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Abstract

Purpose: The impact of radiation therapy on the immune system has recently gained attention
particularly when delivered in combination with immunotherapy. However, it is unclear how
different treatment fractionation regimens influence the interaction between the immune system
and radiation. The goal of this work was to develop a mathematical model that quantifies both the
immune stimulating as well as the immunosuppressive effects of radiotherapy and simulates the
effects of different fractionation regimens based on patient data.

Methods and Materials: The framework describes the temporal evolution of tumor cells,
lymphocytes, and inactivated dying tumor cells releasing antigens during radiation therapy,
specifically modeling how recruited lymphocytes inhibit tumor progression. The parameters of the
model were partly taken from the literature and in part extracted from blood samples (circulating
lymphocytes: CLs) collected from hepatocellular carcinoma patients undergoing radiotherapy and
their outcomes. The dose volume histograms to circulating lymphocytes were calculated with a
probability-based model.

Results: Based on the fitted parameters, the model enabled a study into the depletion and
recovery of CLs in patients as a function of fractionation regimen. Our results quantify the ability
of short fractionation regimens to lead to shorter periods of lymphocyte depletion and predict
faster recovery after the end of treatment. The model shows that treatment breaks between
fractions can prolong the period of lymphocyte depletion and should be avoided.
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Conclusions: This study introduces a mathematical model for tumor-immune interactions using
clinically extracted radiotherapy patient data, which can be applied to design trials aimed at
minimizing lymphocyte depleting effects in radiation therapy.

INTRODUCTION

Radiotherapy is widely used as a cancer treatment either alone or in combination with
systemic or targeted therapies [1-3]. In addition to killing tumor cells via radiation-induced
DNA damage, radiation can also enhance tumor immunogenicity through various
mechanisms [4,5], among them the release of tumor-associated antigens and danger-
associated molecular patterns [6,7]. Additionally, radiation can also cause rapid depletion of
circulating lymphocytes (CLs) [8]. Thus, radiation has both immunostimulant and
immunosuppressive effects. Current computational efforts for treatment planning focus on
the effect of radiation protocols on tumor control and toxicity [9], but not on the impact on
the immune response. Growing evidence has demonstrated that lymphocyte counts are
correlated with patient response to immune checkpoint inhibitors (ICIs) [10,11]. It is
hypothesized that radiotherapy patients with less severe lymphopenia are in a better position
to derive benefit from combination therapy with ICIs. Therefore, a proper understanding of
the interaction between tumor and immune cells is essential to aid the design of
immunogenic RT treatment strategies that are not only efficient but also free of adverse side
effects [12].

Liver cancer is the fifth most common cancer among men in the world [13]. Despite
improvements in treatment strategies, the 5-year survival rate of affected liver patients
remains below 15% [14] and the intra- and extra-hepatic metastasis rate remains high after
treatment [15]. Radiation therapy (RT) as a treatment option induces not only direct tumor
cell kill but also phenotype alteration of tumor cells, which may affect tumor
immunogenicity [16,17]. Tumor antigen and pro-inflammatory cytokines are released,
leading to recruitment of dendritic cells and the stimulation of an antigen-specific T cell
response[18]. Immune biomarkers in the blood are correlated with overall survival after
radiotherapy, suggesting radiation may play a role in triggering an immune response in liver
patients [19]. Furthermore, since CLs are known to be highly radiosensitive [20], the
quantification of radiation-damaged CLs is important to balance these effects. Recently,
probability-based approaches have been developed to calculate the radiation dose to the CLs
for both brain and liver cancer patients [21,22].

In this study, we propose a bio-mathematical model to describe the interaction of
hepatocellular carcinoma (HCC) and the immune system in patients treated with
radiotherapy, based on measured lymphocyte counts during treatment. Previous models were
developed mainly for preclinical research and were focused on animal models[23-25]. To
our knowledge, the present study is the first approach to formalize a bio-mathematical model
for tumor-immune interactions using clinically extracted radiotherapy patient data, i.e. based
on blood samples taken during and after treatment. We conceptually follow an approach
previously established for animal models and based on ad-hoc estimates of model
parameters [23,26,27].
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METHODS AND MATERIALS

Patient cohort

The study is based on data from 17 HCC patients treated at our institution between 2011 and
2014 as part of a clinical trial. All patients were treated with passively scattered proton
therapy without chemotherapy receiving on average 15 fractions to a total dose of 58.0 Gy
(RBE) (median) with a relative biological effectiveness (RBE) of 1.1 according to
institutional guidelines. The median volume of the gross target volume (GTV) and whole
liver were 107.1 and 1590.8 cm?3, respectively. CL counts were collected at day 1 before
(baseline), during (day 8-20), and after treatment (after day 21). The detailed patient
characteristics are provided in supplementary table 1 and have been published previously
[19,28].

Model equations and assumptions

We describe the dynamics of the tumor and immune cell populations using a system of
ordinary differential equations (ODESs) adapted from the predator-prey model [23,26,27] and
outlined in equations (a—d) and in figure 1.

7, 1, M, and L denote the number of primary tumor cells, inactivated tumor cells releasing
antigens, metastatic (i.e. non-local) tumor cells, and circulating lymphocytes, respectively.
The primary tumor cell compartment can be described as

immune— induced death radiation kill
dT tumor growth T N - ~ o @
— = al —wj——————L —8*(tg)|1 — e~TPT — ArDT|T
dt Ye+T+M (ir)

We assume that the undisturbed tumor grows exponentially with a growth rate of 4, and that
its growth is suppressed by the immune system. In order to account for a saturation effect of
the immune response in the clearance term, we use a Monod form (7/(g+ 7)) (also called
Michaelis-Menten term) with a half-saturation constant g. This form accounts for a reduced
portion of increasing tumor volume to be in contact with circulating lymphocytes as
described by Kirschner and Panetta [29]. The linear quadratic (LQ) model is used to
describe cell survival after each treatment fraction using a rand Bras parameters for the
intrinsic radiosensitivity of tumor cells and D7 as the dose homogenously delivered to the
cells at each fraction. The 6*(TR) term is the Dirac delta function restricting the effect of
instantaneous radiation to a specific treatment time point #z. (see equations (e)—(g) for more
descriptions).

The non-clonogenic, inactivated tumor cells (/) that are irradiated cells stimulating the
immune response, decay exponentially (=r/):

radiation kill

‘ o decay
% = 5*(:R)(1 —eorPT - ﬂTDT)T =il ®)
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The metastatic tumor cells (M), defined as the non-local and non-irradiated population, are
assumed to have the same growth and inhibition rates as the primary tumor cells. Due to
their distance to the main target we assume no radiation effects.

immune — induced death
M ———

M tumor growth Vi ©
‘ > C
- M Tt

Lastly, the dynamics of the circulating lymphocytes are described by

recruitment
dL T+ M
a = g+ T+M

radiation kill

~

1
L+ wgmL +s
supply o

decay~

-y 5*(IR)(1 - e_aLDLi)L;

The first two terms describe the lymphocyte recruitment due to antigen release by the
primary and metastatic tumor ( 7+M) and the inactivated tumor cells (/). Assuming similar
saturation dynamics, the same g factor is used for all tumor-immune interaction terms.
However, immune activation is different for clonogenic tumor cells and those inactivated by
irradiation as parameterized by w, and w3, respectively. This separation is intended to
separate the existing, insufficient lymphocyte activation from the additional activation due to
the specific antigen release caused by radiation. The lymphocyte population is assumed to
increase due to supply from other compartments, such as regenerative activity in the bone
marrow (+5) and at the same time decay exponentially as a function of time (-£L). For
immune cells, the linear survival model was used to describe cell kill with a radiation
parameter for CLs (a,). For the dose-response relationships, Dy, is the dose per fraction

delivered to a given volume of CLs (L;and Y ;L ~L) which is provided by a dose volume
histogram (DVH) for the circulating blood as a surrogate for the circulating lymphocytes.
The DVH was calculated with a probability-based model [22] (Supplementary Material 1),
which calculates the fraction of lymphocytes receiving different dose levels based on dose
and blood flow to each liver compartment.

Instead of solving differential equations (a)—(d) directly with &*(Tp) terms, radiation cell Kill
is separately described by instantaneous changes in T and | at discrete timepoints, i.e. the
change over a single fixed time step, n to n+1, is expressed as

2
Tyy1 =T, e °TPT=PrDT ®

2
Iyy1=1,+T,- 1_e_aTDT_ﬂTDT) ®
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The ODEs described above (a-d) excluding the §*(75) terms are then used to model the
behavior of the tumor-immune system between fractions.

Our model based on equations (a)—(d) has a total of eleven parameters, listed in Table 1.
Four of those parameters were fixed according to published values. Seven parameters were
fitted to patient CL counts obtained during and after radiotherapy and the patterns of failure.

a) Parameters taken from the literature—For the parameters describing the
clonogenic tumor cells (equation (a) and (c)) we use an exponential tumor growth model in
the absence of immune response. We chose the exponential form not only to minimize the
number of parameters but also to separate the tumor suppressant term caused by
lymphocytes. Other tumor growth models such as the Gompertz formulation intrinsically
include decelerating growth effects from, for instance, immune surveillance. The human
tumor volume doubling time without involvement of the immune system was assumed to be
88 days (a= 0.01 days™1), which was the maximum tumor growth rate reported for HCC
patients[30]. It is important to use parameters for human tumor growth, as growth rates in
nude mice have been reported to be several times higher (0.05 days™). [31]

For the parameters of equation (b), describing the non-clonogenic inactivated tumor cells,
the same radiation effect parameters were used. The inactivated tumor cells were assumed to
decay exponentially with a half-life of 5 days (/=0.14 days™1). [32]

For the parameters in the lymphocyte equation (d), the lifetime of lymphocytes was assumed
to be 30 days, i.e. £0.033 days™1. [33]

b) Parameters extracted from clinical data—The clinical data of CL levels in blood
samples and the patterns of failure were used to fit the tumor-immune interaction parameters
(wz, ws w3 g), lymphocyte supply (), and radiosensitivity (a7, S7, and a,) of tumor and
lymphocytes, which are considered to be disease-specific. Their parameter sensitivity was
analyzed (supplementary figure 2).

We extracted the tumor-immune interaction parameters by fitting the model to clinical data
of CL levels in blood samples taken during and after radiotherapy. The three interaction
terms were constrained to the interval w,, w3 € [107%, 10°] days ! [23]. We assumed
saturation parameters within g € /108, 104]. The initial radiation effect parameters to guide
the fit were chosen based on clinical HCC data (a7=0,037 Gy™L and a 1187=14.3 Gy) [34].
A single radiosensitivity parameter (o) was assumed to describe the linear slopes of the
lymphocyte dose response curve because they are extremely radio-sensitive cells and do not
show a shoulder in measured survival curves. This is not a pure cell survival parameter
because the model is sensitive to CL kill and inactivation so that a; covers both. The fitting
model was implemented in Python 3.7 with the Imfit package using Powell’s method.
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Additionally the immune-induced death rate («w;) and tumor radiosensitivity (a ) were fitted
to acquire 5% local failure and distant metastasis rate 40% at two years [28] for a 15-fraction
treatment with standard deviation of the normal distribution tumor radiosensitivity

(aaT = 0.006) [34], as was observed in our clinical data for this patient cohort. Instead of

using Imfit package, grid search was used to find these parameters (Figure 2).

Confidence intervals were estimated using bootstrap samples to test the robustness and
possible ranges of the derived parameter values. Samples were randomly selected with
replacement to create 1000 different datasets, yielding a distribution of possible parameter
values from which confidence intervals were calculated.

Baseline values

We estimated the baseline number of HCC tumor cells as 1.07 x 1011 derived by a tumor
cell density of 10° per cm?3 [35] and a median GTV volume of 107 cm? in our cohort.
Considering a conservative detection capability for current diagnostic technology (1 cc =
109), the number of metastatic tumor cells is assumed to be 0.1% (1.07 x 108) proportional
to the primary tumor volume, as further discussed below. The average baseline number of
circulating lymphocytes was determined by multiplying the average lymphocyte counts
(1122 + 469 per mm3) in our cohort with the average total body blood volume (5 L)
resulting in 5.61 x 109 lymphocytes.

Simulations

The final model is able to simulate trajectories of CLs for different radiation fractionation
regimens. We applied eleven different fractionation regimens (3 to 10, 15, 20, and 25
fractions) and four different time intervals between fractions (1, 2, 3, 4 days). All treatment
schedules have an identical biological effective dose (BED) of 73.8 Gy, which is equivalent
to a total dose of 58 Gy (RBE) delivered in 15 fractions.

RESULTS

For 17 HCC patients, we collected 118 absolute lymphocyte counts (ALC, on average 7
counts for each patient and range 3-12 counts per patient) normalized to the value of each
patient’s baseline. All of the patients experienced lymphocyte depletion during radiotherapy
(Figure 3(a)). Similar patterns of immunosuppression and recovery have been reported by
Gustafson and Byun for liver cancer patients treated with RT [36,37]. The tumor-immune
cell interaction parameters (w;, wy, wz g), lymphocyte supply (), and radiosensitivity (a7,
Br. and a;) of tumor and lymphocytes were fit to minimize the differences between the data
and model solutions (Figure 3(b)). Figure 3(b) also shows the 95% confidence intervals with
the parameters calculated using 1000 bootstrap samples. The difference between the
circulating lymphocyte trajectories before (f1) and after (f2) the grid search was negligible.
The chosen best fit values for the tumor — immune parameters are listed with 95%
confidence intervals in table 1. The robustness of those parameters was assessed by applying
a Chi-Square goodness of fit test and ranges of fixed parameters (Supplementary Figure 3
and Table 2). This two-step method significantly improved the goodness of fit to local
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failure / distant metastasis while maintaining the one to lymphocyte counts and
demonstrated the robustness of the obtained parameter values.

By using the parameters described in the Methods section, the model simulates not only the
population of immune cells but also the tumor and inactivated tumor cells as a function of
time (Figure 3(b)). Radiation initially reduces the clonogenic tumor cell count during
therapy, while generating inactivated tumor cells that continue to release antigens. These
inactivated tumor cells eventually decay. The fitted parameters for lymphocyte recruitment
by inactivated tumor cells (w2 was higher than the one by clonogenic tumor cells (wy),
which is consistent with the hypothesis of antigens generated by inactivated tumor cells
being central to mount an effective tumor-directed immune response. The remaining
clonogenic tumor cells after radiotherapy may be eliminated by CLs recovering to their
baseline number.

We applied the model to simulate trajectories of CLs for different radiation fractionation
regimens. Figure 4 shows examples of simulated CL populations for different fractionation
regimens, delivered daily on weekdays. As expected, the number of inactivated tumor cells
were maximized when a smaller number of fractions was used. Hypofractionation causes not
only a longer lymphocyte depletion period but also maximizes the number of inactivated
tumor cells in a shorter period. (Figure 4(a)). Lymphocyte counts eventually recover, but
shorter regimens also lead to an expedited recovery because of the larger inactivated tumor
cell population that stimulates lymphocytes: the model predicts on average only 35 days for
lymphocytes to recover to 70% of their baseline values after 3 fractions, in contrast to 54
days after 15 fractions. This is qualitatively consistent with clinical observations that patients
treated with more fractions had severe lymphopenia at one month after starting radiation [8].
Also, the experience from previous pre-clinical studies suggest that the immune effects of
radiation are generally higher when using hypofractionation [7,38]. The number of
inactivated tumor cells, which are vital for the initiation of an early immune response in
radiotherapy, was maximized on the first- and third- day during treatment with 3 and 15
fractions, respectively. Treatment intervals also affect the trajectories of CLs over the course
of a treatment (Figure 4(b)). For 15 fractions, single daily delivery takes on average 54 days
to recover to 70% of their baseline. On the other hand, hypothetical schedules treating only 2
days per week would take 77 days to recover. Our model clearly indicates that
hypofractionation is far more effective than conventional fractionation when the aim is to
increase the number of lymphocytes in circulation during and shortly after RT (see Figure 4

a).

We subsequently applied the model to study the effect of different fractionation regimens on
lymphocyte recovery. The model predicts substantial changes in recovery time with different
fractionation regimens (Figure 5) while distant metastasis rates remained stable
(Supplementary Figure 4). The difference of recovery time between 3 and 25 daily fractions
could be up to a month after radiotherapy. Longer treatment breaks have a detrimental effect
on the lymphocyte recovery time post treatment, especially for longer fractionation schemes.
Interestingly, the ratio of the initial number of tumor cells to lymphocytes is related to tumor
control at 2 years, though the ratio has to be changed substantially to measure progressive
disease (Supplementary Figure 5).
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DISCUSSION

We developed a model to describe the effects of the circulating lymphocytes on
hepatocellular carcinoma growth treated with radiation. For the first time, an immune-tumor
interaction model is based on parameters derived from patient blood counts taken before,
during and after radiotherapy. Previous models that aim to simulate the tumor-immune
interaction have been based exclusively on animal data [23-27]. The framework allows the
prediction of lymphocyte counts during fractionated radiotherapy treatments and can be used
to help design and optimize clinical trials that aim at enhancing tumor immunogenicity using
radiation.

The underlying motivation for the specific structure of our model are clinical observations
that fractionation [39], irradiation volume[11] and total dose delivered impact the circulating
lymphocyte count. Rather than predicting absolute results for individual patients, the
purpose of this work is to fit population averaged parameters to the model, enabling us to
study the immunologic consequences of different radiotherapy regimen for representative
populations. We assumed the initial fraction of metastasis to be 0.1% and defined recurrence
as this compartment reaching 1 cc in volume, i.e. detectable by PET. Our results are robust
towards this assumption, as changing this threshold only affects «w;, as for the primary
compartment the majority of the cell kill stems from RT. Therefore, choosing a different
initial size for the metastatic compartment leads to a model that behaves similarly with a
slightly adjusted w; (see supplementary figure 2). The current model considers lymphocyte
dynamics during RT only, and is an essential step on the way to more advanced models that
will include the effects of immune checkpoint inhibitors in combination with RT.

One of the critical inputs is the dose to the blood pool and the circulating lymphocytes. The
current liver blood DVH model uses a probability weighting factor with re-circulation and
occupation times of the blood in segments of the liver [22]. As a consequence, the model is
only applicable if the beam on-time is shorter than the total blood circulation time (200 sec)
and longer than the blood occupation time in the organ of interest (23 sec) (equation (j) and
(k) in the Supplementary Material 1). Consequently, we did set the minimum and maximum
fraction sizes to 3 and 25, respectively. Moreover, 3 fractions are currently the lowest
number of fractions used for liver treatments. To extend the model further, e.g. to single dose
delivery, would require more careful consideration of normal tissue toxicities [40].

Currently, the immune system is not considered an organ at risk (OAR) in treatment
planning despite reported associations of lymphopenia with inferior outcomes [8,18,37]. The
concept of seeing the immune system as an OAR will become more important in the context
of combined radiotherapy-immunotherapy [5], not only for HCC patients but also for other
indications in which such combination regimens are explored [41]. For other treatment sites,
the effect of radiation on the lymphocyte compartment might be very different due to the
underlying structure of lymph nodes and blood vessels [42,43].

Our study is based on a single-institution cohort treated with proton therapy. Others have
reported that lymphopenia occurs after HCC treatments using conventional, photon based
RT [37,44]. The limited beam range inherent to proton therapy eliminates the low-dose
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region distal to the target [45], while the “low-dose bath” from photons may introduce more
radiation dose to the circulating blood and lymph nodes. The longer beam-on time using
photon RT is also likely to damage a higher number of circulating lymphocytes. We also
observed that longer overall treatment time, i.e. with RT fractions given every second day,
reduced the amount of lymphocyte depletion (see Figure 4). Not only does this reduce
severity of the nadir, it also boosts the ALC during the first two weeks by up to 50%. Our
model used proton-specific dose to the blood as an input, however it could similarly use dose
based on photon treatment plans, which would lead to more lymphocyte depletion as
observed in clinical data [46,47].

Recently, Alfonso et al. studied the optimal sequencing of RT and surgery in the context of
RT induced anti-tumor immunity [48]. Our study differs as it only considers inoperable
tumors, where radiation and systemic therapy are the only option. Additionally, our initial
tumor cell numbers are based on actual tumor sizes, and are significantly higher, which leads
to large differences in dependent parameters such as the saturation constant and lysis rate
[49].

The model is motivated by the fact that we can measure the circulating compartment during
therapy, and because new tumor-infiltrating lymphocytes are constantly supplied by other
lymphocyte compartments, mainly via the circulating blood, i.e. they do correlate [50].
Other approaches, for example Serre et al [25], formulate a component of immune effector
cells at the tumor site which, while possibly a more relevant quantity, cannot be practically
observed at different time point during treatment. Due to the strong correlations observed
between outcome and peripheral lymphocyte counts and the availability of measured patient
data at multiple time points, we opted to include the peripheral lymphocytes as compartment
to apply the model in a clinical context.

We separated the lymphocyte recruitment by considering existing tumor burden and
radiotherapy-induced stimulation separately, i.e. w2 #w3. Clinical and preclinical studies
have shown that radiation modulates the immune environment, which is different from the
baseline antigen environment caused by the clonogenic tumor burden [51]. This radiation-
induced stimulation might be modulated by, for example, additional antigen presentation or
T cell infiltration driven by inflammation and is therefore described by a separate term (w3)
Sotolongo et al. [27] used w2-T-L + w3-I-L to classify lymphocyte stimulation. Along
similar lines, Alfonso et al. [48] considered different parameters in a lymphocyte equation
for tumor burden and tumor cell sterilized by radiotherapy as w2-T/(T+g)-L + w3:1, and
Serre et al. [25] formalized them in a similar manner. We used an empirical Monod equation
to describe the saturation effect of the immune response and as this functional form is
motivated by geometrical assumptions [ref], we used the same g parameter for the terms
driven by clonogenic (T) and inactivated tumor (1).

We do not describe the tumor-immune interaction including multiple cell populations, such
as dendritic and natural killer cells [52]. Furthermore, we do not include oligoclonality of T
cells, i.e. the fact that a lower nadir of T cells at the end of therapy could lead to an
expansion of a limited number of sub-clones that is not effective in containing a
heterogenous tumor cell population [53]. Additional information about patient-specific
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immune responses and subtypes of cells during and after RT could allow for more specific
models albeit requiring more parameters [5].

The main goal and a unique feature of our approach is that a minimum number of model
parameters are derived from clinical observables (i.e. blood counts, tumor size, observed
outcomes), while preserving some mechanistic features such as the antigen release by
inactivated tumor cells and the differential effects of radiation on tumor cells and
lymphocytes. The model is able to quantitatively describe how shorter treatment regimen
lead to less radiation-induced lymphopenia and can reduce immune recovery periods after
RT, which can lead to months of additional immunosuppression. While we demonstrate that
model parameters can be extracted from patient data and fit average population dynamics,
our model predictions need to be validated using cohorts treated with different fractionation
regimen and treatment modalities. Furthermore, future work needs to investigate the ability
of the model to help in the prediction of individual patient outcomes, and include the effect
of other treatment modalities, particularly immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
A mathematical model of lymphocyte depletion by radiotherapy was developed based on

measurements in patients during treatment

The model quantifies the ability of short fractionation regimens to mitigate lymphocyte
depletion, but also predicts shorter suppression periods and faster recovery

The model predicts the effect of fractionation, prescription dose and timing on circulating
lymphocyte counts, and aids in the design of clinical trials aimed at improving the
immunogenicity of RT regimens.
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CCOO Circulating Lymphocytes
O

() (d)

M: Metastatic Tumor cells

—_—
{:}: Antigens Stimulatory signals

Suppressive signals

Figure 1.
Schematic illustration of the mechanisms included in the model with arrows indicating their

stimulating and inhibiting effects. Letters indicate equations (a) — (d) discussed in the text.
Model consists of four compartments: primary tumor cells (T), inactivated tumor cells (1),
metastatic tumor cells (M), and circulating lymphocytes (L). Radiation is incident only to
primary tumor and circulating lymphocytes.
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LF 5% / DM 40% (Hong 2016) || S€ar¢
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Figure 2.
Process of parameter estimation. Total 6 parameters are fitted to clinical data of circulating

lymphocyte counts. Additionally, the immune-induced death rate (a4) and tumor
radiosensitivity (at) were fitted to acquire 5% local failure and 40% distant metastasis rate
at two years for a 15-fraction treatment, as observed in our clinical data for this patient
cohort.
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Figure 3.

250

o
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(a) The number of circulating lymphocytes (CL, clinical blood measurements) and (b) the
best fit curves to the model. The number of CLs were normalized to the baseline values. The
yellow shaded regions show the radiation treatment periods for 15 fractions. For (a), data
points for the same patient are connected. For (b), The grey shaded regions represent the
95% confidence intervals of fitted curves. Note that the circulating lymphocytes (L) curves
of f1 and 2 nearly overlapped. f1: fitting curves before the grid-search f2: fitting curves

after the grid-search
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(b)
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3 d/wk, |
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2. d/wk, | 7]

40 60 80 100
Time (day)

The simulated trajectories of circulating lymphocytes (L: dotted lines) and inactivated tumor
cells (I: solid lines) for (a) different total fractions (fx) with single daily delivery and (b)
different treatment days per week (d/wk) with 15 fractions. The parameters used to create
these trajectories are the derived population averages given in Table 2, for an analysis how
sensitive these simulations are to patient-specific variations in the parameters see our

sensitivity analysis in the supplementary materials, section 3
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Lymphocyte depletion behaviors for different number of fractions and treatment days per

week. Recovery days from the start of radiotherapy (RT) to the day of circulating

lymphocyte recovered back to 70% of the baseline. The average and standard deviation were

obtained with 1,000 parameter sets used for 95% confidence intervals in Table 1.
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Table 1

Summary of the parameters included in the fitting procedure. CI: confidence interval

Page 20

Parameter | Function Fitting Constraints | Value (95% CI) References
Fixed (4) a Tumor growth - 0.01d? [30]
aT/ﬁT Tumor - LQ cell kill - 14.3 Gy [34]
f Lymphocyte decay rate - 0.033d1 [33]
r Inactivated tumor cell decay rate | - 0.14d! [32]
Fitted (7) 1 Tumor-directed lymphocyte 1078-100 4! 0.119 d™* (0.089-0.141) [26,27]
efficiency
w, Tumor / Inactivated tumor - 1073-100d"1 0.003 d™1 (0.001-0.0105) [26,27]
s lymphocyte recruitment constant 0.009 d~1 (0.001-0.0575)
g Half-saturation constant 108-1014 7.330 x 1010 (6.130 x 10%0-10.0 x [26,27]
1010)
s Lymphocyte regeneration 0-5.61 x 10° 1.470 x 108d™1 (1.330 x 108-1.620 x | [37]
108)
ar Tumor — LQ cell kill - 0.139 Gy1 (0.095 -0.183) [34]
a; Lymphocytes - LQ cell kill 1072-10° 0.737 Gy™1 (0.513-0.999) [20, 43]
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