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Abstract

In vitro experiments show that the cells possibly responsible for radiation-induced acute myeloid leukemia (rAML) exhibit
low-dose hyper-radiosensitivity (HRS). In these cells, HRS is responsible for excess cell killing at low doses. Besides the
endpoint of cell killing, HRS has also been shown to stimulate the low-dose formation of chromosomal aberrations such as
deletions. Although HRS has been investigated extensively, little is known about the possible effect of HRS on low-dose
cancer risk. In CBA mice, rAML can largely be explained in terms of a radiation-induced Sfpil deletion and a point muta-
tion in the remaining Sfpil gene copy. The aim of this paper is to present and quantify possible mechanisms through which
HRS may influence low-dose rAML incidence in CBA mice. To accomplish this, a mechanistic rAML CBA mouse model
was developed to study HRS-dependent AML onset after low-dose photon irradiation. The rAML incidence was computed
under the assumptions that target cells: (1) do not exhibit HRS; (2) HRS only stimulates cell killing; or (3) HRS stimulates
cell killing and the formation of the Sfpil deletion. In absence of HRS (control), the rAML dose-response curve can be
approximated with a linear-quadratic function of the absorbed dose. Compared to the control, the assumption that HRS stimu-
lates cell killing lowered the rAML incidence, whereas increased incidence was observed at low doses if HRS additionally
stimulates the induction of the Sfpil deletion. In conclusion, cellular HRS affects the number of surviving pre-leukemic cells
with an Sfpil deletion which, depending on the HRS assumption, directly translates to a lower/higher probability of develop-
ing rAML. Low-dose HRS may affect cancer risk in general by altering the probability that certain mutations occur/persist.

Keywords Low dose - Acute myeloid leukemia - CBA mice - Mathematical modeling - Ionizing radiation exposure -
Hyper-radiosensitivity

Introduction

One of the early observations among atomic bomb sur-

vivors in Hiroshima and Nagasaki was an increased risk
of developing leukemia (Folley et al. 1952). Since then,
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into a mechanistic mathematical model to study the dose-
response curve (Preston 2017; Shuryak 2019; Kaiser et al.
2021).

Stouten et al. (2021) presented a mathematical model
to quantify the dose-response curve of the major radia-
tion-induced acute myeloid leukemia (rAML) pathway
in photon-irradiated male CBA/H mice. These mice have
been used extensively to study rAML due to very low back-
ground incidence, reproducible maximum rAML induction
of about 20% following 3 Gy of whole-body exposure, and
histopathological features similar to human AML (Major
and Mole 1978; Mole et al. 1983; Verbiest et al. 2015).
The major murine rAML disease pathway can be explained
in terms of two mutations affecting gene Sfpil coding
for hematopoietic transcription factor PU.1 (Finnon et al.
2012; Verbiest et al. 2015; O’Brien et al. 2020). A radia-
tion-induced deletion with Sfpil copy loss is the first hit
responsible for the formation of pre-leukemic cells (Bouf-
fler et al. 1997, Silver et al. 1999), and is identified in about
82% of the rAML cases. In approximately 78% of these
rAML cases, the cells with an Sfpil deletion additionally
acquired a specific point mutation in the remaining Sfpil
allele (O’Brien et al. 2020). These two mutations are con-
sidered to be responsible for the formation of leukemic cells
and the resulting rAML onset (Cook et al. 2004; Suraweera
et al. 2005; Verbiest et al. 2018).

Although the target cells responsible for rAML develop-
ment remain unknown, hematopoietic stem and progenitor
cells (HSPCs) are generally thought to be involved in leuke-
mogenesis (Passegué et al. 2003; Hope et al. 2004; Taussig
et al. 2005; Hirouchi et al. 2011; Shlush et al. 2014; Gault
et al. 2019). Recent in vitro clonogenic survival experiments
revealed that murine HSPCs such as long-term hematopoi-
etic stem cells (LT-HSCs) exhibit cellular hyper-radiosen-
sitivity (HRS) (Rodrigues-Moreira et al. 2017). Low-dose
HRS is responsible for severely lowering the surviving cell
fraction after very low dose exposure compared to what one
would expect based on a linear-quadratic cell survival model.
Further increasing the dose activates an increased radiore-
sistance mechanism, which causes the surviving cell fraction
to increase again. At higher doses, the surviving cell fraction
converges back onto the traditional linear-quadratic model
(Marples and Collis 2008). In the present paper, the term
HRS includes the response in the entire dose region where
clonogenic cell survival is lower than expected based on a
linear-quadratic model, i.e., it includes the increased radi-
oresistance phenomenon. Rodrigues-Moreira et al. (2017)
observed that the potential target cells of rAML display HRS
for acute doses below 0.1 Gy, with a maximum effect around
0.06 Gy. A transient low-dose radiation-induced increase of
reactive oxygen species has been shown to be responsible
for inducing HRS in these hematopoietic cells (Rodrigues-
Moreira et al. 2017).
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Cellular HRS has been extensively investigated for the
endpoint of cell survival (Lambin et al. 1993; Short et al.
1999; Joiner et al. 2001; Marples and Collis 2008; Olobatuyi
et al. 2018); however, it remains extraordinarily difficult to
relate the possible effects of HRS to the endpoint of cancer
risk. Besides the endpoint of cell survival, HRS has also
been shown to stimulate the induction of radiation-induced
chromosomal aberrations and deletions at very low doses
(Seth et al. 2014; Troshina et al. 2020). The rAML incidence
may be affected if HRS stimulates the formation of the Sfpil
deletion at very low doses.

Exposure to doses typically absorbed during diagnostic
procedures such as PET/CT scans may affect risk estimates
if target cells exhibit HRS. Because of a small effect size at
lower doses, it is not realistic/practical to conduct mouse
experiments to infer a dose-response curve dependent on
the possible HRS status of rAML target cells. In the pre-
sent study, a contribution is made to expand the (scarcely)
available literature about the possible effects of HRS on the
low-dose rAML incidence. The induced-repair model intro-
duced by Marples and Joiner (1993) was used to investigate
the effect of HRS target cell status on the low-dose rAML
incidence. In the present paper, three scenarios are consid-
ered to study how cellular HRS may influence the incidence
of low-dose rAML. The assumptions were made that HRS
does not affect cell survival (HRS™), HRS only influences
cell survival (HRST), or HRS stimulates cell killing (i.e., it
influences cell survival) as well as the induction of the Sfpil
deletion (HRS;). Based on the presented model, experi-
ments are proposed to possibly detect whether HRS affects
low-dose rAML incidence. Furthermore, the computation-
ally intensive stochastic rAML model from Stouten et al.
(2021) was redesigned such that the dose-response curve
can be calculated almost instantaneously.

Materials and methods
Background of the model

The redeveloped rAML model presented here including an
HRS extension is based on previous modeling work (Dek-
kers et al. 2011; Stouten et al. 2021) in which, similar to
the two-stage models for cancer risk assessment, malignant
cells are formed due to the occurrence of two mutations
(Moolgavkar et al. 1988; Dewanji et al. 1989; Leenhouts
and Chadwick 1994). Figure 1 shows an overview of the
model utilized to quantify the rAML incidence. Briefly,
the mathematical CBA/H mouse rAML model assumes
that normal HSCs (N) are transformed into pre-leukemic
intermediate cells (/) due to a radiation-induced intersti-
tial deletion on chromosome 2 with Sfpil copy loss. Cells
N and I can both die due to radiation exposure. Cells I
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Fig. 1 Overview of the two-mutation rAML model. Normal murine
bone marrow cells (N) are assumed to transform into pre-leukemic
cells I due to a radiation-induced deletion with Sfpil copy loss. Inter-
mediate cells / proliferate and can transform into malignant cells
M due to the occurrence of a point mutation in the remaining Sfpil
allele. Both cells N and I can additionally undergo radiation-induced
cell death (N, I - @). Once a mouse acquires a single malignant cell,
the time required for rAML onset and diagnosis is #,, months, and
only occurs if the mouse survives sufficiently long. With the excep-

proliferate and they transform into malignant cells when
the codon R235 point mutation occurs in the remaining
Sfpil allele. The formation of the first malignant cell leads
to rAML onset over the course of fiag months, provided
that the mouse does not die during that time (Dekkers
et al. 2011; Stouten et al. 2021). The expressions along
the arrows correspond with the rates (except for latency
11,¢) used in the differential equation model to describe the
response of bone marrow cells (&, I and M) to ionizing
radiation exposure.

The mathematical male CBA/H mouse model developed
by Stouten et al. (2021) enables one to determine the distri-
bution of potential rAML diagnosis times (f,(¢)). Here, an
essential observation is that, if mice did not die from other
causes, every mouse would eventually develop rAML. This
allows one to define, for each mouse, two independent time
points: t,, the potential time at which rAML occurs in the
absence of other causes of death, and ¢, the potential time
at which a mouse dies in the absence of rAML. The potential
rAML diagnosis time (¢, ) is obtained by adding the diagno-
sis time latency (7,,) to the time at which the first malignant
cell is formed (#,,_,). Thus, the rAML diagnosis can only take
place if a mouse survives sufficiently long to develop rAML,
Le., fy=y + 1ty = I4 < t3. Similar to Stouten et al. (2021), the
addition of a diagnosis latency of 7,,, = 5.06 months was based
on the observation that mice, which were deleted of exon 5
of the Sfpil gene (PU.17/), developed AML with a median
latency of 22 weeks (Metcalf et al. 2006). This latency esti-
mate is almost identical to a model-based estimation made by
Dekkers et al. (2011).

In the present paper, the computationally intensive sto-
chastic rAML model developed by Stouten et al. (2021) is

From M to rAML
in t,,y months

tion of latency f#,,, the rates along the arrows correspond to the
transition rates included in the differential equations for N, I and M
(Egs. 3-5). The effect of hyper-radiosensitivity (HRS) on leukemo-
genesis was studied with the assumptions that HRS only affects the
per cell death rate (L) of cells N and I or that HRS stimulates cell kill-
ing as well as the formation of the Sfpil deletion (N — I). The HRS
assumptions were incorporated into the model by replacing the rate L.
with the HRS-dependent rate Lygq

replaced by a more efficient model. Instead of running time-
consuming simulations to check whether rAML could have
been diagnosed per mouse (¢, < t7), a differential equation
model is used to directly determine the probability of rAML
development. The probability distribution of the potential time
at which the first malignant cell is formed, f),_,(#), can be
derived from the differential equation model. The potential
rAML diagnosis distribution time, f,(¢), in absence of any
other causes of death can be found from f,_,(¢) with the
aforementioned time lag 7,,,. Furthermore, the dose-depend-
ent probability distribution of the potential time to non-rAML
causes of death, fK(t), is known (Stouten et al. 2021). By
assuming that 5 and #5 are independent, one can utilize the
distributions f5(¢) and f,(?) to find the distribution of the
actual rAML diagnosis time:

fi() = (1 — ﬁA—(r))fA(t), (0

where IA’X(I) is the (corrected) cumulative distribution func-
tion of f+(¢) which will be defined later. At time ¢, 1 — F5(?)
represents the probability that a mouse has not yet died from
non-rAML causes. The probability of developing rAML is
found by calculating the area under the curve of f;(¢), i.e.,
PTAML) = P(1y < tz) = /Om Jf4(H)dt. The distribution f(f)
is called improper because 0 < fooo Sadr < 1.

Differential equation model of bone marrow
leukemogenesis

By translating the two-mutation model of rAML (Dekkers
et al. 2011; Verbiest et al. 2015; Stouten et al. 2021) into
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differential equations, the potential rAML diagnosis time
distribution (f,(#)) can be obtained and used to find the
actual rAML diagnosis time distribution (f;(%)).

The lethal event/lesion formation rate L(f) was
derived from a dose-dependent linear-quadratic model
(L(D) = aD + pD?), and can be used to model the clono-
genic cell survival fraction S following exposure to a dose
D (Gy) through: S(D) = exp(—L(D)) (Chadwick and Leen-
houts 1973; Kellerer and Rossi 1974). The rate L(¢) can be
utilized to describe the radiation-induced loss of clonogenic
potential in differential equations and is obtained from L(D)
after substitution of the dose absorption function D(¢) = Dr:
L(t) = aDt + pD*#?, where D is the constant dose rate (Gy/
month) with which mice are irradiated. Taking the time
derivative of L(t) yields the rate L(¢) (Zaider and Minerbo
2000; Gong et al. 2013; Olobatuyi et al. 2018):

@

: {aD+2/3D2tifO§t§T=D/D
L(t) = .

0 otherwise.
Note that, irradiation starts at time ¢t = 0, the dose of
interest D accumulates at exposure time 7 = D/D and
L(t=T)=L(D).

The following ordinary differential equations describe the
dynamics of the number of normal (N), intermediate (/) and
malignant (M) bone marrow cells in absence of HRS (note:
Fig. 1 can be used as a reference for how each model rate
corresponds to a certain process):

N(t) = =L(ON(1) — page LION(D), 3)
1(1) = pg LON @) + 1(0)(b — p, — L(1)), 4)
M) = pu,I(2), )

where the parameters g, (dimensionless), b (month™!)
and Hyp (month™") correspond to the formation of the Sfpil
deletion, the proliferation rate and the Sfpil point mutation
rate respectively. The assumption was made that the num-
ber of bone marrow cells with a deleted Sfpil copy can be
described through a linear-quadratic model L(D) (Stouten
et al. 2021). This assumption is based on the observation
that the number of lethal events and chromosome aberrations
are linearly correlated (McMahon 2018), and the increase
in the number of interstitial deletions is a linear-quadratic
function of the radiation dose (Cornforth et al. 2002). Note
that no distinction was made between the radiation-induced
cell killing rate (L) of cells N and I, because cells [ only dif-
fer from cells N in the occurrence of the radiation-induced
Sfpil deletion. Hence, the assumption was made that, during
the very brief exposure time, the occurrence of the Sfpil
deletion does not alter the radiosensitivity of cells /. It was
additionally assumed that normal cells N could not transition
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into I due to a naturally occurring interstitial Sfpil deletion,
and proliferation of N was excluded because acute exposure
was considered here (T ~ 0). It should further be noted that
the model developed by Stouten et al. (2021) contains an
additional intermediate cell compartment in which Sfpil-
deleted cells do not have a growth advantage in the early
stages after irradiation (Olme et al. 2013a). This compart-
ment is ignored in the presented model because it requires
an extra parameter and it makes the model solution more
complex, while yielding similar results.

Assuming that malignant cell formation/arrival from inter-
mediate cells follows a Poisson process with rate function
M(?), then the time required to produce the first malignant
cell after irradiation has the following probability distribution
(Hurtado and Kirosingh 2019):

Fui (O = M(t)e™. ©6)

The potential rAML diagnosis time distribution in the
absence of other causes of death is obtained by shifting the
curve fy,, () with #,,, months:

{0 if 1 < 1,
fal) = { fu=1(t — 1,) otherwise. @

The equations for N, I and M (Eqgs. 3-5) need to be solved
to use the above density function to quantify the rAML
incidence. Stouten et al. (2021) derived a dose-dependent
expression for the number of intermediate cells present at
time T = 0 following brief high-dose-rate exposure ({,(D)),
by assuming that no cells I proliferate or transform into M
during exposure. By reproducing this approach with initial
conditions N(0) = N, =15,670 (Staber et al. 2013; Stouten
et al. 2021) and 1(0) = 0, the following initial condition can
be found:

1,(D) = Noe—L<D>(1+udel><eudelL<D> _ 1)_ ®)
The equations I(t) = (b — H)I(7) and M@ = ul(1) after

radiation exposure can now easily be solved with the initial
conditions /(0) = I,(D) and M(0) = 0:

I(t) = I,(D)e>=")", ©)
M@ = (1)~ D)) 10
b— H, 0 : (10)

The above expressions are required to use f,(?) (Eq. 7).

Incorporation of hyper-radiosensitivity

Hyper-radiosensitivity was included in the model due to the
observation that the possible target cells of rAML exhibit
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HRS (Rodrigues-Moreira et al. 2017). Besides the cell sur-
vival endpoint, HRS has also been observed for the endpoint
of chromosomal aberrations in gamma-irradiated human
peripheral G, blood lymphocytes (Seth et al. 2014). Fur-
thermore, the induced-repair model from Marples and Joiner
(1993) can be utilized to describe HRS for the endpoints
of cell survival, chromosomal aberrations and deletions in
B14-150 Chinese hamster cells irradiated with carbon ions
(Troshina et al. 2020). Based on these experimental find-
ings, the following three scenarios were considered to study
the possible effect of HRS on the rAML incidence. First,
the HRS™ assumption presumes that bone marrow cells do
not exhibit HRS (control scenario). The second scenario
assumes that bone marrow cells exhibit HRS and this only
affects cell survival (HRST). The third scenario assumes that
HRS affects cell survival and stimulates the formation of the
Sfpil deletion (HRS]).

The lethal event rate was modified in accordance with
the induced-repair model from Marples and Joiner (1993)
to describe low-dose HRS through the a parameter of the
linear-quadratic model:

a(D)=ar<l+<%—1>e_D%>, (11

T

where a, represents the traditional linear-quadratic parameter
a applied to the conventional high-dose response, «; is the
slope at a very low radiation dose, and D, reflects the dose
at which the induction of increased radioresistance is 63%
complete. The induced-repair cell survival model is given by
Srs(D) = e~ ¥@P=FD* (Marples and Joiner 1993).

The rate function, Lygg(H) = a(D)D +28D%t, was
used to describe clonogenic cell death for the HRS*
assumptions during exposure. Rate Lypq(f) was substi-
tuted for L(z) in the differential equations for N (Eq. 3)
and I (Eq. 4) to model the possible effect of HRS on
the development of rAML. For the HRS;r scenario,
only the cell death rate during irradiation was modi-
fied (i.e., N=—LygsN — HgaLN; 1 = —Lygs! + HgaLN),
whereas the death rate and the Sfpil-induction rate
were both changed for the HRS;r scenario (i.e.,
N = —LygsN(1 + pge)s I = Lygs(gaN = D).

Again, by assuming that no cells / proliferate or trans-
form into M during the brief exposure time, one can easily
solve the differential equations for the HRS* assumptions.
This yields the initial condition for the number of cells with
an Sfpil deletion present after irradiation for the HRS*
assumptions:

IO HRSH (D) = Noe_ (HdelL(D)+LHRs(D)) (eﬂdelL(D) -1 ) , (12)

IO,HRS; (D) = Noe_(”deleRS(D)+LHRS(D)) <el4dc11:HRs(D) _ 1) (13)

Substitution of the above initial conditions for I,(D) in
Egs. (9) and (10) allows one to quantify the HRS-depend-
ent rAML incidence. The a,/a,-ratio is unknown for the
possible HRS-mediated low-dose induction of Sfpil loss.
The dose-response curve of different types of chromosomal
aberrations observed in gamma-irradiated human G, blood
lymphocytes display «,/a, ratios of 2.5 and 3.5 (Seth et al.
2014). For simplicity, the relationship @, = 3, was assumed.
This ratio is utilized in the Lyzg(D) function shown in
Eq. (13) and only affects the induction of the Sfpil deletion.

Deaths from non-rAML causes

The dose-dependent survival time distribution ( f4(2)) of
male CBA/H mice (Major and Mole 1978) in the absence
of rAML was approximated with a skew normal distri-
bution with location, scale and shape parameters of & =
25.86—0.57D months, @ = 5.87 months and a = — 1.01
respectively (Stouten et al. 2021). The distribution param-
eters were fixed in accordance with the observation that the
mean male CBA/H mouse survival time decreases from
22.5 to 19.1 months, when the dose is increased from 0 to 6
Gy, with a survival time standard deviation of 4.83 months
and a skewness of approximately — 0.141 (Major 1979). To
exclude negative distribution times from the skew normal
distribution, the cumulative distribution function F+(?) cor-
responding to the density f+(¢) was corrected:

Fx(®) — Fz(0)

0= =" 0

(14)

Thus, the corrected cumulative distribution function, IATX(I),
was defined such that it has the properties F5(0) = 0 and
F4(t) = 1 as t — co. The function F4(#) was included in
Eq. (1) to find the actual rAML diagnosis time distribution.

Model implementation, data and fitting procedure

The model was implemented in R version 4.0.3 (R Core
Team 2018) and a nonlinear least-squares fitting procedure
(R package minpack.Im) was performed to minimize the
differences between the model and the data. Values for the
parameters b and p, were determined by fitting the model
to dose-dependent (0.75, 1.5, 3.0, 4.5 and 6.0 Gy) rAML
incidence percentages (Major 1979; Mole et al. 1983),
and time-dependent cumulative rAML incidence percent-
ages observed after 4.5 Gy of exposure (Mole et al. 1983).
These data were obtained from experiments in which male
CBA/H mice were irradiated with high-dose-rate X-rays.

@ Springer



366

Radiation and Environmental Biophysics (2022) 61:361-373

Specifically, the following cost function that is dependent
on parameter vector p = (b, u,) was minimized:

20

2
c® =Y, (wl(i) (v =56, p)))

i=1
B CNECECLAY)
= 2tyy) 2ty P)
The first term of the cost function takes 20 observed (y(i))
and modeled (3(i, p)) dose-dependent incidence percentages
into account (i € {1, ...,20}). Each rAML incidence model-
data residual for point i was weighted by the fraction of mice
used to acquire data point i: w; (i) = nyice;/ Zj Ninice /-

The second term of the cost function describes the dif-
ferences between observed (z(f;)) and modeled (2(¢;, p))
rAML incidence after acute 4.5 Gy of exposure as a
function of time at time points ¢; (i € {1,...,20}). The
time-dependent cumulative rAML incidence values were
normalized relative to the final time point t,, z(t;)/z(t5,)
and 2(¢;)/%(ty,), and weighted by the mean of the rAML
incidence data observed after acute 4.5 Gy of exposure
(w,) (Major 1979; Mole et al. 1983). This correction was
applied such that both the model and the experimental data
reached an identical maximum value at time t,.

Stouten et al. (2021) showed that a = &, = 0.0402 Gy_l,
p=0.122 Gy_2 and py, = 0.0499 (dimensionless) can
be used to describe cell survival curves of murine HSCs
and HSPCs (Mohrin et al. 2010) and approximate the
relative in vitro/vivo formation of the Sfpil deletion in
CBA/H mice following 3 Gy of X-ray exposure (Olme
et al. 2013a). For the current paper, it was not possible to
obtain significant parameter values when fitting all of the
model parameters to the rAML incidence data at once.
Lack of inclusion of cell survival data and Sfpil deletion
data in the fitting procedure made it impossible to identify
unique optimal parameter values. Hence the parameter val-
ues for a, f and pg4, were taken from Stouten et al. (2021)
because those values can be related to experimental data.
The (fitted) model parameters to run the simulations are
reported in Table 1.

Rodrigues-Moreira et al. (2017) observed that the sur-
viving fraction curve of LT-HSCs displays low-dose HRS.
This HRS effect reached a maximum after about 0.06 Gy
of exposure, with a corresponding surviving fraction of
about 0.65. To simulate this effect, the parameter values
of D, = 0.06 Gy and a, = 20 Gy™! were assumed.
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Table 1 Model parameter values used in this work reported with (if
applicable) their model fit start values and standard errors

Parameter Unit Start Value

a, Gy™! - 0.0402°

a Gy™! - 200

D, Gy' - 0.060°

B Gy™ - 0.122°

Hael - - 0.0498*

thag Months - 5.06%

b Month™"  0.0624* 0.0995 + 0.00376

Hp Month™'  6.87x 1075  2.17x107° £2.12x 107°

#Values taken from Stouten et al. (2021)
b Assumed value

“Value taken from Rodrigues-Moreira et al. (2017)

Results
Low-dose HRS affects pre-leukemic cell formation

The presented mathematical model can be used to study the
possible effects of HRS on the incidence of rAML in male
CBA/H mice after acute high-dose-rate X-ray exposure.
Simulations were carried out with the assumptions that (1)
bone marrow cells do not exhibit HRS (HRS"), (2) cells
display HRS for the endpoint of cell survival only (HRST),
(3) or HRS affects cell survival and stimulates the formation
of the Sfpil deletion (HRS]).

Figure 2a shows the surviving fraction for the
HRS™ (solid) and HRS* (dashed) target cell assumptions.
The surviving fraction curves were obtained with a linear-
quadratic model (HRS™ assumption) and an induced-repair
model (HRS" assumption, Eq. (11)). The model parameters
(Table 1) were taken from Stouten et al. (2021) to describe
the surviving fraction of gamma-irradiated Slam-HSCs
(filled circles, Mohrin et al. 2010). Rodrigues-Moreira et al.
(2017) showed that LT-HSCs exhibit low-dose HRS follow-
ing in vitro exposure (open circles). Given this observation,
the induced-repair model parameter a, was chosen such that
HRS was approximately maximized following exposure to a
dose of 0.06 Gy, with a corresponding observed clonogenic
surviving fraction of about 0.65 (open circles, Rodrigues-
Moreira et al. 2017). Although the utilized induced-repair
model parameters are unable to describe the available HRS
data exactly, this does not have a large effect on the qualita-
tive impact of HRS on the rAML incidence, which is the
main focus of this study.

The radiation-induced deletion with Sfpil copy loss is
responsible for the formation of pre-leukemic cells (Verbi-
est et al. 2015). Figure 2b illustrates the effect of the HRS™
(solid curve), HRST (dashed curve) and HRS] (dotted curve)
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Fig.2 Effect of the cellular hyper-radiosensitivity (HRS) assumption
on clonogenic cell survival and formation of the radiation-induced
Sfpil deletion. a Cell survival was modeled under the assumption
that target cells do (dashed curve) or do not (solid curve) exhibit
HRS. The shown data represents the mean (+standard error) survival
fractions of SLAM-HSCs (filled circles, n = 3, Mohrin et al. 2010)
and long-term HSCs (open circles, n = 5) exhibiting HRS (Rodri-
gues-Moreira et al. 2017). b The number of cells with a radiation-

assumptions on the formation of pre-leukemic intermediate
cells. If HRS only affects cell survival (dashed curve), fewer
pre-leukemic cells are formed at lower doses compared to
what one would expect based on the conventional linear-
quadratic model (solid curve). Whereas if HRS stimulates
cell killing and the formation of the Sfpil deletion (dotted
curve), more pre-leukemic cells are formed at lower doses.
The three curves are equal for doses larger than about 0.3
Gy. Similar to Stouten et al. (2021), the maximum number
of cells with an Sfpil deletion is formed after about 2.7 Gy
of exposure. Further increasing the dose induces frequent
cell death, hence explaining the observation that the number
of cells with an Sfpil deletion approaches zero following
exposure to higher doses.

The rAML incidence is calculated with the diagnosis
time distribution

The model presented in this paper was used to find the rAML
diagnosis time distribution fy(¢) (dotted curve, Fig. 3a). The
distribution f;(r) (Eq. 1) was calculated after 4.5 Gy of
exposure by multiplying the potential rAML diagnosis time
distribution f, (¢) (dashed curve), with one minus the cumu-
lative distribution function for non-rAML death times I:“X(t)
(solid curve). The probability of developing rAML was cal-
culated by integrating the rAML diagnosis time curve f(¢).
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induced Sfpil deletion surviving low-dose exposure decreases under
the HRS] target cell assumption (HRS only affects cell survival,
dashed curve) compared to the HRS™ assumption (solid curve). In
contrast, the assumption that HRS stimulates cell killing and the for-
mation of the Sfpil deletion (HRS}) results in more cells with Sfpil
deletions after very low dose exposure (dotted curve) compared to the
other assumptions

Figure 3b shows the cumulative rAML incidence in time
following exposure to doses of 0.75, 1.5, 3.0, 4.5 or 6.0 Gy
(light gray to black). These curves were obtained by integrat-
ing the rAML diagnosis time distribution f,(¢) as a func-
tion of time. The model presented here (solid curves) yields
results similar to the previously published rAML model that
is more complex and computationally intensive (dashed
curves, Stouten et al. 2021). The initial rise in the cumulative
rAML incidence proceeds faster with the new model com-
pared to the previous version. The previous model contains
an additional intermediate cell compartment such that cells
with an Sfpil deletion do not have an initial growth advan-
tage (Stouten et al. 2021), hence explaining the initial delay
in rAML diagnoses observed with the previous model. Fur-
thermore, as the previous model, the new model is also able
to describe the total rAML incidence among male CBA/H
mice (filled circles) and the time-dependent cumulative inci-
dence data (stairs) (Major 1979; Mole et al. 1983).

Low-dose HRS modifies the rAML dose-response
curve

Figure 4 shows the modeled effect of low-dose HRS on the
rAML incidence. The incidence curves were calculated by
running the model for the previously discussed three HRS
assumptions (HRS™, HRST, HRS?). First, similar to Stouten
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Fig. 3 Quantification of time-dependent rAML onset. a The rAML
diagnosis time distribution (f;, dotted curve) is acquired by multi-
plying the potential rAML diagnosis time density, f, (dashed curve),
with one minus the cumulative distribution function of deaths from
non-rAML causes, l—f’x (solid curve). The area under the rAML
diagnosis time curve represents the probability of developing rAML.
b The time-dependent cumulative rAML incidence curves are shown
following exposure to 0.75, 1.5, 3.0, 4.5 or 6.0 Gy (light gray to

et al. (2021), the rAML incidence curve corresponding to
the HRS™ assumption increases in a linear-quadratic manner
with the absorbed radiation dose (solid black curve). Second,
a comparison of the dose-response curves for the HRS™ and
HRS;r (dashed black curve) scenarios indicates that HRS
may reduce the rAML incidence with a maximum effect
around 0.06 Gy. Third, the incidence curve obtained with
the HRS;r assumption (dotted black curve) has a relatively
high slope at very low doses compared to the other HRS
assumptions. The three modeled rAML incidence curves are
identical at higher doses, regardless of the low-dose HRS
assumption.

The high-dose model predictions are in line with avail-
able rAML incidence data of 0.75, 1.5, 3.0, 4.5 and 6.0 Gy
X-ray irradiated male CBA/H mice (Major 1979; Mole
et al. 1983). Maximum rAML induction is observed with
the model after about 2.5 Gy of exposure, and the rAML
incidence decreases with higher doses due to the depletion
of pre-leukemic cells with an Sfpil deletion and increased
mouse deaths from non-rAML causes.

Figure 4 additionally shows that the modeled HRS™ rAML
incidence percentages up to 0.2 Gy (solid black curve) can
be accurately approximated with the linear-quadratic dose-
response curve, y(D) = ¢,D + ¢,D? (solid gray curve), with
coefficients ¢, = 3.63 Gy~! and ¢, = 10.1 Gy~2, obtained
by Stouten et al. (2021) from modeled rAML incidence
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black) for the recently published model (dashed curves, Stouten et al.
2021) and the simplified model presented in this paper (solid curves).
The cumulative incidence was determined by calculating the area
under the diagnosis time curve f; as a function of time. The model
was fitted to time-dependent cumulative incidence in CBA/H mice
following 4.5 Gy of X-ray exposure (stairs) and the incidence data
(mean + standard error, n = 4,) shown at the end of the cumulative
incidence curves (Major 1979; Mole et al. 1983)

percentages. Coefficient ¢, of the linear-quadratic dose-
response curve approximation can be modified to describe
the HRS], scenarios:

Cl,s _D
CLimes; (D) = "’“<1 (G ) ) (16)
T
cl,s _D
crurstD) =cp | 1+ (C— - 1>e o |, an
) 1r

where the constant z = 1 Gy~! was introduced to make the
product zD dimensionless. Note that the term for the HRST
assumption differs from the induced-repair model (Marples
and Joiner 1993) due to the addition of a dose-dependency
before Euler’s number; furthermore, the first plus sign was
changed into a minus sign because this assumption is
responsible for decreasing the rAML incidence. The term
for the HRS;r assumption is identical to the induced-repair
model (Marples and Joiner 1993). Figure 4 illustrates that
CI,HRS]*(D) (dashed gray curve, ¢, = ¢, Gy !, s =719
Gy !, D, = 0.06 Gy™") and C1 HRS? (D) (dotted gray curve,
¢, =3Gy", ¢;; =108 Gy™', D, = 0.026 Gy™') can be
utilized to accurately approximate the modeled rAML inci-
dence estimates corresponding to the two HRS assumptions
(dashed and dotted black curves respectively).
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Fig.4 Hyper-radiosensitivity (HRS) modifies the rAML dose-
response curve. The rAML dose-response curve obtained with the
HRS" assumption is linear-quadratic at lower doses (solid black
curve). In the presence of HRS] target cells (HRS only affects cell
survival), the low-dose incidence is reduced (dashed black curve)
compared to the HRS™ assumption. The rAML incidence at very low
doses is higher with the HRS] target cell assumption (HRS stimu-
lates cell killing and the formation of the Sfpil deletion, dotted black
curve). The modeled high-dose incidence estimates are in accord-
ance with the available male CBA/H mouse data (Major 1979; Mole
et al. 1983, standard errors are shown for n = 4). The modeled HRS™
rAML dose-response curve (solid black curve) is almost identical to
the linear-quadratic dose-response curve approximation y(D) = 3.63D
+ 10.1D? made by Stouten et al. (2021) (HRS;pme, solid gray curve).
The linear coefficient of the linear-quadratic response curve y(D)
could be modified with simple dose-dependent expressions to approx-
imate the dose-response curves obtained with the HRST (dashed gray
curve, Eq. 16) and HRS; (dotted gray curve, Eq. 17) assumptions

Multiple observations can be made from €1 HRS (D) and
€1 HRS? (D). First, at very low doses, the slope parameter for the
HRS™ and HRS? assumptions are identical (¢, = ¢;, = 3.63
Gy~ !) and about three times smaller compared to the HRS;r
assumption (¢, ; = 10.8 Gy ™). A relatively large slope param-
eter was expected for the HRS;r scenario due to the assumption
that low-dose HRS stimulates the formation of the Sfpil dele-
tion. Second, as the dose increases, ¢ | HRS? (D) becomes
smaller compared to the HRS™ scenario (c;) due to the assump-
tion that HRS only affects cell survival, which results in fewer
Sfpil deletions and therefore lower rAML incidence. Third, if
the dose becomes sufficiently large such that D/D, ~ 1, terms
€1 HRS (D) and C1HRS? (D) both approach the slope parameter
Crp

Discussion

The surviving fraction curve of the cells possibly responsible
for rAML development displays excess cell killing (HRS) at
lower doses (Rodrigues-Moreira et al. 2017). The aim of the
present study was to explore the possible effect of HRS on
the rAML incidence in male CBA/H mice. Lower rAML
incidence occurred in in-silico mice carrying HRS] target
cells compared to HRS™ cells over the same dose interval for
which hyper-radiosensitive surviving fractions were mod-
eled. This incidence reduction arises because the probabil-
ity of acquiring the Sfpil deletion decreases due to a sharp
HRS-associated increase in cell killing. A lower number of
viable pre-leukemic cells carrying the Sfpil deletion trans-
lates to a lower probability of malignant cell formation and
rAML onset during a mouse’s lifespan, hence explaining the
difference in rAML incidence depending on the HRS status.

Low-dose ionizing radiation exposure has been shown to
increase the number of chromosomal aberrations and dele-
tions (Seth et al. 2014; Troshina et al. 2020); therefore, a
scenario was considered in which HRS stimulates cell kill-
ing and the formation of the Sfpil deletion. The rAML inci-
dence at very low doses was increased for the HRS; target
cell assumption compared to the other assumptions, since a
higher number of pre-leukemic cells directly leads to
increased rAML incidence. A scenario in which HRS only
affects the Sfpil deletion was not considered because there
are experimental indications that HRS affects cell killing
(Rodrigues-Moreira et al. 2017). If HRS would only stimu-
late the Sfpil deletion, then the dose-response curve would
still be similar to the proposed expression (Cl,HRs;(D)’
Eq. 17) at very low doses due to the stimulation of pre-leu-
kemic cell formation. At higher doses, the effect of HRS
disappears which causes the HRS* rAML dose-response
curves to converge onto the HRS™ curve.

Although low-dose HRS has been observed in vitro, 0.02
Gy irradiated C57BL/6-CD45.2 mice did not have signifi-
cantly decreased LT-HSC counts compared to controls 4
months post-irradiation (Rodrigues-Moreira et al. 2017).
This implies that low-dose HRS might not occur in vivo.
However, a lack of significantly decreased cell counts may
be attributed to: the presence of radiation-induced inacti-
vated cells (i.e., cells that did not clonogenically survive
irradiation, but are still present in the bone marrow), repopu-
lation and/or a small low-dose-associated (0.02 Gy) effect
size.

The induced-repair model from Marples and Joiner
(1993) utilized in the present study and by Rodrigues-
Moreira et al. (2017) may not be the appropriate model to
describe low-dose HRS in LT-HSCs. The observed HRS-
mediated decrease in cell survival is much steeper than
what can be properly described through the induced-repair
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model. For example, with the reported parameters of a, =
0.63 Gy~ ! and a, = 9.84 Gy~! (Rodrigues-Moreira et al.
2017), the surviving fraction was reduced to 0.79 instead
of the observed mean of about 0.65 following 0.06 Gy of
exposure. Furthermore, the smaller radiosensitivity param-
eter @, = 0.04 Gy~ ! estimated by Stouten et al. (2021)
was used here to describe cell survival and rAML, instead
of the relatively large value found by Rodrigues-Moreira
et al. (2017). A global optimization technique (simulated
annealing) was employed in the present study to assess
whether a good rAML model fit could have been obtained
with @, = 0.63 Gy~!. But this method failed to identify a
realistic optimal parameter set capable of describing the
rAML data. The presented rAML model requires a rela-
tively small value of a, to properly describe the upward
curvature of the rAML incidence data up to about 2.5 Gy.
Although the values of @, and f estimated by Stouten et al.
(2021) can also be used to describe clonogenic survival
data of HSCs and HSPCs (Mohrin et al. 2010), this finding
might be a coincidence.

For the HRS] assumption, the quotient of the surviving
fraction for the HRS™ assumption divided by that of the
HRS™* assumption (S/Syrs) Was found to be identical to
the quotient obtained for the number of radiation-induced
pre-leukemic cells (/y /I prsy» results not shown). This was
expected because the cells were assumed to die in accord-
ance with the induced-repair model (Eq. 11), whereas the
induction of the Sfpil deletion was described with the
conventional linear-quadratic model. At lower doses, the
rAML dose-response curve can be accurately described in
terms of the number of radiation-induced pre-leukemic
cells (Stouten et al. 2021), which implies that the Sfpil
deletion is an important mutation that largely determines
the shape of the dose-response curve (i.e., Fig. 2b explains
Fig. 4). Therefore, the effect of the HRS;r assumption on
the rAML incidence was found to be approximately identi-
cal to the effect of HRS on cell survival and the induction
of pre-leukemic cells. Although this observation follows
from a model assumption, this could occur in vivo if the
presented model is representative of the actual two-muta-
tion major rAML disease pathway.

The mathematical mouse model was additionally rede-
signed such that the computation time is negligible, while
yielding a similar linear-quadratic dose-response curve and
time-dependent cumulative incidence curves compared to
the more complicated and time-consuming rAML model
developed by Stouten et al. (2021). Although most of the
model assumptions and the linear-quadratic dose-response
curve obtained with the rAML model were discussed in
detail by Stouten et al. (2021), it is important to note that
a different set of assumptions could yield a distinct dose-
response curve. For example, certain dose-response curves
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reflecting hormesis or a threshold (Brenner et al. 2003)
were excluded beforehand due to a lack of data on pro-
cesses that might affect the response curve for the major
rAML disease pathway.

Epidemiological studies have found that the dose-
response curve for human AML risk can be described with
a linear-quadratic model (Preston et al. 1994) and a preferred
quadratic model (Richardson et al. 2009; Hsu et al. 2013).
Similar to Stouten et al. (2021), the linear-quadratic dose-
response curve obtained here was found through a bottom-up
approach and should therefore not be extrapolated to humans
due to differences in the underlying AML disease pathway
(Verbiest et al. 2015). Most rAML cases in male CBA/H
mice can be explained through the major rAML pathway
involving the interstitial deletion with Sfpil copy loss and
the Sfpil point mutation. The remaining cases occur through
minor pathways that may be independent of the Sfpil dele-
tion and/or the Sfpil point mutation (O’Brien et al. 2020).
The overall rAML dose-response curve is the sum of the
(different) dose-response curves corresponding to the major
and minor rAML disease pathways (Stouten et al. 2021). It
is possible that HRS can influence the expression of disease
pathways in different ways since HRS has been observed for
distinct endpoints, e.g., cell survival and mutations (Marples
and Joiner 1993; Seth et al. 2014; Troshina et al. 2020).

It should be noted that HRS may affect cancer incidence
in other ways. For example, Jacob et al. (2008) showed that,
compared to the conventional linear-quadratic cell survival
model, the incorporation of HRS in the two-stage clonal
expansion model may increase the low-dose risk of mor-
tality from all solid cancer types among male Japanese
atomic bomb survivors. The obtained dose-response curve
was similar to the HRS;r rAML dose-response curve pre-
sented here, but instead of decreasing the incidence, HRS
was found to increase the incidence. Higher cancer mortality
risk was found by Jacob et al. (2008) due to the assumption
that increased cell killing can temporarily increase the pro-
liferation rate of intermediate cells to overcompensate radi-
ation-induced cell inactivation. Ban and Kai (2009) made a
similar observation regarding the effect of ionizing radiation
on the proliferation rate. Based on the available data, Jacob
et al. (2008) found that both the linear-quadratic and the
induced-repair cell survival models could describe the avail-
able cancer risk data equally well. In the present paper, the
assumption was made that ionizing radiation exposure does
not influence the proliferation rate of pre-leukemic cells,
hence the model-based observation that the rAML incidence
is lowered if HRS only affects surviving cell fractions. Find-
ings similar to Jacob et al. (2008) can be obtained with the
presented model if a cell killing-dependent proliferation rate
is assumed (results not shown).

Although cellular HRS has been thoroughly investigated
(Lambin et al. 1993; Short et al. 1999; Joiner et al. 2001;
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Marples and Collis 2008; Olobatuyi et al. 2018), the avail-
able literature related to how HRS possibly affects low-dose
cancer risk after acute exposure is scarce, which might be
due to a lack of reliable biomarkers (Martin et al. 2013). The
finding that low-dose HRS modifies the probability of rAML
onset may not be limited to this form of cancer. In general,
a consequence of HRS may be that this process changes the
probability that certain radiation-induced (driver) mutations
propagate/occur and contribute to long-term carcinogenesis.
Then, acute doses absorbed during e.g. whole-body PET/
CT scans may be sufficiently large to cause a small HRS-
mediated increase/decrease in cancer risk compared to what
is expected based on the linear no-threshold assumption.
Two simple HRS terms were introduced here such that the
linear coefficient of a risk model can be modified to include
HRS. However, the application of these HRS terms should
be limited to illustrative purposes because it requires param-
eters that cannot be identified from epidemiological data.

It may be possible to experimentally examine the pre-
sented hypotheses about the influence of HRS on the rAML
incidence in male CBA/H mice. First, one should deter-
mine the dose-response curve for the number of cells with
a deleted Sfpil copy. Data from Peng et al. (2009) indi-
cate that bone marrow cells of mice irradiated with iron
ions or X-rays may result in an HRS-dependent increase
in Sfpil loss one day as well as 1 year after iron ion (CBA/
Ca mice) and one month after X-ray (CBA/H mice) expo-
sure. Unfortunately, insufficient data points are available to
definitively confirm/reject the presented hypothesis about
HRS with respect to the Sfpil deletion. Therefore, the
experiment from Peng et al. (2009) should be repeated with
more doses. Based on such an experiment, it is possible to
examine the HRS* assumptions regarding the induction of
the Sfpil deletion (Fig. 2b). Second, if HRS truly occurs
in vivo during each irradiation event in male CBA/H mice,
one could conduct a dose fractionation experiment to test
whether HRS affects the rAML incidence. Consider total
absorbed doses of 0.4, 0.8, 1.2, 1.6 and 2.0 Gy, delivered in
20 fractions over four weeks. A dose fraction may then fall
within the HRS region e.g. 1.2/20= 0.06 Gy. For the HRS;r
assumption, one would expect to find fewer rAML cases for
a dose fraction size that maximizes the HRS effect, whereas
increased incidence could be detected if the HRS-mediated
increased cell proliferation assumption from Jacob et al.
(2008) is true. It should be noted that fractionated irradiation
has been observed to induce repeatable HRS-mediated cell
killing (Short et al. 2001; Turesson et al. 2010); however,
whether repeatable HRS is induced depends on the cell line
and interfraction time (Short et al. 2001). Therefore, it is
vital to first test if HRS can be induced repeatably before
conducting animal experiments.

Although a dose fractionation experiment was con-
ducted by Mole and Major (1983), only four cases were

observed following a total dose of 1.5 Gy (72 mice,
5.6%) and 3.0 Gy (65 mice, 6.2%) delivered in 20 frac-
tions. No conclusions can be made about HRS based on
these results, because they may have been obtained due to
chance since the sample/effect size is too small given the
large variation in rAML incidence that is usually observed
within/between investigations with CBA/H mice (Major
and Mole 1978; Mole et al. 1983; Mole and Major 1983;
Olme et al. 2013b; Verbiest et al. 2018). The variation in
incidence between earlier (Major and Mole 1978; Mole
et al. 1983; Mole and Major 1983) and recent experiments
(Olme et al. 2013b; Verbiest et al. 2018) may be attributed
to a difference in housing conditions. Within an experi-
ment, it may be easier to detect the possible effect of HRS
on the rAML incidence by classifying each rAML case to
the major or minor pathway based on the presence/absence
of the Sfpil deletion.

Conclusions

In conclusion, through a mathematical modeling approach
it was shown how low-dose rAML incidence in male
CBA/H mice may be influenced if HRS affects endpoints
such as cell survival and the Sfpil deletion. For radiation
protection, at the present state of knowledge, it is difficult
to predict the relevance of HRS on cancer/leukemia inci-
dence/mortality among humans. As discussed in the paper,
HRS could either increase or decrease radiation-induced
risk compared to what would be predicted by a linear or a
linear-quadratic model. Through this work, a step has been
set in the direction of expanding the limited available liter-
ature on the relationship between HRS and carcinogenesis.
Furthermore, experiments have been proposed to identify
the possible effect of HRS on rAML incidence, and inves-
tigate how the overall rAML dose-response curve can be
described in terms of the minor/major rAML pathways.
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