% accuracy. A
high ratio indicates a higher probability of a sustained TFR; (i.e., a low risk
of relapse) than a low ratio for the cohort of this study since a high value
is associated with a faster reduction in the S and P cell populations during
IM therapy. Note that the estimated death rate of P cell populations by IM
therapy is significantly larger than the growth rate which leads to a reduction
of the population during therapy. When IM treatment is stopped, it takes
more time for the remaining S and P populations to drive the growth of the
D cell population, ultimately reaching the point of molecular relapse.

Several studies have demonstrated that leukemic stem cells (presented in
this study as the S cell population) that exist below the current quantitative
gRT-PCR detection limit can drive the progression and recurrence of disease
[48-50]. Eradicating leukemic stem cells by long-term IM therapy can
improve patient outcomes [37,49]. A previous study concluded that the
intrinsic turnover property of leukemic stem cells might drive different
outcomes (cure vs. non-cure) of an IM stop trial [24]. Therefore, our
mathematical model took the S cell population into account to simulate drug
responses and revealed that the decay rate of the S cell population (8s) in
response to IM treatment was one of the critical factors for determining
the risk of molecular relapse in the TFR, attempt. We acknowledge that
the effect of IM on leukemic stem cells remains a matter of debate; For
example, some argue that leukemic stem cells are refractory to IM [51,52]
However, as described in the mathematical modeling section (materials and
methods), other studies based on clinical data raised the possibility that IM
can reduce leukemic stem cells. Further, our parameterization showed that
the average death rate of leukemic stem cells was 0.002 per day (range: 0 ~
0.01). For some patients (z = 4), the estimated average death rate was zero
(no leukemic stem cell death by IM). For other patients the death rates were
somewhat higher (e.g., > 0.005, » = 5). We observed heterogeneous death
rates among leukemic stem cell populations by an IM therapy. Notably, the
estimated average death rates of leukemic progenitor cells were much higher
(0.27 per day) than those of stem cells. These results agree with the opinion
that leukemic stem cells may be refractory to IM; however, the death rate of
leukemic stem cells should not be ignored for the model to precisely simulate
patient responses.

Our study suggests the potential value of model simulations in predicting
the optimal IM therapy duration for achieving a sustained TFR,. For each
patient predicted to have a low risk of TFR,, an actionable model could
be used to predict the optimal IM therapy duration for better clinical
outcomes (specifically, a longer TFR, duration). The predicted optimal
therapy duration was highly diverse among patients. Once it is validated with
more clinical data, this model is expected to be useful for tailoring IM therapy
stop attempts in a clinical context.

This study examined a cohort consisting of a relatively small number
of patients (21 patients). A future study involving a more extensive clinical
data set would further increase the accuracy of the predictive model. The
model developed here is a simplified representation of what may actually
be happening in CML under treatment on and off; future studies could
also include additional complexities involved in this process. For example,
our model could be improved via the integration of additional factors,
such as individual immunological factors known to be associated with TFR
[53-55]. An additional extension could involve the inclusion of leukemic
cells’ interactions with normal hematopoietic cells in the model, as these
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Fig. 5. Optimal treatment duration for the patients in the low-risk group (7 = 8). The green bar indicates the therapy on period, and the white bar indicates

the therapy off period.

interactions could contribute to disease dynamics and treatment resistance.
For example, the hematopoietic stem cell migration between the bone marrow
and the peripheral blood demonstrated that selective advantage was required
for a significant expansion of the cell population to a point large enough to
be detected [56]. The competition between normal hematopoietic cells and
leukemic cells for bone marrow spaces could modulate disease progression
[57]. The cytokine dependency for leukemic cell growth could determine
their competitive advantage over normal cells, which could in turn modulate
disease progression [58]. The competition mediated by the various types
of regulatory feedback that are shared between stem cell and normal cell
populations could modulate stem cell expansion [59]. An extended model
that considers these additional factors as well as others could be beneficial
for suggesting optimal combination therapy or sequential therapy involving
kinase inhibitors (e.g., IM) in combination with an immune response
modulator (e.g., interferon).

In conclusion, this study demonstrated that a mathematical model based
on the biology of the hematopoietic stem cell differentiation system had
high predictive power on a retrospective data set of patients with CML
(7 = 21). The integration of this model with longitudinal BCR-ABL1/ABLI

data from each patient revealed the underlying cell dynamics that drive
BCR-ABLI/ABLI transcript changes. Finally, we proposed binary classifier
factors that are predictive for the risk of relapse during TFR;. Future studies
can further validate the power of this mathematical model by considering
more patients as well as more factors. In combination with the Sokal score
[60] and ELTS,[61] which are currently used to predict the risk of relapse
during an TFR attempt, these mathematical model-based predictive factors
could ultimately aid in the accurate selection of low-risk patients for TKI
discontinuation.
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