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Purpose: Immunotherapy with checkpoint inhibitors has an enormous potential in therapy of metastatic cancers. Immuno-
therapy is generally combined with local treatments, such as radiation therapy. The time schedule of drug-radiation combina-
tion is largely based on empirical observations, and a comprehensive predictive model would be needed to optimize
treatments. We present a biophysical model predicting the combined interaction and apply it to describe preclinical experi-
mental data.

Methods and Materials: The model considers the dependences of primary and distal tumor masses, immune cell kinetics tar-
geting tumor cells, and signals causing immune cell replenishment after radiation mechanistic interpretation of the low fre-
quency of abscopal responses. It is benchmarked against 16 experiments with synthetic tumors in murine models.

Results: The model predicts that immune response is stronger for checkpoint inhibitor administration at the time of irradia-
tion or shortly after. The model discriminates correctly between tumor remission and continued growth in all considered
experimental cases, including radiation and checkpoint delivery alone or in combination. It identifies a radiation dose window
maximizing immune response and avoiding on one side the understimulation of the immune system and radiation-induced
depletion of the immune cell pool on the other. Consequently, abscopal effects can be established in certain circumstances only.
Conclusions: The model allows a quantitative mechanistic interpretation of the interaction of radiation with checkpoint
blockers and will be helpful for optimizing clinical trials. © 2022 The Author(s). Published by Elsevier Inc. This is an open access arti-
cle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

oncology community.” Although benefitting from both sys-
temic effects of immune therapy and targeted radiation
action, the combination also exploits the immune stimulat-
ing effects of ionizing radiation. Radiation makes cancer
cells “visible” to the immune system (ie, overcomes the
immune evasion of the cancer), and the combination with
immune checkpoint inhibitors (ICIs) has become standard

Introduction

Combining immune checkpoint blockers with radiation
therapy of cancer (called radioimmunotherapy [RIT]) was
shown to have the potential to trigger a strong systemic
immune response,’ eventually resulting in abscopal
effects.”’ The promising results of such combination lead to

numerous clinical studies and high expectations in the
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of care within a few years only in certain disease situations.
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Currently, clinical trials using combined ICI-radiation
therapy treatment are based on empirical considerations
and preclinical experiments in rodents. There, only few
combinations of relevant parameters specifying a therapeu-
tic regimen (antibody selection, tumor type, radiation dose
and fractionation, scheduling, etc) could be investigated. To
describe the underlying mechanisms quantitatively, mathe-
matical models of such multiagent interaction play a key
role.

Only a handful of models have been recently published.’
Practically all theoretical approaches rely on the assumption
that ionizing radiation generates “damage signals” or “kill
signals” of dying cancer cells initiating an effective antitu-
mor response and reverting the tumor escape from immune
surveillance.” In RIT, ionizing radiation (IR) generates
death-related signals, including different types of damage
associated molecular patterns, tumor antigens, and cyto-
kines like interferon beta, leading to a generalized immune
response. ICIs regulate T-cell activation and T-cell induced
cytolysis of cancer cells, which were suppressed by the
tumor before. These connections reflect the cancer immu-
nity cycle’” with radiation as a trigger for tumor antigen
expression. A comprehensive model approach that is
applied to various treatment scenarios with a consistent set
of model parameters is still lacking. In the present work, we
present a predictive model of RIT action based on mecha-
nistic considerations and a limited set of free parameters.

The model describes radiation and the PD-1/CTLA-4 ICI
as agents that mediate the interaction among 3 key entities:
tumor cells, cytotoxic immune cells (typically lymphocytes),
and dying cancer cell signals causing immune cell attraction.
In contrast to previous model attempts, it accounts for the
dynamics of cell death considering a time distribution of
immune response after irradiation, and it will be bench-
marked against a broad set of experimental preclinical data
taken from the literature."" '

Methods and Materials

Model concept

The concept of the derived model is visualized in Figure 1A.
It distinguishes between 3 main quantities: tumor cells
(tumor mass T), whose inactivation generates attraction sig-
nals (signal strength A) such as interferon beta that potenti-
ate the production and attraction of immune cells, resulting
in accumulation of typically cytotoxic T-lymphocytes
(amount L) in the tumor microenvironment (TME), that
finally may inactivate tumor cells. Although different types
of immune effector cells and immune signal pathways are
known to play distinct self-regulative roles for establishing a
well-adjusted immune response, the biologic realm of these
is rather abstracted in the model approach, and antitumor
immune cells and signals provoking their presence are
united in the quantities L and A, respectively. Altogether the

mutual dependence of T, A and L is described by the model.
With this notation as well as the basic model concept of sig-
nal mediated effector cell activation and corresponding con-
stants, we stick to previous model work."”

In the model, IR and ICIs modulate interactions between
those quantities: radiation enhances the attraction signal
level A via tumor cell inactivation. We associate the check-
point inhibitor aCTLA-4 with fostering the activation of
lymphocytes, thus enhancing their presence L in the TME,
and aPD-1 (likewise aPD-L1) facilitates their action, reduc-
ing tumor cells T. Even if no checkpoint blocker is adminis-
tered, the model allows the processes of lymphocyte
activation and their capability to attack tumor cells by effec-
tively defining base line values of antibodies. The role of
radiation in that context is 2-fold. First, radiation inactivates
tumor cells but also immune cells in the irradiation field by
means of targeted radiation effects. Second, the release of
immune cell attracting signals by tumor cell killing reflects
the connection between radiation action and immune
response.

The tumor and lymphocyte compartments are subdi-
vided corresponding to the primary and the abscopal site
(Fig. 1A). For the primary site they are further subdivided in
cells unaltered by radiation and moribund cells with lethal
radiation damage that leads to inactivation after a delay
time. This discrimination is a novel feature of our approach
and allows modeling a retarded attraction signal release and
a further retarded immune response, as well as a radiation
induced loss of lymphocytes as time-continuous processes.
Lymphocyte replenishment is considered from the tumor
draining lymph nodes and may be inhibited if they lie in the
target region. Other compartments relevant for immune cell
replenishment like spleen or bone marrow are assumed to
lie outside the radiation field.

Mathematical formulation of the model

The interactions between the 3 tumor compartments, the 3
lymphocyte compartments and the amount of attraction sig-
nals (Fig. 1A) are described by 7 corresponding retarded dif-
ferential equations. In cases where only a primary tumor but
no abscopal site is considered, the terms corresponding to
the latter vanish and a truncated set of 5 equations remains.
In the equations, the mutual dependence between the key
quantities is modeled by including only basic, effective inter-
action processes. This turns out to be sufficient to describe
the response to RIT adequately.

Retardation comes in as the rate of change of any mod-
elled quantity at time ¢ may depend on that or another
quantity at previous times. Practically, the model has been
implemented as time discretized difference equations, which
have been solved numerically in time steps of 45 minutes.
The set of retarded differential equations reads:

Ty =Ty = folli+Lu) — (1 =S1) Y 8(z)Ty (1)
K
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Fig. 1. Model performance. (A) Visualization of the model framework. The interaction of tumor cells T, lymphocytes L, and
the amount of immune cell attracting signals A is modulated by therapeutic agents (ie, radiation and antibodies aPD-1 and
aCTLA-4). Lymphocytes and tumor cells are subdivided in the tumor microenvironment (index 1) and abscopal site (index 2)
and can be converted in the former into moribund cells (index M) by radiation exposure. Moribund tumor cells at first still go
on proliferating and finally die out with a delay time distribution (symbolized by the hourglass). Moribund lymphocytes are
assumed to continue attacking tumor cells up to that point. While tumor cells proliferate (reflected by the circular arrow),
attraction signals and lymphocytes decrease in time, indicated by arrows leading to nowhere. The damage signal release from
dying tumor cells increases the level of attraction signals and usually by far compensates the aforementioned loss. In the pres-
ence of aCTLA-4 this provokes the replenishment of lymphocytes after another delay, whereby this replenishment is sup-
pressed if lymph nodes are irradiated. Lymphocytes can finally attack the tumor effectively if the PD-1 (likewise the PD-L1)
checkpoint is sufficiently inhibited (red arrows). (B) Fraction of individuals who responded to therapy in preclinical experi-
ments for which the model reflects tumor remission after radioimmunotherapy (green), or continued tumor growth after radi-
ation therapy (yellow) and radioimmunotherapy (olive). The scored experimental situation corresponds to either a primary
tumor or an abscopal site (not distinguished). (C) Ordered response fractions plotted over a running number of the 42 consid-
ered experimental situations. The model predictions of tumor remission (green line) or continued growth (yellow line) corre-
spond consistently to cases where most individuals respond (fraction >0.5) or do not respond (fraction <0.5) to therapy,
respectively, in agreement with the experiments.
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Here, d abbreviates the replenishment of lymphocytes
depending on A, given by

t
d= / SIN"A(Efo(t)Dg(t — t))dt, (8)
0

where 1n(t’) labels the number of fractions up to time t'.

In the equations, the index k labels the radiation frac-
tions, and 1 = t — ty is the time passed since the k™ frac-
tion given at time t;. The Kronecker distribution is labeled
by 8. An overview of the involved model constants is given
in Table 1.

The functions Dg and Dy are the time delay functions
for the release of damage (or kill) signals (index K) and the
subsequent lymphocyte recruitment (index R), respec-
tively, and I is an integral function of the former. The func-
tions u; and u, are time dependent growth coefficients for
the primary and abscopal tumor, respectively, accounting
for a power law instead of an exponential tumor growth.
The technical implementation of delay functions and
growth parameters is outlined in Appendix E1. Note that
in Equations 1 to 7, although not explicitly stated, these
functions as well as checkpoint inhibition strengths fp and
fc depend on time, while the argument (t) is omitted for
the sake of readability.

In the following the mathematical model structure is moti-
vated. Implementation details are given in Appendix EI.
In Equation 1, the 3 sum terms describe the expansion
of primary tumor cells, their predation by lymphocytes
and the conversion of irradiated tumor cells to mori-
bund tumor cells by each fraction of radiation in pro-
portion to the inactivation probability, 1 — St. Note that
tumor cells are removed by lymphocytes simply in pro-
portion to the presence of the latter. The last term of the
sum appears also as second term in Equation 2, enhancing
the amount of moribund tumor cells. The first term in
Equation 2 describes that the amount of tumor cells that
became moribund in the past at time £}, go on proliferating
since then, but finally die out with a time delay given by
the distribution function Dg. Equation 3 describes the
dynamics of abscopal tumor cells expanding at time
dependent rate , and decreasing by lymphocyte attacks,
which is attenuated by the constant a, effectively taking
into account that the tumor is at some distance and attrac-
tion of lymphocytes to the abscopal site may be not that
strong as from the primary tumor. Note that in Equa-
tions 1 and 3 the lymphocyte action directly scales with

the inhibition level of PD-1 or PD-L1, fp, which denotes
the rate of inactivated tumor cells per lymphocyte in the
TME. Equation 4 describes the level of attraction signals,
being produced at any time at low rate from all tumor
cells (first term), diminishing again at rate 1 (second
term), and being potentiated from damage signals origi-
nating from each radiation fraction in the past. The latter
signal scales with the amount of cells that became mori-
bund by a previous radiation fraction and are now
experiencing with their descendant cells their final inacti-
vation. Proliferating up to this time is reflected by the
exponential term, and the probability density of ultimate
inactivation by Dk. The process is associated with the fac-
tor ¥, which forms the heart of the interaction between
radiation and immune response, amplifying the radiation
action in the context of immune response. The dynamics
of lymphocytes is accounted for in Equation 5, where the
first term models the continuous loss of lymphocytes at
rate ;. This rate is negative to realize a loss mechanism.
The convolution integral term d defined in Equation 8
describes the lymphocyte replenishment, calculated from
the signal strength A at all previous times which gives rise
to lymphocyte activation in proportion to the CTLA-4
inhibition level fc and cell survival in the lymph nodes up
to that time, modulated by the delay time distribution for
lymphocyte recruitment after activation Dg. The inhibi-
tion strength appears depending on time in Equation 8 as
it is enhanced during the time of immunotherapy. Note
that Equation 8 also contains radiation effects to the
lymph nodes, eventually reducing lymphocyte replenish-
ment by their survival probability S;y. The other terms in
Equation 5 model the loss of lymphocytes by predating
tumor cells and their radiation induced conversion in
moribund lymphocytes. Lymphocyte survival in both the
tumor microenvironment and in lymph nodes is calcu-
lated from the linear quadratic model for the target dose
and a typically lower exposure dose of a fraction p of the
target dose, respectively. Lymphocyte kill is further con-
sidered in Equation 6 resulting in a conversion into mori-
bund lymphocytes (second term). These are reduced as
they further inactivate tumor cells (first term) and may
increase and later decrease by further proliferation up to
final inactivation (third term). Equation 7 finally describes
continuous loss of lymphocytes and their replenishment
in abscopal site. This can be interpreted as primed blood
lymphocytes, which may infiltrate into the abscopal TME
with attenuation @ compared with the primary tumor
(Equation 3).

Experimental data for model benchmarking

The model was applied to 16 data sets taken from the liter-
ature. An overview over experimental conditions is given
in Table 2. All experiment specific model parameters are
listed in Table E1. The experiments comprise murine mod-
els with different synthetic tumors, either one tumor to be
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Table 1 Model constants

Quantity Meaning

Value

Input parameters specifying tumor growth

{ki, ka, K3}y

compared with primary

a,,0a, Tumor growth parameters of primary and secondary tumor Adapted from growth curve without
(scaling) therapy

by, b, Tumor growth parameters of primary and secondary tumor Adapted from growth curve without
(exponent) therapy

Fixed model constants or functions

HL Growth coefficient of lymphocytes (negative to simulate net —0.15d7"
loss)

{e, B} Linear-quadratic parameters for lymphocyte inactivation in a=0.2Gy !'and B = 0.14 Gy 2,

the tumor microenvironment and lymph nodes

fp Inhibition level of PD-1 (scales tumor cell eradication by Baseline level: 0.02 d
lymphocytes per time) Therapy level*: 0.6 d™*

fe Inhibition level of CTLA-4 (scales lymphocyte Baseline level: 0.125 d ™"
replenishment per time) Therapy level: 1.25d™!

0 Generation of attraction signals per tumor cells and time 0.15d 7"

A Loss rate of attraction signals 0.15d7"

) Amplification of attraction signals due to damage signals 7

Delay function parameters for kill signal release times after
exposure, triggering lymphocyte activation

ky=02d"
k3 =238
{ki, k2, ks}5 Delay function parameters for lymphocyte recruitment ky=05d"!
times k,=02d7!
k3 = 20
T:(0), T»(0) Starting values for amount of tumor cells 10°
L,(0), L,(0) Starting value for amount of lymphocytes 100
Free model parameters
Sr Survival of tumor cells of 1 radiation fraction Freely adapted
p Fraction of target dose covering the lymph nodes that drain Freely adapted
the primary tumor
a Attenuation of lymphocyte infiltration in secondary tumor Freely adapted

but minimum survival 0.1%

k; = Dose [Gy]x 0.04 d™', (but at
least 1/7 and no more than 1/2)

level was fixed to a lower value of 0.37 d~!.

" Except in data sets 1 and 2 in Moore et al'®: Very low concentrations of immune checkpoint inhibitors were given in these experiments, and the therapy

Quantities and constants used in the set of differential equations and associated definitions are listed with their role in the model framework and the
asserted values. The first section describes tumor growth without therapy as model input. The second section displays parameters, which are fixed once or
show a fixed dose dependence as indicated. The last section lists the open model parameters that are adapted freely to each data set or at least consistently
to data on the same model system from the same publication. The values of these experiment-specific parameters are given in Table E1.

irradiated or additionally an abscopal tumor on the contra-
lateral site. For tumor implantation, murine cell lines CT26
(colon carcinoma), 4T1 (mammary gland), TSA (mam-
mary adenocarcinoma), TUBO (human breast cancer),
MC38-OVA or MC38 cells (colon adenocarcinoma), or
Lewis lung carcinoma cells were used. Investigated treat-
ment scenarios include no treatment, photon radiation
therapy alone, one checkpoint blocker given alone, or the
combination of radiation and a checkpoint blocker. Radia-
tion doses and schedules as well as the time course of

antibody administration vary as well. Experimental results
with doses considerably larger than 15 Gy were not consid-
ered, as here the prediction and description of radiation
effects alone is not validated. The collection of indepen-
dent experiments serves as a broad testing ground for the
model. Most parameters have been fixed once in adaption
to the data. Although radiation action depends on dose,
the antibody related parameters could be chosen uniformly
(with 1 exception; see Table 1) because the administered
concentrations were comparable in the experiments.
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Table2 Data set overview
Data set Cells Radiation delivery Antibody administration Second tumor
Dovedi et al, 1% CT26 7 Gy, day 7; 3 x 4 Gy, days 7-9 aPD-L1, days 7-14 No
Dovedi et al, 2%* CT26 5 x 2 Gy, days 7-11 aPD-1, days 7-14 No
Dovedi et al, 3%* CT26 5 x 2 Gy, days 7-11 aPD-1, days 7-14 Yes
Dovedi et al’* CT26 5 x 2 Gy, days 7-11 aPD-L1, days 7-28, days 12-33, or No
days 18-39

Demaria et al, 1! 4T1 12 Gy, day 13 aCTLA-4, days 14-22 No
Demaria et al, 2'* 4T1 2 x 12 Gy, days 13 and 15 aCTLA-4, days 16-24 No
Vanpouille-Box et al'™*  TSA 8 Gy, day 12; 3 x 8 Gy, days 12-14 aCTLA-4, days 14-22 Yes
Dewan et al, 1" TSA 5 x 6 Gy, days 12-16; 3 x 8 Gy, days aCTLA-4, days 14-22 Yes

12-14
Dewan et al, 2" TSA 3 x 8 Gy, days 12-14 aCTLA-4, days 12-20, Yes

days 14-22, or days 16-23

Deng et al'? TUBO 12 Gy, day 14 aPD-L1, days 14-25 Yes
Alinezhad et al'** CT26 10 x 3 Gy, days 18-20, 23-25, 27, aPD-L1, days 18-26 No

and 29-31; 2 x 10 Gy, days 18 and

28; 15 Gy, day 18
Marciscano et al'** MC38-OVA 12 Gy, day 11 aPD-1 + aCTLA-4, days 10-16 No
Wei et al'* MC38 8 Gy, day 10 aPD-1, days 11-27 or days 7-25 Yes
Moore et al, 1'° MC38 16 Gy, day 14 or day 18 aPD-L1, days 13-20 or days 18-26 No
Moore et al, 2'° MC38 2 x 8 Gy, days 14 and 15, days 14 aPD-L1, days 13-20, days 13-24, or No

and 18, or days 14 and 24 days 13-20 and 23-30
Moore et al, 3' LLC 2 x 10 Gy, days 14 and 15, days 14 aPD-L1, days 12-20, days 12-24, or No

and 18, or days 14 and 24 days 12-20 and 22-30

List of 16 data sets of in vivo experiments that were taken from 10 publications and are used for model benchmarking, covering various treatment sce-

narios. The first column labels the data set according to the publication citation, with a running number distinguishing between multiple data sets
included. For the 9 experiments marked with an asterisk (*), the data reported include the number of responders among all individuals at test. The second
column shows the cancer cell types used for tumor implantation. The third and fourth columns indicate the radiation dose and drug type, respectively,
along with the delivery schedule. Multiple entries refer to compared situations in the respective experiment. If fractionated, radiation doses are given multi-
ple times according to the indicated scheme with 1 fraction at the indicated days after tumor implantation. Checkpoint blockers are administered at dis-
crete times as well but assumed to be effective continuously up to 2 days after the last administration, giving rise to the time intervals given in the fourth
column. The last column indicates whether the experiment also investigated the response of an abscopal tumor site.

Results

Quantification of preclinical findings

We applied the model to 16 experiments taken from 10 pub-
lications as listed in Table 2. After retrieving tumor growth
curve parameters from measurements without therapy, we
in total simulated 80 therapeutic growth curves with therapy
(17 ICI alone, 28 IR alone, and 35 in combination) for a pri-
mary tumor and 26 for a secondary tumor (6 ICI alone, 9 IR
alone, 11 ICI + IR). The model distinguished in all cases
tumor remission from continued growth correctly (figures
E2-E17). For this central finding of the present work, experi-
ments were scored as responding whenever more than 50%
of the individuals responded with vanished tumor mass
toward end of the observation.

To investigate the dispersion in tumor growth curves of
preclinical experiments, we inspected 9 of the 16

experimental sets for which data on the response of individ-
uals were available (marked in Table 2). We determined the
response frequency among individuals for 42 therapeutic
settings (18 radiation therapy [RT] alone, 24 RIT).
Figure 1B and 1C show its distribution in the experiments
in comparison to the simulation results. The distribution of
responding individuals is bimodal and experiments are well
commiitted to either therapy success or failure. A low frac-
tion of responding individuals <0.5 is observed whenever
the simulation predicts continued tumor growth. Likewise,
the model suggests tumor control in all cases where a high
fraction of responding individuals >0.5 was observed.
Besides treatment outcome the model broadly reflects the
shape of observed growth. The adaptable parameters (tumor
cell survival St, dose fraction of lymph node exposure p
and, if applicable, lymphocyte attenuation @ in the abscopal
site) all lie in expected and plausible ranges. Hence the sim-
ulations are based on a set of self-consistent parameters.
Only parameters describing the experimental situation had
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Primary tumor response. (A) Simulated primary tumor mass (red lines) overlaid to figures published in (10) for dif-

ferent treatment scenarios. Briefly, TSA cells have been implanted in both flanks of BALB/c mice, where we here only consider
the primary tumor. Treatment consisted of aCTLA-4 delivery on days 14 to 22 and/or 3 fractions of 8 Gy delivered on days 12,
13, and 14. Note that tumor growth in the original plots in this figure and Figures 3 and 4 is reflected by multiple curves for
observed individuals, while the simulation makes point prediction (ie, a single curve). (B) Corresponding simulation results of
tumor cells (red), lymphocytes (yellow), and attraction signals (blue). Note that in (A) the quantity T is given as tumor mass
(in cubic millimeters) on a linear scale and in (B) as a measure of cell number in logarithmic scale, where 10° cells per cubic
millimeter are assumed. The quantities L and A are plotted as unnormalized amounts, and a proper normalization is absorbed
in the interaction constants. Full data set and model results are displayed in Figure E8.

to be adjusted: tumor growth parameters without therapy as
input data, and the 2 (or 3) aforementioned adaptable
parameters (Table E1).

Antitumoral lymphocyte activity

In Figure 2 we demonstrate the modeled quantities T, A,
and L as a function of time for primary tumor growth data
in an experiment presented by Vanpouille-Box et al.'’ In
the first days after implantation, where no therapy is admin-
istered, T, A, and L reach an equilibrium and increase
steadily. Radiation then causes a decrease in tumor mass T
and a depletion in the lymphocyte level L soon after irradia-
tion, correlated to survival levels St and Sy, respectively. But
radiation also enhances the signal level A, which leads to a
massive lymphocyte enhancement in case the checkpoint
inhibitor aCTLA-4 was administered. The tumor dose
response was simulated by means of an adapted tumor cell
survival level St. Consequently, the tumor mass is effectively

reduced in that case, leading to complete remission in the
model.

For the simulations the tumor growth curve without
therapy is used as model input, and indeed the simulated
tumor mass is in agreement with the experimental findings
for all considered therapeutic cases (radiation only, aCTLA-
4 only, radiation + aCTLA-4). Notably, during treatment
time the quantities T, A, and L all vary considerably on the
logarithmic scale (ie, over orders of magnitude). Finally, for
tumor remission the number of lymphocytes must be avail-
able in sufficient concentration compared with the number
of tumor cells, and they need to be able to attack the tumor
cells as fostered by aPD-1.

Effect of scheduling and field size

Essential for the coherent simulation of radiation and check-
point inhibitor action is the temporal course of the involved
interactions. First, tumor cell inactivation does not take
place immediately after irradiation, but is a biologic process
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of a certain duration, associated with the delayed elicitation
of damage signals, causing a delayed enhancement in the
signal level A after exposure. Likewise, T-cell priming, acti-
vation and recruitment to the TME give rise to another
delay.'® The presented model includes such delay via tem-
poral distribution terms of interactions. Hence the model is
formulated as a set of retarded differential equations.

Figure 3A and 3B demonstrate how the interaction is lost
when the PD1 - PD-L1 axis is broken too late after irradia-
tion at hand of data by Dovedi et al.® In this case, lympho-
cytes are accumulated but cannot act against the tumor
effectively before checkpoint inhibition starts. If this hap-
pens too late, the tumor has grown too big so that despite a
high lymphocyte level it is not sufficient to control the
tumor. Hence, the model predicts again that failure of ther-
apy is not associated to the amount of effector cells alone
(whose action is not prevented from immune checkpoints)
but to their number in proportion to tumor size.

Radiation may act systemically in stimulating immune
response if tumors are immunogenic,” in particular in
interaction with immunotherapy.”’ However, this is not its
exclusive role, as “classical” targeted radiation affects both
tumor cells and immune cells and must be considered as
well. The latter process reduces the amount of immune cells
and hence may result in immune inhibitory effects of radia-
tion. In particular, this has been demonstrated for the irradi-
ation of regional draining lymph nodes, which is explicitly
included in the model. If the lymph nodes are exposed to
too high radiation doses, radiosensitive naive lymphocytes
will be inactivated and T-cell activation will be inhibited.

The model includes lymph node exposure by an adapt-
able proportion factor p of the target dose, so that lymph
nodes are exposed to p times the target dose. From that
dose the survival level of naive lymphocytes in the lymph
nodes S;y can be calculated, which scales the amount of
lymphocytes infiltrating to the TME. As demonstrated in
Figure 3C and 3D using data of Marciscano et al,"* this
allows us to describe the response to RIT depending on
whether or not the tumor draining lymph nodes lie in the
irradiation field. Although the model distinguishes again
correctly between tumor remission and continuing growth,
the experimental growth curves appear delayed.

Abscopal effects

It is now commonly accepted that the radiation mediated
immune response can give rise to abscopal effects, in partic-
ular in combination with checkpoint inhibitors. In the pre-
sented model the abscopal lesion is simulated in a similar
fashion as the primary tumor, and an adaptable parameter @
scales the availability of primed lymphocytes with the poten-
tial to attack tumor cells at the abscopal site. It was found
that this factor is always smaller or equal to 1, therefore
motivating its reasonable interpretation as attenuation of
lymphocyte availability.

In the model a strong lymphocyte expansion is needed to
eradicate both lesions simultaneously. The data set of Wei
et al'” (Fig. 4A) demonstrated that immune therapy, which
is given too early will also prevent abscopal tumor rejection.
This striking result is reflected in our model, as in that case
immunotherapy was terminated earlier in the experiment,
providing less time where immune therapy can interact
with radiation. In addition, immune cells already accumu-
lated in the TME at the time of irradiation are subject to
inactivation and hence cannot effectively contribute to
tumor mass eradication.

We observed that abscopal effects are predicted rather
rarely for particular situations (ie, specific adjustments of
growth parameters, dosage, fractionation, and ICI delivery
schedule). To investigate this in more detail, we inspected a
hypothetic tumor and an abscopal site and simulated the
lesion volume of the latter modulated by RIT with 2 frac-
tions of varying dose and aPD-1 immunotherapy starting at
different times. Figure 4B displays the abscopal tumor vol-
ume at late times after RIT. Typical values were chosen for
all model parameters in this “forward simulation.”

It becomes evident that complete remission by RIT may
only occur, if at all, in a dose window and for appropriate
timing between RT and IT. A small detuning of the schedule
may have tremendous effects on treatment outcome. Note
that the shown systematics may substantially differ for other
tumor growth and radiosensitivity parameters. As a ten-
dency, dose windows get broader for later delivery of
immune therapy and are shifted toward smaller doses. This
is explained as there is more time to accumulate lympho-
cytes in that case, whose presence may be stimulated already
by small doses, which finally can attack the tumor efficiently
when a-PD1 is given.

Discussion

The presented model describes the preclinical data by only
using 2 parameters, or 3 when an abscopal tumor is consid-
ered. The benefit of the low number of free parameters is
that they can be adapted with reasonable uncertainty, and it
can be checked that their values are plausible compared
with experiments. The cost of including essential processes
only is that the complexity of underlying biologic processes
is discarded, giving rise to expected model limitations. This
tradeoff between model complexity and robustness reflects
the general problem of modeling complex systems, where
an optimum number of free parameters allows most mean-
ingful model results.”’ This motivates the use of effective
parameters. For example, tumor cell survival after irradia-
tion is described by one effective parameter St reflecting the
average tumor cell survival, and tumor cell heterogeneity or
hypoxia would suggest a dispersion in that quantity between
different subpopulations.

Previous model approaches demonstrate further possible
degrees of freedom, as they include a distinction between
radiation induced and immunogenic cell death, multiple
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Effect of scheduling and field size. (A) Simulated tumor mass (red lines) overlaid to figures published in (9) for differ-

ent relative scheduling of radiation and aPD-LI. Briefly, CT26 cells have been implanted in the flank of BALB/c and C57Bl/6
mice, and treatment consisted of 5 fractions of 2 Gy on days 7 to 11 after implantation, and aPD-L1 delivery on days 7 to 28 or
18 to 39. Full data set and model results are displayed in Figure E5. (B) Simulation results corresponding to (A) of tumor cells
(red), lymphocytes (yellow), and attraction signals (blue). (C) Simulated tumor mass (red lines) overlaid to plots originally
published in Marciscano et al'* for radioimmunotherapy with (right) and without (left) lymph node irradiation. MC38-OVA
cells have been implanted in the flank of CB57BL/6 mice and treated with 12 Gy on day 11 and aCTLA4 delivery on days 10 to
16. Full data set and model results are displayed in Figure E13. (D) Corresponding model results to the 2 panels in (C), with
colors as in previous figures. Abbreviations: ICI = immune checkpoint inhibitor; RT = radiation therapy.
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Fig. 4. Abscopal response. (A) Simulated tumor mass (red lines) overlaid to original plots to demonstrate the effects of con-
comitant and earlier scheduling of immune checkpoint inhibitors compared with radiation for a primary and abscopal tumor
in the experiments of Wei et al,'” where the abscopal response gets lost in the latter case. Full data set and model results are dis-
played in Figure E14. (B) The simulated abscopal tumor volume on day 40 as a measure of abscopal response is shown in
dependence of fraction dose and scheduling. A hypothetic tumor (sensitivity and growth parameters; see Table E1) is irradiated
twice (day 13 and day 15), and aPD-1 is enhanced by immunotherapy for 6 days (days 17-23: solid line; days 16-22: dashed
line). It was assumed that p = 10% of the target dose covers the tumor-draining lymph nodes, and that lymphocyte recruitment
in the abscopal site appears slightly attenuated (a = 0.8) compared with the primary tumor. Abbreviations: ICI = immune

checkpoint inhibitor; RT = radiation therapy.

differentiation stages of lymphocytes, or the effect of mem-
ory cells.” In contrast, our model is kept conceptually rather
simple to avoid accumulation of free parameters.

Model limits are expected at large doses and at long
times. At large doses (215 Gy), tumor heterogeneity may
lead to an increased survival of the resistant cells compared
with sensitive ones,”” vascular damage may contribute as an
additional effect mechanism,”” and the validity of the linear-
quadratic model is not clear.”*** At long (=20 days) postir-
radiation time, memory effects of the immune system
become relevant, but are neglected in our model. Finally,
the model is benchmarked at hand of preclinical experi-
ments only. Aiming at translation into a model applicable in
the clinical context it must be considered that the relative
importance of relevant processes may be different in
humans, because the host immune system is a different one,

and therapy targets at endogenous tumors rather than syn-
thetic, fast-growing tumors as in the case of experimental
systems.

The strength of the presented model is the ability to
reproduce the observed entanglement of RT and ICI in
combination experiments. This includes both targeted and
immunogenic radiation effects, but also the effect of the
CTLA-4 level on lymphocyte activation and of the PD-1/
PD-L1 level on lymphocyte action. The different immuno-
biologic functionality and associated timing is readily
acknowledged by the model. In fact, it predicts that a com-
bined action of radiation and both ICI leads to a massive
systemic antitumor response. This is in line with clinical
observations.”>*” Our model carefully predicts the response
of an abscopal, unirradiated tumor, where infiltration of
lymphocytes depends on their availability, which was
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enhanced by irradiating the primary site. In that regard, fur-
ther model investigations will consider the irradiation of
multiple lesions, which has been shown to be beneficial in
clinical settings.”**’

From a theoretical perspective a homogeneous dose cov-
erage of the entire lesion sites is not needed to trigger
immune response, as has been shown by exploiting the
immunogenic action of radiation alone.'” Hence even a par-
tial volume irradiation of primary tumor and the largest
metastatic sites may be sufficient to establish durable sys-
temic antitumor response.

A key feature to describe the time dependent tumor
growth pattern is the implementation of the dynamics of
the immune system via delay functions. Frey et al'® report a
localized peak of CD8+ cell after day 8 after IR, and Hettich
et al’ found a large lymphocyte-to-tumor cell ratio within
day 5 to 10 after hypofractionated RT. However, Zhang
et al’’ demonstrated that repeated fractionated irradiation
even within that time interval does not stop immune
response, indicating that a subpopulation of recruited lym-
phocytes still survives and maintains to some extent antitu-
moral response, which is realized in the model by an offset
fraction of 0.1% of all lymphocytes that may not be inacti-
vated.

Although the considered preclinical studies indicate that
a concomitant or slightly delayed checkpoint blocker
administration relative to radiation is favorable, which is in
line with the model, another experiment indicates that this
is not necessarily the case for aCTLA-4.”” In fact, it was not
possible to reproduce these experimental results with the
model, pointing toward potential model limitations and a
lack of knowledge about the modes of action of aCTLA-4.
However, this particular experiment is not directly compa-
rable with the ones considered in the present study, as a
high dose of 20 Gy was used, and aCTLA 4 was only admin-
istered once where no constant high antibody level might be
reached as assumed in the model. On the other hand, the
experiment indicates aCTLA-4 involvement other than
facilitating lymphocyte activation, which is included in the
model. This highlights the need for further molecular stud-
ies unveiling the mechanisms of checkpoint blockers.

The observed dose window structure of abscopal responses
(Fig. 4B) can be understood within the model framework as a
tradeoff of immune stimulating and immune suppressive
radiation action. At low doses, there is no sufficient immune
stimulating effect triggered by radiation inflicted damage sig-
nals; at very high doses, immune response is strongly initi-
ated, but cannot act because lymphocytes in the tumor
microenvironment are massively inactivated by radiation.
Here it is important to note that lymphocytes are rather
radiosensitive,”” making the immune system particularly vul-
nerable at high doses. Within the dose window the recogni-
tion of tumor specific antigens by immune cells and an in
consequence an effective antitumoral immune response are
maximized.

Lymphopenia, often associated with poor prognosis,™ is
a side effect of radiation therapy for large fields and high

fraction doses.””*” A strategy to widen the dose window for
abscopal responses is therefore to restrict high doses to small
fields.”*® Besides the unavoidable lymphocyte inactivation
in the TME, the tumor draining lymph nodes can be
regarded as organs at risk, as they are crucial for the replen-
ishment of antigen primed lymphocytes. Indeed, it has been
observed that irradiation or resection of tumor draining
lymph nodes or inhibition of their functionality reduces
immune response.'**"***! Although in conventional ther-
apy dissection of disease-free nodes aims at mitigating the
metastatic potential of the primary tumor, this paradigm
might shift toward accepting lymphoid cell exchange but
maintaining immune competence. Also, lymphocytes in the
blood may be inactivated in large fields, and the entire blood
pool reflects an “organ” at risk.”**

Both aspects may play a role in the treatment of head and
neck cancers, where combining ICI with RT is associated
with numerous challenges*®*® and lower clinical gain is
observed compared with, for example, none-small cell lung
cancer. In 2 studies investigating the benefit of RIT for head
and neck squamous cell carcinoma,*””’ no enhanced com-
bination effect has been detected. Among many possible
reasons, immune cell depletion can be suspected, as the cer-
vical lymph nodes are typically irradiated electively in addi-
tion to the primary tumor.”” In contrast, while in
glioblastoma patients no beneficial effects of combining
RT + ICI were detected, histologic findings verified that T-
cell response was established but could not be converted
into antitumoral effects.”’ Ongoing studies, for example, an
attempt to use 2 ICI drugs to overcome the RIT resistance
in head and neck squamous cell carcinoma® promise fur-
ther insight in mechanisms and strategies.

In particular for aCTLA-4 in combination randomized
clinical trials show a very selective responsiveness of
patients, which is in contrast to the preclinical experiments
exploited in this study.”>”’ Reasons may be that the host
immune system, tumor growth and heterogeneity and
length, mass and timescales are different in humans. Conse-
quently, a translation of the modeling work toward clinical
applications will require a better mechanistic understanding
and a readaption of involved parameters to address these
hurdles. Therefore, further randomized clinical trials would
be desirable.

Modern radiation therapy techniques may have the
potential to improve the responsiveness to the combination
of RT and ICI: charged particle therapy with protons or
heavy ions reduces the integral dose and allows an efficient
sparing of lymph nodes.’>*”**>** It can therefore enhance
lymphocyte action in RIT, potentially increasing the number
of responding patients. To spare lymph nodes and keep tar-
get volumes small, also modern approaches like stereotactic
body radiation therapy,” intraoperative radiation therapy,”
or partial tumor irradiation'” have demonstrated to preserve
or stimulate immune competence. Spatial fractionated dose
delivery””*® also seems to trigger a sufficient immune
response. Our model could be in principle applied to the
aforementioned RT techniques. Once validated, it may be



Volume 113 ® Number 4 e 2022

Modelling the combination of radiotherapy and immunotherapy 883

considered in clinical decision making and implemented in
treatment plan optimization.
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