Chronic Myeloid Leukemia

Reduced tyrosine kinase inhibitor dose is
predicted to be as effective as standard dose
in chronic myeloid leukemia: a simulation
study based on phase lll trial data

Artur C. Fassoni,** Christoph Baldow,? Ingo Roeder*®** and Ingmar Glauche*

!Instituto de Matematica e Computacao, Universidade Federal de Itajuba, Brazil;
?Institute for Medical Informatics and Biometry, Faculty of Medicine Carl Gustav Carus,
Technische Universitat Dresden, Germany and *National Center for Tumor Diseases
(NCT), Partner Site Dresden, Germany

*IR and IG contributed equally to this work.

ABSTRACT

the BCR-ABL1 oncoprotein is the standard therapy for chronic

myeloid leukemia (CML) and allows for a sustained disease con-
trol in the majority of patients. While therapy cessation for patients
appeared as a safe option for about half of those patients with optimal
response, no systematic assessment of long-term TKI dose de-escalation
has been made. We use a mathematical model to analyze and consistent-
ly describe biphasic treatment responses from TKI-treated patients from
two independent clinical phase III trials. Scale estimates reveal that drug
efficiency determines the initial response while the long-term behavior
is limited by the rare activation of leukemic stem cells. We use this math-
ematical framework to investigate the influence of different dosing regi-
mens on the treatment outcome. We provide strong evidence to suggest
that TKI dose de-escalation (at least 50%) does not lead to a reduction of
long-term treatment efficiency for most patients, who have already
achieved sustained remission, and maintains the secondary decline of
BCR-ABL1 levels. We demonstrate that continuous BCR-ABL1 monitor-
ing provides patient-specific predictions of an optimal reduced dose
without decreasing the anti-leukemic effect on residual leukemic stem
cells. Our results are consistent with the interim results of the DESTINY
trial and provide clinically testable predictions. Our results suggest that
dose-halving should be considered as a long-term treatment option for
CML patients with good response under continuing maintenance thera-
py with TKIs. We emphasize the clinical potential of this approach to

reduce treatment-related side-effects and treatment costs.

Continuing tyrosine kinase inhibitor (TKI)-mediated targeting of

Introduction

In tyrosine kinase inhibitors (TKI)-treated chronic myeloid leukemia (CML), the
proportion of BCR-ABL1 mRNA is used to monitor the individual treatment
response.”® Most patients show a typical bi-phasic response with a steep, initial
decline (slope a), followed by a slower, secondary decline (slope f) of BCR-ABL1
levels.**Whereas the initial decline is attributed to the eradication of proliferating
leukemic cells (LC), the secondary decline has been suggested to result from a
slower eradication of quiescent leukemic stem cells (LSCs).>” About two-thirds of
the patients achieve major molecular remission (MMR), i.e. a reduction of three
logs from the baseline (MR3), while one-third of these even achieve deep molecu-
lar remission (DMR, i.e. MR4.5) within five years of treatment.**’

Recently, TKI cessation and, thus, treatment-free remission has been established
as an important therapeutic goal.”"However, about 50% of the patients with good
response experience a molecular relapse after stopping TKI, pointing towards per-
sisting residual LCs that cannot be controlled by patient-specific immunological
mechanisms. As these mechanisms underlying the currently unpredictable individ-
ual molecular relapse risk remain controversial, complementary approaches to
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minimize side-effects associated with continuous TKI
therapy are required. While a number of studies evaluate
TKI cessation, strategies to apply long-term dose reduc-
tions are currently under-appreciated, although the poten-
tial benefits of dose de-escalation are at hand: besides
reducing treatment-related side-effects and increasing
patients’ quality of life, it also reduces the treatment-relat-
ed costs."™ The DESTINY trial (clinicaltrials.gov identifier:
01804985)">' is an ongoing study addressing TKI dose de-
escalation. However, with its primary end point (molecu-
lar relapse risk after TKI cessation preceded by a one year
dose de-escalation) this trial focuses on stopping TKI,
rather than on long-term outcomes under continuous but
reduced TKI treatment.

Here, we describe a systematic, conceptual analysis of
the impact of dose de-escalation on the long-term disease
kinetics. Our simulation study relies on a mathematical
description of TKI-treatment, which builds on a previous-
ly published CML model.>” In contrast to the earlier
approach, we use a simplified model which allows for a
stringent analytical formulation of the disease dynamics
without changing the overall qualitative system proper-
ties. The model parameters are estimated from available,
patient-specific BCR-ABL1 kinetics, determined within
controlled clinical phase III trials [IRIS (clinicaltrials.gov iden-
tifier: 0000634318), CML IV (clinicaltrials.gov identifier:
0005587419)].

Our results support the rationale for TKI dose de-escala-
tion in patients who have already reached sustained
remission. We provide strong evidence that the long-term
depletion of residual LSCs in remission phase is not affect-
ed by defined TKI-dose reduction. Furthermore, we pro-
pose a strategy to determine patient-specific optimal TKI
doses, and predict that dose-halving is a safe treatment
option for the majority of patients in sustained molecular
remission. The suggested dose optimization can con-
tribute to the prevention of severe side-effects (e.g. cardio-
vascular complications, pleural effusion) and to a reduc-
tion of overall treatment costs.

Methods

Patient data and parametrization

The presented results are based on a secondary analysis of
previously published data from the IRIS (c/inicaltrials.gov identifier:
00006343)"° and CML IV (clinicaltrials.gov identifier: 00055874) tri-
als.” In particular, we used 69 patients from the German ima-
tinib (400 mg) arm of the IRIS trial and 280 patients from the 400
mg imatinib monotherapy arm of the CML-IV study, for which
IS corrected BCR-ABL1/ABL1 time courses were available at the
time of our primary model analysis.”'” As described in the orig-
inal publications,”””! both clinical trials were conducted in accor-
dance with the Declaration of Helsinki and applicable regulatory
requirements. The protocols were approved by the institutional
review board or ethics committee of each participating center.
All patients or guardians gave written informed consent before
participation.

For each individual patient, the treatment response at time ¢
(Lps(t), measured in the form 100% x BCR-ABL1/ABL1, is fur-
ther described according to a biphasic characteristic, i.e.

Logs(t) = A e® + B eft. (E1)

For each patient, parameters A, B, a and f are determined
using maximum likelihood estimation. For the model analysis,
we selected patients with (i) sufficient time points for model fit-
ting (>4) which (ii) do not show a long-term increase in BCR-
ABL1/ABL1 ratio ($<0) but are characterized by (iii) a biphasic
decline, (a<p<0). We also excluded 2 additional patients with
measured BCR-ABL1 ratios of more than 500%, which indicates
a pronounced non-linearity between BCR-ABL1 abundance and
tumor load, resulting in n=55 (IRIS cohort) and n=134 (CML-IV
cohort) (Online Supplementary Table S1). Median follow up of this
patient cohort is 4.3 years [IQR (2.8,6.3)]; 98.4% of the patients
achieved BCR-ABL1 ratio of less than 1%, while 91% achieved
MRS at least once. We also tested the robustness of our model
results with respect to the reliability of high BCR-ABL1 values
(Online Supplementary Table S2).

For comparisons with the DESTINY trial (c/inicaltrials.gov iden-
tifiet: 04804985),15’16 only patients treated with TKI for at least
three years and with BCR-ABL1 levels below MRS3 for at least
the last year of treatment were used. Therefore, we excluded
from the study 53 patients treated for less than three years
(excluding n=4 for IRIS; n=49 for CML-IV) and 14 patients with
no MR3 in the entire last year of treatment (excluding n=4 for
IRIS; n=10 for CML-1V). The time courses of the remaining 122
patients [(n=47 IRIS, median follow up 6.5 years [IQR(5.9;6.9)];
n=75 CML-IV, median follow up 4.6 years [IQR(3.9;6.1)] are
available in Online Supplementary Figure S1. Following the DES-
TINY trial, these patients were further split into an MR4 and an
MRS cohort, depending on whether their BCR-ABL1 levels in
the last year were below MR4 or not. These selection and clas-
sification procedures were based on the individual bi-exponen-
tial fit L) of each patient (also shown in Omnline
Supplementary Figure S1).

Mathematical model

We apply a mechanistic model that describes TKI response as
a dynamic process resulting from the interplay between tumor
growth, activation/deactivation of LSCs, and cytotoxic TKI
action on proliferating, but not on quiescent LSCs (Figure 1A).
The model is a simplification of our previous computational
CML model”” and formally related to a model proposed by
Komarova and Wodarz.” It considers three leukemic cell types:
quiescent LSCs (X), proliferating LSCs (), and fully differentiat-
ed LCs (W). Mathematically, the model is described by the fol-
lowing set of differential equations:

dX
T —pxyX + pyxV (E2)
dY
ac - peyX —pyx¥ +ovY —erxY (E3)
dw
E = pwl" - Tww (54)

The activation of dormant LSCs and deactivation of prolifer-
ating LSCs are described by rate constants p,, and p,, respec-
tively. LSCs proliferate with a rate constant p,,. During therapy,
a cytotoxic TKI effect acts on proliferating LSCs, described by
the rate e, >0. Differentiation of proliferating LSCs is quanti-
fied by p,,,and the limited life-time of differentiated LCs is mod-
eled by a mortality rate r,. We define a net leukemia reduction
g=e . ~py With ¢>0 for effective treatment. For illustrating simu-
lations we used parameter values corresponding to the median
values of the selected patients (Online Supplementary Text S1-S3).



Reimplementation of the model in a stochastic version using a
Gillespie algorithm ensured that there are no distinct differences
resulting from small cell numbers (Online Supplementary Text S4).

In contrast to previous models,”"” competition between nor-
mal cells and LCs is described only implicitly, by assuming con-
stant total cell numbers, Ty, T, T,, in each cell compartment
(Figure 1D, Ounline Supplementary Text S1 and Online
Supplementary Figure S2 complementing Figure 1C on the level of
absolute cell numbers). The actual tumor load, corresponding to
BCR-ABL1 levels, is modeled as the percentage of LCs with
respect to the total cell number. Figure 1C demonstrates that the
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modeled BCR-ABL1 levels of proliferating LSCs behave exactly
like the BCR-ABL1 levels in the peripheral blood (PB). Therefore,
only the dynamics of proliferating LSCs will be considered.

Results

The long-term effect of TKI is limited by the rare
activation of quiescent LSCs

We apply a simple mathematical model that describes
the time course of TKI response in CML as a dynamic

Figure 1. Mathematical model for
chronic myeloid leukemia (CML)
treatment and mechanistic interpre-
tation of the bi-phasic decline. (A)
Schematic model representation with
three cell types: quiescent (X, blue)
and proliferating (Y, red, turnover with
rate pY) leukemic stem cells (LSCs),
and differentiated leukemic cells
(LCs), denoted by W (green, generat-
ed with rate Pyr decaying with rate
rW" The model assumes (i) mecha-
nisms of activation/deactivation of
quiescent/proliferating LSCs with
rates pXYand Pyx and (ii) a cytotoxic
effect of TKI on proliferating LSCs
with intensity erkr (B) The mecha-
nistic model parameters [(TKI net
effect (g=e Kl—py), activation rate of
quiescent {SCS ( pr), deactivation
rate of proliferating LSCs (pYX)] were
fitted to individual patient data from
the IRIS and CMLIV trials.”®*® The
resulting distributions reveal an
intrinsic scaling between them, which
are dispersed over different orders of
magnitude. (C) Model simulation with
median parameter values obtained
from IRIS and CML:-IV data illustrating
the equivalence between tumor load
(in terms of BCR-ABL1 levels) in the
peripheral blood (green) and within
the proliferating LSCs (red). Values on
the y-axis indicate the relative abun-
dance of BCR-ABL1 positive cells in
each specific cell compartment [see
equation (SE1) in Online
Supplementary Text S1], which corre-
sponds to the tumor load in terms of
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process resulting from the interplay between tumor described by the rate constant e, >0.

growth, activation/deactivation of LSCs, and cytotoxic We obtain an exact solution for the model, in which the
TKI action (Figure 1A, and see Methods). In brief, the patient-specific response can be expressed in terms of the
model describes three LC types: quiescent LSC (X), prolif- mechanistic model parameters [equation (SES) in Online
erating LSC (Y) and fully differentiated LCs (W). The acti-  Supplementary Text S2]. In other words, a patient’s bi-pha-
vation of dormant LSCs and deactivation of proliferating  sic BCR-ABL1 decline characterized by the slopes a, 8 is
LSCs are described by rate constants p,, and p,, while expressed in terms of the resulting net cytotoxic effect
LSCs proliferate with a rate constant p,. During therapy, g=e,,,—p, (difference between TKI toxicity and LSC prolif-
we assume a cytotoxic TKI effect on proliferating LSCs,  eration) and the effects of LSC activation/deactivation p,,

A 0.10 . ¢ 100

: . ! o ull dose Reduced dose
5 Unfavprable 1 felorableiregime i = Favorable reduction to f=50%>fopt
c regime & : <
3 & 008 H P2 10
L= : ; ©
o 2 H 1 -
z 2 4 : 3
g s 0.08 : standard dose— | g 1

: ' |
T Q@ q |
g3 : ; S
£ 2004 H ; Q 0.100
ES : : °
o © 14— forr : @
T Eooe i (threshold for optimal : 2 vo010
o = i favorable reduction) i s
& H ) ]
S : : £
- i ' IE

0.00 i ; 0.001
0 40 60 80 100
Fraction f of standard dose (%) time (months)
o 100 Full dose Reduced dose e 100 Reduced dose
°C Optimal favorable reduction to f=25%=fopr °C Unfavorable reduction to f=18%<fopr
2 10 £ 10
s 2
~ ~
~ -
Q 1 Q 1
3 5
e '
($) O
g0100' 30100"
o o
g S :
+ 0010 = 0010 [ MR4
9] ST i
g E L B
(= = S
. 0.001 = 5
0001 0 20 40 60 80 100 120
time (months) time (months)

m
-n

& 100 Reduced dose & 100 Full dose Increased dose
°: | Unfavorable reduction to f=10%x<f 'z: Dose escalation to f=200%
2 10 2 10
o | o
~ t ~
~ ~
Q 4 Q  q
I 3
S | &
@ 0.100; MR3, @ 0.100'
o] | ko]
8 5 3
T 0010F t | el MR4 = 0010
S e S
£ TR 5]
2 2 .
| > L :
0'0010 20 40 60 80 100 120 O'0010 20 40 60 80 100 120
time (months) time (months)
Reduced Dose: Full Dose:
Proliferating LSCs ~ ----- Proliferating LSCs
QuiescentLSCs ~ ----- Quiescent LSCs

Figure 2. Model predictions on dose de-escalation and dose escalation. (A) The long-term treatment efficiency, defined as the magnitude of the second slope g, is
shown as a function of the dose reduction. The threshold for optimal favorable reduction, fOPF (=25% in this example, i.e. using median parameters as in Figure
1C) indicates how much the standard dose can be reduced without losing treatment efficiency. fOPT can be calculated for each patient (see main text). Any other
favorable dose reductions (dose fraction f>f0Pr' green region) also retain the long-term treatment efficiency, while unfavorable dose reductions (dose fraction
f<f0Fr‘ red region) are predicted to lead to a severe decrease in the long-term treatment efficiency. (B-E) Simulations of favorable (B), optimal favorable (C) and
unfavorable (D and E) dose reductions after 36 months under standard dose. After favorable dose reductions, a transient increase in proliferating leukemic stem
cells (LSCs) (red) is followed by a return to the original decrease rate ﬂ:—va while the dynamics of quiescent LSCs remains unchanged (blue lines). In the case of
unfavorable reduction, an impaired scenario is observed. See also Online Supplementary Figures S3-S6. (F) dose escalation to f=200% after three years of treat-
ment; although a deeper level is reached in the BCR-ABL1 levels of proliferating LSCs, the dynamics of quiescent LSCs remains unchanged.
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and p,,. Taking into account the intrinsic scaling between
the mechanistic parameters (Figure 1B), which indicates
that LSC deactivation, activation, and depletion by TKI
occur at different time scales, those expressions for a and
p can be further simplified, allowing us to dissect the
prominent processes governing each treatment phase
(Figure 1C and D, Ounline Supplementary Texts S5-S7 and
Ounline Supplementary Figure S2).

We found that slope a can be expressed as
a=—q=p,—e ., thereby confirming that the initial treat-
ment phase is dominated by the cytotoxic TKI effect on
proliferating LSCs, which leads to a rapid reduction in
BCR-ABL1 levels. Dose-escalation studies for imatinib
substantiate this result by indicating that a higher TKI
dose leads to a more rapid response.”* Similarly, slope f
can be approximated as fi=—p,,, implying that after deple-
tion of initially abundant proliferating LSCs, the treatment
response is bounded by the rare activation of quiescent
LSCs. This provides a consistent explanation for the slow-
er long-term decrease in proliferating and quiescent LSCs.
These analytical conclusions confirm previous findings,””
but also allow further predictions on the effect of dose de-
escalation to be made.

A wide range of reduced TKI doses is predicted to
induce the same long-term response as standard dose

Due to the bounded activation of quiescent LSCs after
the initial therapy response, there is a range of favorable
reduced TKI doses where the long-term efficiency
(defined by the magnitude of slope f) remains almost
constant with the same overall efficiency as that
achieved when applying the standard dose (green region
in Figure 2A, and Online Supplementary Figure S3). In this
case, the resulting, although reduced, cytotoxic TKI
effect is still sufficient to target the abundant proliferat-
ing LSCs once a patient has reached sustained remission.
This range of ‘favorable’ reduced doses spans from the
standard full-dose to a certain threshold, i.e. an ‘optimal
favorable’ dose (green dashed line in Figure 2A), below
which an accelerated decrease in long-term treatment
efficiency is observed. Therefore, dose reductions below
this optimal dose are considered as ‘unfavorable’ (red
region in Figure 2A).

We look for a mathematical expression, which allows us
to estimate this optimal dose reduction for each patient in
terms of the model parameters. Although there is a mini-
mal required plasma concentration for TKI cytotoxicity,
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Figure 3. Step-wise treatment optimization. (A) Step 1: initial treatment with standard dose until the patient shows a clearly identifiable second slope (approx. 18
months) and determination of the bi-exponential parameters (A, B, o, f3). (B) Step 2: reduction of tyrosine kinase inhibitor (TKI) dose by half and continuous moni-
toring of the treatment response until the new intercept B’ can be inferred (approx. 18 months). (C) Step 3: reduction to the optimal dose calculated from values of
the identified parameters (A, B, B, o, 5; see main text). (D) The long-term follow up using optimal dose shows that the response to this adaptive treatment adheres
to the original slope f for the eradication of residual leukemic stem cells (LSCs) as standard dose treatment. Although the adapted treatment leads to a delay in the
reduction of BCR-ABL1 levels in proliferating LSCs and, therefore also in the peripheral blood, the treatment dynamics in the residual quiescent LSCs are unaltered
while drug intake is drastically reduced.
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which sets a lower limit to the dose de-escalation, a linear
dose-response relationship is generally accepted over a
wide range of treatment-relevant doses above this thresh-
old.*®* Thus, we deduced an explicit expression for the
patient-specific optimal favorable dose reduction fraction
fopr (Online Supplementary Text S8), given by

Py + 2pxy
forr o ¥q (ES5)

This optimal fraction f,, corresponds to the
minimal favorable dose which still maintains the original
long-term reduction rate of both proliferating and quies-
cent LSCs. Therefore, as long as the TKI dose is not
reduced below this threshold, our model predicts no
impaired long-term efficiency, while an over-reduction
compromises the overall treatment success.

We conclude from equation (E5) that f,,, is a patient-
specific, fixed quantity determined by the proliferation rate
of LSCs, p,, their activation rate p,,, as well as the toxicity
of the TKI, g=e,;,—p,- For the median parameters of the
available dataset, the optimal favorable reduction fraction is

fopr=0.247, and corresponds to a long-term treatment effi-
ciency of 98.4% compared to the standard dose. Therefore,
for the ‘median patient’ in our analysis, a reduction to
24.7% of the original dose would lead to a marginal
decrease of only 1.6% in the long-term treatment efficien-
cy, given that a minimal required plasma concentration for
TKI cytotoxicity is maintained.

Our model predicts transient increases in BCR-ABL1 lev-
els of proliferating LSCs when applying different dose
reductions after the first decline, i.e. once a substantial
reduction in BCR-ABL1 levels had been achieved (Figure 2).
However, for favorable reductions, BCR-ABL1 levels
decrease again with the original long-term treatment effi-
ciency (slope p) after a few months (Figure 2B and C). For
the example of a ‘median patient’, dose reductions at
month 36 of treatment will maintain MR3, while
BCR-ABL1 levels are predicted to return to their original val-
ues at de-escalation after about 20 months (in case of favor-
able reduction with f=0.5) or 58 months (for the optimal
favorable reduction with f=0.25). Importantly, the transient
increase of proliferating LSCs and, therefore, of BCR-ABL1
levels in the PB, does not lead to either relevant differences
in the overall response of quiescent LSCs or in the total
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Figure 4. Model predictions on dose de-escalation and comparison with clinical data. (A) Comparison of DESTINY interim results with model simulations of 50%
dose de-escalation applied to IRIS and CML:IV patient data (assuming the same protocol and patient selection criteria of DESTINY). We simulated dose de-escalation
starting from the individually predicted remission level at the time of the last BCR-ABL1 measurement of each patient, and evaluated the fraction of patients above
MR3 one year after de-escalation. Error bars indicate 90% confidence intervals. (B) Model estimates of the risk of losing MR3 within one year after de-escalation,
depending on the patient’s individual predicted remission level just before de-escalation. Patients with remission level above MR3.5 are very likely to lose MR3 at
least transiently. (C) Model simulation illustrating the transient relapse above MR3 three months after de-escalation (highlighted time interval). De-escalation of 50%
was implemented for a hypothetical patient of the DESTINY trial one year after reaching MR3. The simulation of a continuing half-dose regimen predicts that after
about nine months the BCR-ABL1 levels fall below MR3 and the response regains the original slope f. (D) Simulation results showing the predicted relative
increase/decrease in the number of patients without molecular relapse two years after cessation. We use the standard treatment scenario (full-dose for one year)
as the reference (corresponding to the dashed line at 0%) to compare it with: i) half-dose for one year (the DESTINY protocol; red), and ii) half-dose for two years

(blue). Relapse is defined as loss of MR3.
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LSCs population when compared to standard dose (Online
Supplementary Figure S4). Our model also predicts that
returning to the full dose regimen at a later point completely
restores the original response levels of proliferating LSCs
within a few months (Online Supplementary Figure S5).

Patient-specific optimal dose can be estimated after
an initial dose reduction

The calculation of patient-specific optimal TKI doses
requires the knowledge of model parameters p,,, p,,, €xpr
and p,. Whereas p,, pyy, and g=e ., —p, can be estimated
from time course data, the LSC proliferation rate p, is con-
founded with the individual TKI-effect e, , and cannot be
deduced directly. Therefore, we propose to estimate p,
by observing the transient increase in proliferating LSCs
occurring after a first favorable dose reduction.
Technically, we suggest a moderate initial reduction to
fraction f of the standard dose, after the patient’s response
under standard dose has been sufficiently quantified in
terms of the kinetic parameters (a,4,4,B) (Figure 3A).
Although dose-halving (i.e. f=0.5) seems to be safe for this
first de-escalation (see below), the proposed approach is
valid for any reasonable reduction. After a transient
increase in the BCR-ABL1 levels, a new intercept B’ can be
observed approximately 18 months after the dose reduc-
tion (Figure 3B). Based on the difference of intercepts B
and B’, and the reduction fraction f, the proliferation rate
py can be estimated (Online Supplementary Text S9) by

B (f 1
p""“'1-f(§'§) (&6)

and the individual optimal dose reduction fraction £,
can be calculated using equation (E5). This dose is predict-

ed to retain the original long-term treatment efficiency
(Figure 3C and D).

A population-based estimate predicts that the majority
of patients in sustained remission retain the long-term
treatment efficiency after dose-halving

As pointed out above, the LSC proliferation rate p,, as
an indicator of the ‘aggressiveness’ of the untreated dis-
ease, is intrinsically unknown. In order to circumvent this
limitation, we also used a population-based estimate
derived from CML latency times, i.e. the time between
the first leukemic transformation and diagnosis, given that
no secondary events change the kinetics of disease emer-
gence (Online Supplementary Figure S6A). Sampling from a
distribution of CML latency times as reported by
Radivoyevitch e al” [median latency time = 6.9 years,
IQR (5.0,10.1)] (Online Supplementary Figure S6B) and tak-
ing into account the observed TKI response, we obtained
an individual distribution of possible proliferation rates p,
for each patient (Online Supplementary Figure S6C). In other
words, we fit our mathematical model several times under
different, plausible assumptions about the aggressiveness
of the underlying leukemia. For each of those hypothetical
but realistic scenarios we calculate the reduction level £,
(Online Supplementary Figure S6D).

Based on these different possible scenarios (i.e. different
leukemia growth parameters), we calculated for each
patient the fraction of its individual values of f,,, which
are below 0.5 (Online Supplementary Figure S6F). This frac-
tion indicates whether dose-halving appears as a suitable
treatment option or not. With these estimates, our model

predicts that 90% of the patients in the German IRIS
cohort and 81% of the patients in the CML-IV trial who
once achieved MR3, could have safely decreased their TKI
dose by at least 50%), while maintaining the overall thera-
py effect on quiescent LSCs (Online Supplementary Figure
S7A). Therefore, dose-halving is expected to be safe for
the majority of patients in sustained remission and might
serve as the initial step to estimate the optimal individual
dose.

Our results also suggest that the ratio a/f can be used to
identify patients who are likely to benefit from dose
reduction. We predict that patients with a/g>15 are very
likely to retain the original long-term treatment efficiency
after a 50% dose reduction (Online Supplementary Figure
S7B and C). Furthermore, we derived a condition to iden-
tify patients who do not obtain sufficient TKI dose initial-
ly. Specifically, we found that patients with slopes a/p<2
would benefit from dose escalation, while only patients
with a/f>2 benefit from dose de-escalation (Online
Supplementary Figure S8).

The model predictions are similar to results from the
DESTINY trial and support the design of new,
informative trials

We compared our model results with findings from the
DESTINY trial, which studies dose-halving in 174 TKI-
treated patients with CML (being either in MR4 or MR3
for at least 12 months) before TKI cessation. The pub-
lished DESTINY interim-analysis indicates that 93% of
the patients showed no loss of MR3 within 12 months
post dose reduction.”” We simulated this scenario by pre-
dicting virtual treatment responses from BCR-ABL1 meas-
urements in the IRIS/CML-IV trals. In particular, we
identified 122 patient time courses fulfilling the inclusion
criteria of the DESTINY protocol (> 3 years under TKI, >
1 year in MR3) and simulated a virtual TKI dose reduction
according to the DESTINY protocol at the end of the
available follow up for each of those patients. Using the
same distribution of latency times as above, we calculat-
ed for each patient the fraction of values of p,, which lead
to loss of MR3 within one year after de-escalation (Online
Supplementary Figure S6E). This fraction can be interpreted
as an estimate for the patient-specific risk of a molecular
relapse. We also calculated the expected proportion of
relapsed patients within the overall population, as well as
in the corresponding subcohorts of patients being in
either MR3 or MR4 within the last year before dose
reduction (Figure 4A). Although a quantitative compari-
son should be considered with caution due to potential
differences in the study populations and patient compli-
ance, the results predicted for the IRIS/CML-IV patients
show qualitatively similar relapse rates as observed in the
DESTINY trial. Our findings also suggest that the individ-
ual relapse probability is related to the remission level
before de-escalation, with patients below MR3.5 having a
very low probability of relapse (Figure 4B). Furthermore,
we predict that most of the observed relapses are tran-
sient, i.e. MR3 regain is expected when continuing the
half-dose regimen (Figure 4C). Therefore, we argue that
the current focus on exceeding MR3 as an indicator for a
potential relapse might be reconsidered in the context of
dose de-escalation strategies, while closer monitoring of
the disease dynamics following dose reductions should
be applied to distinguish transient from permanent BCR-
ABL1 regrowth dynamics.

TKI dose reduction in CML -
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Although our model does not yet reflect immunological
effects, which are proposed to be important determinants
of disease dynamics post TKl-cessation, we speculated
about the relative impact of dose reductions with respect
to treatment stop. Specifically, we simulated the DES-
TINY cessation protocol for the IRIS and CML-IV patients
in our data-set and evaluated the primary DESTINY end
point, i.e. the proportion of patients who can de-escalate
TKI dose by 50% for one year and then stop treatment
completely for two years without losing MR3. Our simu-
lations indicate higher rates of molecular relapse in com-
parison to a structurally identical control group receiving
full-dose before TKI stop (Figure 4D) if no additional
immunological control mechanisms are considered.
However, comparing dose reductions of different dura-
tion, we predict a beneficial effect if patients remain at
half-dose for longer before stopping TKI. We conclude
that the same cumulative dose is more efficient if applied
over a longer time period, thereby emphasizing that the
full benefit of TKI dose de-escalation appears in the long
term.

Discussion

Our study supports the concept that TKI dose reduction
in maintenance therapy can be a safe option for many
CML patients who have already achieved a sustained
remission. In particular, we dissect the typical biphasic
response pattern under continuing TKI treatment and con-
clude that the TKI effect during the secondary treatment
phase is limited by the rare activation of quiescent LSCs.
Our simulations predict that the overall treatment effect is
maintained for most patients, even if the TKI dose is
reduced. Based on their initial treatment response under
full dose, we identify patients who most likely benefit
from a reduction scheme and present a strategy to esti-
mate a patient-specific, optimal dose. Our results suggest
a treatment strategy that could considerably reduce cumu-
lative drug intake and, therefore, decrease drug-mediated
side-effects. It might also increase compliance of patients
to adhere to the prescribed treatment schedule. On the
population level, the long overall survival times of
continuously treated CML-patients add a distinct eco-
nomical aspect to the outlined strategy, as the high treat-
ment costs could be substantially reduced.

The proposed strategy is not restricted to a particular
TKI. Although our model encompasses all TKI pharmaco-
kinetic parameters and doses within a single parameter
e we have found that this simple model, using a rela-
tive reduction compared to a standard dose of the respec-
tive TKI, is equivalent to a more elaborate formulation
explicitly considering the daily TKI intake (Ounline
Supplementary Text S10 and Online Supplementary Figure
S9). Although a linear dose-response relationship appears
to be an appropriate model assumption,*”* we emphasize
that the potential for dose reductions might be limited by
a necessary TKI plasma concentration to ensure drug
activity. Based on i vitro data for imatinib,”® we estimate
this limit to be in the order of 25% of the original dose
(Online Supplementary Text S11). Furthermore, recent
results from clinical trials"®” indicate that a 50% dose
reduction is therapeutically active.

Several clinical studies have addressed the potential of
dose reductions in various settings. While Naqvi et al.

report good results from a cohort of newly diagnosed CP-
CML patients treated with low-dose dasatinib (50 mg
daily) first line,” Russo et al. study the effect of a one-
month-on/on-month-off imatinib regimen in elderly
patients after at least two years of initial full-dose
therapy.* In the later study, one-third of the patients lost
their previous remission levels. Based on our model, we
speculate whether the extended treatment interruptions
might have added to this outcome as no therapeutically
active TKI concentrations were achieved during this time.
Furthermore, we have seen that several clinical studies
reported a clear advantage of more potent TKI to achieve
molecular response earlier as compared to standard-dose
imatinib.?*** However, the corresponding advantage in
long-term survival is less pronounced, and we suggest that
it is not the drug potency but the rare activation of LSCs
that marginalizes the survival benefit.

In order to test our predictions in a controlled clinical
setting, we suggest an approach in which the dynamics of
initial treatment response to standard therapy are suffi-
ciently monitored to obtain reliable estimates of the rele-
vant slopes for an informed treatment adaptation (mea-
surements every 3-4 months within the first year and at
least every six months thereafter). Only after a clinically
relevant remission level (at least MR3) is reached can dose
reductions (e.g. < 50% of the initial dose) be considered
and these should be accompanied by a detailed follow-up
monitoring of BCR-ABL1 levels to guarantee patient safety
and also inform on the validity of our model approach.
Further dose reductions might be considered as a second
step towards approaching an optimally reduced dose that
retains the therapeutic threshold.

Our modeling results predict a transient increase of the
number of proliferating LCs after dose reduction.
However, because this is only a transient and expected
effect, we suggest that the clinical criteria for molecular
relapse after dose de-escalation would benefit from con-
sidering a follow-up period rather than focusing on fixed
thresholds. Although the transient increase in proliferating
LCs might increase the chance of acquiring secondary
mutations, we reason that this is a marginal effect which
needs to be compared with the benefits of reducing treat-
ment-related side-effects. Indeed, assuming that the risk of
acquiring a secondary mutation is proportional to the
number of proliferating LSCs divisions, this risk increases
by only 1.5% when half-dose is applied for three years
(after an initial period of three years under standard dose)
in comparison with the full-dose scenario (Online
Supplementary Text S12 and Online Supplementary Figure
510). We acknowledge that our estimates are based on the
assumptions that there are no direct dose-dependent
resistance mechanisms. This is supported by the observa-
tion that re-starting TKI treatment after relapse in cessa-
tion studies proved overall successful and did not suggest
a higher tendency for TKI resistances.***

Our current model does not consider any immunologi-
cal effects or other more detailed competition mechanism
between LCs and their environment. Therefore, our pre-
dictions on the risk of molecular relapse after TKI cessa-
tion are solely based on the fraction of LCs at the time of
TKI stop and the proliferation rate estimated from CML
latency times. This implies that a lower residual LSC num-
ber ultimately results in a lower relapse risk. Because of
this limitation, our model does not reflect potentially ben-
eficial effects resulting from mildly increased abundance



of proliferating LCs which potentially stimulate a patient’s
immune response.

Although TKI treatment response is still substantially
heterogeneous with respect to many clinical parameters,
the well-defined CML phenotype and the accessibility of
kinetic data on treatment response has made CML a pri-
mary target for mathematical model approaches in oncol-
ogy.*** It has also been recognized that the regulation of
stem cell quiescence under continuing TKI therapy affects
the kinetics of disease eradication.”” Here, we consider a
conservative scenario, which only assumes a direct cyto-
toxic TKI effect on proliferating LCs, but does not alter
LSCs quiescence. If assuming an additional TKI-depen-
dent reduction of the activation rate p,,, as previously dis-
cussed,””*™¥ any favorable dose de-escalation would lead
to an even better long-term response (Ounline
Supplementary Figure S3). Recently, using an analytical
approach very similar to our formulation, Werner et al.
developed a mathematical model that allows an estima-
tion of LSC fractions to be made from longitudinal
measurements of tumor load.® However, this model
assumed no direct therapeutic effect on LSCs, which are,
therefore, increasing even during treatment.

In summary, we show that the systematic assessment of
available clinical data by means of mathematical models
has direct clinical implications, but also reveals underlying
disease and treatment mechanisms. Our results are sub-
stantiated by and support the interim findings of the ongo-

TKI dose reduction in CML -

ing DESTINY trial, thereby suggesting a change in current
clinical practice and the consideration of TKI dose de-esca-
lation strategies in maintenance therapy. As with any the-
oretical prediction, our results represent hypotheses that
need to be validated in clinical trials. However, modeling
approaches can substantially support the design of inform-
ative trials. We consider this simulation study as a proof-
of-concept for the use of systems medicine to optimize
treatment efficacy and to minimize health care costs.
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