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Optimization of antitumor radiotherapy represents an urgent issue, as approximately half of the patients diagnosed
with cancer undergo radiotherapy during their treatment. Proton therapy is potentially more efficient than traditional X-ray
radiotherapy due to fundamental differences in physics of dose deposition, leading to better targeting of tumors and less
collateral damage to healthy tissue. There is increasing interest in the use of non-radioactive radiosensitizing tumor-specific
nanoparticles the use of which can boost the performance of proton therapy. Such nanoparticles are small volumes of
a sensitizer, such as boron-10 or various metal oxides, enclosed in a polymer layer containing tumor-specific antibodies,
which allows for their targeted delivery to malignant cells. Furthermore, a combination of proton therapy with antiangiogenic
therapy that normalizes tumor-associated microvasculature may yield further synergistic increase in overall treatment efficacy.

We have developed a spatially distributed mathematical model simulating the growth of a non-invasive tumor
undergoing treatment by fractionated proton therapy with nanosensitizers and antiangiogenic therapy. The modeling results
suggest that the most effective way to combine these treatment modalities should strongly depend on the tumor cells’
proliferation rate and their intrinsic radiosensitivity. Namely, a combination of antiangiogenic therapy with proton therapy,
regardless of whether radiosensitizing nanoparticles are used, benefits treatment efficacy of rapidly growing tumors as well
as radioresistant tumors with moderate growth rate. In these cases, administration of proton therapy simultaneously with
antiangiogenic drugs after the initial single injection of nanosensitizers is the most effective option among those analyzed.
Conversely, for slowly growing tumors, maximization of the number of nanosensitizer injections without antiangiogenic
therapy proves to be a more efficient option, with enhancement in treatment efficacy growing with the increase of tumor
radiosensitivity. However, the results also show that the overall efficacy of proton therapy is likely to increase only modestly
with the addition of nanosensitizers and antiangiogenic drugs.
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OnTuMu3anust IpOTHBOOITYXOJIEBOH PaIMOTEPAINH SIBIAETCS aKTyadbHOH MPOOIEeMOii, MOCKOIBbKY PUMEPHO TTOTOBHHA
MaIMEeHTOB C IMarHO30M paK IIPOXOAT PAIMOTEPAIINIO BO BpeMs JiedeHHs1. [IpoToHHas Teparys NoTeHIHaIbHo Ooree dhdek-
THBHA, YeM TpaJULIHOHHAs (OTOHHAS Tepamus u3-3a (yHIaMEHTANbHBIX Pa3IuIuii B (U3HUKE pacHpeneneHns J03bl, KOTOPBIE
NPUBOANT K JydIIeMy HaIEINBAHHUIO HA OMyXOJIH M MEHBIIEMY COIMYTCTBYIOUIEMY IOBPEXICHHUIO 3[0POBBIX TKaHEeH. B Ha-
CTosiIee BpeMsi HAOIONACTCsl PACTYIIMI MHTEPeC K MCIIOIb30BAaHHMIO HEPaJHOAKTHBHBIX PAaINOCEHCHUOMIM3NPYIOIUX OITy-
xXoecnenu(UIeCcKnX HaHOYACTHII, UCTIOIb30BAHNE KOTOPBIX MOXKET MOBBICHTH (P (PEKTUBHOCTh MPOTOHHON Tepamuu. Takue
HAHOYACTHIIBI IPEICTABISIOT cOO0M HeOobIINe 00bEMBI CEHCHOMIM3aTOpa, HapuMep, 0opa-10 mim pa3TuuHBIX OKCHIIOB Me-
TAJUIOB, 3AKJIIOYCHHBIX B MOJIMMEPHBIH CIIOH, COleprKaluii omyXojecneu(uueckue aHTHTeNa, YTO TO03BOJISET OCYIIeCTBISTh
UX HalpaBIEHHYIO JOCTaBKy K 3JI0Ka4e€CTBEHHBIM KIeTKaM. KpoMe Toro, coueTaHne MpOTOHHOI Tepariy ¢ aHTHAHTHOTEHHOIT
Tepariel, KoTopas HOpManu3yeT MHKPOCOCYHUCTYIO CETh, CBI3aHHYIO C OITyXOJIbIO, MOXKET AaTh JajbHEWIIee CHHEepreTHde-
CKOE€ yBeJInYeHHe 00meil 5pPEeKTHBHOCTH JICUCHYS.

Mp51 pa3paboTany IPOCTPAHCTBEHHO PACTIPENENICHHYI0 MaTeMaTHIECKyI0 MOIENb, HIMHTHPYIOLIYIO POCT HEMHBA3UBHOM
OITyXOJIH, ITPOXOSIICH JeueHue (HpakInOHNPOBAaHHON MPOTOHHOHN Tepanuel ¢ HAaHOCEHCHOMIN3aTOpaMH ¥ AHTHAHTHOTCHHON
Tepanueil. Pe3ynsraTel MoAeNMpOBaHus MOKa3bIBAIOT, YTO HanbOosee Y QEeKTUBHEINA c0C00 KOMOWHHPOBAHUS ITHX METOJ0B
JIeYeHNsT JOIDKEH CYIIECTBEHHO 3aBHCETh OT CKOPOCTH MPONU(Epanuy OMyXONeBbIX KIETOK H X COOCTBEHHON paJHOTyBCTBH-
TENBHOCTH. A HMEHHO, COUYETaHHe aHTHAHTUOTeHHON TEepalMu ¢ IPOTOHHOH Teparuel, He3aBUCHMO OT TOTO, UCIIONIB3YIOTCS
T PagnoCeHCHOMIN3UPYIONIEe HAHOYACTHIBI, JIOJDKHO HMOBBICHTH (()EKTHBHOCTh JICYEHHsT OBICTPOPACTYIINX OITYXOJICH,
a TAaKKe PaJIMOPE3UCTEHTHBIX OIYXOJEH ¢ YMEPEHHOH CKOPOCTBIO pocTa. B 3TuX ciiydasx nmpuMeHeHHe NPOTOHHOM Tepanuu
OZIHOBPEMEHHO C aHTHAHTHOTCHHBIMY IIPerapaTaMy 1ocje epBOHAYaIbHONW OTHOKPATHOW HHBEKIIMU HAHOCEHCHOMIN3aTOPOB
sBysieTcs: Hanbonee d(GEeKTHBHBIM BapHAHTOM JICUEHHsI CPEIN MPOAHAIN3UPOBAHHEIX. HarpoTus, Uil MeIJICeHHOPACTYIINX
OITyXOJIe MaKCHMH3AIis KOJINYECTBA WHBEKINI HAaHOCEHCHOMIIM3aTOPOB 0€3 aHTHAHTHOTEHHOH Tepamuy OKa3bIBaeTCsl 00-
nee (G QEeKTUBHBIM BapHaHTOM, IPHYEM IOBBIIICHNE d()(HEKTUBHOCTH JICUEHHsI PAcTET C POCTOM PaJAnOdyBCTBUTEIHFHOCTH
omyxosu. OfHAKO pe3ysbTaThl TAKXKE MOKA3bIBAIOT, 4TO 00mIast 3(HeKTUBHOCTD MPOTOHHOMN TEPaNuy, BEPOSITHO, JIOJDKHA YBeE-
JUYHTHCS UMb YMEPEHHO MPH J100aBICHUH HAHOCEHCHOMIN3aTOPOB U aHTHAHTHOTEHHBIX MPEMapaToB.
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Introduction

Compared to traditional X-ray radiation therapy, proton therapy represents a potentially more
effective modality, as it allows targeting tumors more precisely, while minimizing exposure to
surrounding healthy tissues. This is due to the unique physical properties of charged particles,
specifically the deposition of a substantial fraction of their energy at a certain depth in tissue [Brown,
Suit, 2004]. This feature makes proton therapy particularly beneficial for treating tumors near critical
structures (like the brain, spine, or eyes) or in pediatric patients, whose developing tissues are more
sensitive to radiation. Currently, there are over a hundred proton therapy centers worldwide, with proton
therapy rapidly becoming more widespread as the relevant technologies advance [Tsang, Timmerman,
2004].

There is growing interest in using nonradioactive elements during proton therapy for improved
imaging [Galanakou et al., 2022] and for improved tumor radiosensitization [Azarkin et al., 2023;
Hu et al., 2024; Bilynsky et al., 2022]. Generally, small volumes of a sensitizer, e.g., boron-10
or different metal oxides, are encased in a polymer layer that contains tumor-specific antibodies to
enable targeted delivery to malignant cells. The mechanisms by which sensitizers enhance proton
therapy include physical dose enhancement through secondary electron emission, catalytic generation
of reactive oxygen species, and nuclear reactions with protons [Azarkin et al., 2023; Chuang et al.,
2023]. Clinical translation of nanosensitizers for proton therapy is still in its early stages. A few
nanoparticle formulations have entered clinical trials, but further research is required for estimating
long-term safety and efficacy [Hu et al., 2024; Hu et al., 2023]. Current challenges include optimizing
nanoparticle design, improving tumor targeting and uptake, and better understanding of the biological
mechanisms of radiosensitization. Our research group has conducted studies on nanoparticle-enhanced
proton therapy for cancer treatment, focusing on the use of boron and bismuth nanoparticles, which
showed excellent potential as sensitizers, significantly enhancing cancer cell death [Zavestovskaya et
al., 2023; Popov et al., 2024; Zavestovskaya et al., 2024].

An increase in treatment efficacy can be achieved not only by introdicing novel technologies into
clinical practice but also by rationalization of the use of already implemented modalities. A combination
of different therapies can yield synergistic increase in overall treatment efficacy. In that light,
combination of radiotherapy with antiangiogenic therapy represents an intriguing option. Angiogenesis,
i.e., formation of new blood vessels, is a major factor in tumor development and progression, crucial
for increase of blood supply to the tumor to meet its increased metabolic needs [Hanahan, Weinberg,
2000]. Antiangiogenic therapy leads to normalization of tumor-associated capillaries and to cessation
of their further formation, restricting tumor nutrient supply [Gee et al., 2003]. Antiangiogenic therapy
by itself can delay tumor growth but mostly do not cause tumor regression [Jayson et al., 2016].
Interestingly, due to vessel normalization, antiangiogenic therapy can lead to transient increase in
tumor oxygenation which can enhance the effects of radiotherapy, since oxygen represents a prominent
radiosensitizer [Jain, 2005].

There is growing interest in combining radiotherapy with antiangiogenic therapy. Some studies
have shown promising results combining antiangiogenic drugs like bevacizumab with radiotherapy
for various cancers, however, larger clinical trials have reported variable efficacy and increased
toxicity with the combination [Goedegebuure et al., 2019]. Optimizing the combination regimens to
maximize efficacy while minimizing toxicity is an ongoing focus [Goedegebuure et al., 2019; Bendavid,
Modesto, 2022], with more research needed on proton therapy specifically, as most studies have used
conventional photon radiotherapy.

Combined use of antiangiogenic therapy and proton radiotherapy with the use of radiosensitizing
nanoparticles is a double-edge sword, since in long-term antiangiogenic effects lead to decrease of
penetration of nanoparticles in tumor, as well as to decreased tumor oxygenation and proliferation
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activity, which contributes to decreased tumor cell radiosensitivity. The choice of proper protocol
of combined therapy can increase treatment efficacy, but this task is complicated by significant
inter-patient variability. Potential optimal protocols should largely vary for different patients, while
the possibility of measuring patient-specific parameters in clinical setting is significantly limited.
Mechanistic mathematical modeling offers a valuable tool to address these challenges and facilitate
treatment optimization.

In current context, mechanistic modeling involves representing biological objects via equations
which terms correspond to specific natural laws. Mechanistic modeling in oncology is gaining
momentum, having led to at least six prospective clinical trials testing optimized scheduling of
chemotherapeutic and targeted drugs [McDonald et al., 2023], and to three trials exploring optimization
of external beam radiotherapy — NCT03557372 [Leder et al., 2014], NCT03656133 [Lopez et al.,
2018], and NCT03768856 [Prokopiou et al., 2015].

Nowadays, for the study of proton therapy with nanosensitizers, different mathematical modeling
techniques are used for calculating dose distributions, predicting nanoparticle uptake by cells, and
estimating dose enhancement ratios [Song et al., 2023; Cunningham et al., 2021]. However, the
simulations of a whole-course of proton therapy with nanosensitizers via mechanistic modeling are
rare. To the best of our knowledge, previously we were the first to perform the relative simulations,
suggesting that spatial optimization of irradiation can increase tumor cell damage for each irradiation,
while faster suppression of angiogenesis may represent an efficient way towards minimization of
tumor cell repopulation [Kuznetsov, Kolobov, 2023a]. In another work we showed that the optimal
size of nanosensitizers for achieving maximum tumor radiosensitization crucially depends on the
permeability of tumor capillaries [Kuznetsov, Kolobov, 2023¢c]. The current study on optimization
of proton radiotherapy with radiosensitizing nanoparticles and antiangiogenic therapy is based on these
and others of our previous works on optimization of external beam radiotherapy [Kuznetsov, Kolobov,
2020; Kuznetsov, Kolobov, 2023b; Kuznetsov, Kolobov, 2022; Kuznetsov et al., 2018].

Mathematical model

Equations

antiangiogenic therapy
Glucose )< JI_
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Abnormal
capillaries
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Free
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particles

Normal
capillaries

irradiation

Dead
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Figure 1. Scheme of the main model interactions governed by Egs. (1). Green arrows denote stimulating
interactions, red lines show inhibiting interactions, white arrows mark transitions of variables
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The used mathematical model contains eleven variables, which are the functions of spatial and
temporal coordinates r and ¢. One non-spatially-distributed variable corresponds to the concentration
of nanosensitizers in the bloodstream. Injections of nanosensitizers, performing of spatially uniform
irradiations, and antiangiogenic treatment via elimination of proangiogenic factors represent the
external controls of the otherwise autonomous system of Egs. (1). The block scheme of the main
model interactions is shown in Fig. 1.
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The model describes spherically symmetric growth of a non-invasive tumor within normal tissue.
When supplied with adequate glucose g and oxygen w, tumor cells exist in a proliferative state n,,,
with the rate of cell proliferation depending on the rate at which they consume glucose. Glucose is
considered explicitly in the model, since it is an indispensable substrate for biosynthesis of several
types of molecules, without which cell division is impossible [Patra, Hay, 2014]. In the absence of
glucose, cells reversibly transit to a quiescent state n,,. Following irradiation, some of the proliferating
and quiescent cells move to the dead state m. Dead cells are gradually eliminated from the simulation
region. For simplicity, we neglect the possibility of tumor cell senescence after irradiation. Therefore,
the alive tumor cells remaining after the therapy in the model represent the clonogenic malignant cells,
which can give rise to tumor recurrence. Minimization of the number of alive tumor cells will further
represent the main goal of treatment optimization. Tumor cells are surrounded by normal cells £, with
the tumor and normal tissues assumed to be saturated and incompressible, meaning that the total density
of cells remains constant and normalized to unity.

Two types of capillaries are considered: normal ¢, and abnormal c,. The latter exhibit increased
permeability to glucose and nanoparticles due to the influence of vascular endothelial growth factor
(VEGF) v. VEGF not only promotes increased capillary permeability but also stimulates angiogenesis,
leading to the formation of new capillaries in abnormal state. VEGF is produced by nutrient-
deprived quiescent cells and is distributed through tissue by diffusion. At low VEGF concentrations,
the capillaries return to normal state. Additionally, blood capillaries within the tumor degrade due
to rupture, which is implicitly assumed to be caused by mechanical displacement and chemical
factors [Holash et al., 1999].

Glucose and oxygen flow from the capillaries into the tissue, diffuse through it, and are utilized
by the cells. Proliferating tumor cells consume these resources at a significantly faster rate than
quiescent tumor cells and normal cells. For a more detailed explanation of these aspects of the model,
we refer the readers to our previous work [Kuznetsov, Kolobov, 2023¢] and to our study [Kuznetsov,
Kolobov, 2018], where we introduced the method for simulating oxygen dynamics.

The damage to tumor cells from irradiation is modeled using a modified version of the standard
linear-quadratic equation, which estimates the number of cells surviving after a single dose of
irradiation D [Joiner, van der Kogel, 2018]. The modifications consider three factors that influence
tumor cell radiosensitivity. The first is the oxygen effect, which indicates that oxygenated cells are
significantly more radiosensitive than hypoxic cells. The second factor is the increased radiosensitivity
of proliferating cells compared to quiescent cells. These factors are incorporated in the manner
described in our previous work [Kuznetsov, Kolobov, 2020]. The third factor, introduced in our
studies [Kuznetsov, Kolobov, 2023a; Kuznetsov, Kolobov, 2023c], is the effective increase of cell
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radiosensitivity via the additional dose delivered in a series of reactions involving sensitizers associated
with nanoparticles near tumor cells. This effect is assumed to influence only the linear component of
tumor cell radiosensitivity and to operate independently of the oxygen effect.

The nanoparticles enter the tissue from the bloodstream through diffusion via the pores in
capillary walls. Convective flow of nanoparticles is not considered in this model, as a not significant
aspect in the absence of variation of relative parameters influencing it, while its omission allows one
to drastically speed up the calculations. Once in the tissue, nanoparticles exist in a free state u . and
diffuse passively. Nanoparticles are cleared through capillaries back into the bloodstream unless they
specifically bind to tumor cells. In the bound state u,, they become immobilized relative to the tumor
cells. Upon irradiation, both free and bound nanosensitizers contribute to increasing the effective dose
delivered to cells.

The treatment starts when tumor radius R” achieves 5 mm. Time-dependent variable representing
the concentration of nanoparticles in the blood, u(z), increases instantaneously at designated time
points, 7,. Irradiation is applied instantaneously at specific time points, 1 occurring F times during
the treatment. In this study, we consider a standard temporal fractionation of radiotherapy, involving
30 irradiations administered on weekdays over six consecutive weeks. The dose used for irradiations
is fixed as D = 1.8 Gy, which is typical for proton therapy delivered in this manner. The action
of antiangiogenic therapy is modeled as having the maximum theoretically possible efficacy. Upon
the start of treatment, it is assumed that all existing VEGF immediately binds to the antiangiogenic
drug, thereby neutralizing it. However, the normalization of the microvasculature does not occur
instantaneously. The dynamics of the accompanying processes unfold at physiologically relevant rates.
We vary both the timing of nanosensitizer injections and the time of onset of antiangiogenic therapy to
identify more effective treatment strategies.

Parameters

The model includes several dozen parameters, which were estimated based on the results from
various experiments or calibrated to reflect the known general characteristics of tumor growth when
direct estimation was not feasible. The basic set of parameters is presented in Table 1, where the
following normalization parameters were used to derive their model values: 1 h for time; 1072 cm for
length; 3 - 10 cells/mL for cell density; v = 107!! mol/mL for VEGF concentration; 100 cm?/cm? for
capillary surface area density; 1 mg/mL for glucose concentration; 11 mM for oxygen concentration;
and 1 Gy for irradiation dose. The normalization factor for nanoparticle concentration is not explicitly
used, as it is linearly related to the factor of dose enhancement by nanoparticles, K,. The maximum
rate of tumor cell proliferation B and the value of tumor cells linear radiosensitivity « are varied in
this study in order to investigate their influence on the treatment outcome and on the optimal therapy
approach.

The selection of most of these model parameters is explained in our work [Kuznetsov, Kolobov,
2023c]. The ratio of tumor cell radiosensitivity parameters % is typical for many tumor cell lines [Joiner,
van der Kogel, 2018]. The expenditure of the radiosensitizer during irradiation is configured to approach
saturation at the dose D. The dose enhancement factor due to sensitizer, K, is calibrated based on
findings from our experimental group, which indicate that the use of nanosensitizers can lead to
an effective dose increase of approximately 30 % under well-oxygenated conditions. The parameters
governing the diffusion and penetration of nanoparticles from the capillaries are based on nanoparticles
with a 13 nm radius, which was identified in our work [Kuznetsov, Kolobov, 2023c] as being near
optimal for achieving maximum tumor radiosensitization. The increased permeability of abnormal
capillaries allows us to replicate the well-known phenomenon of enhanced permeability and retention
associated with high molecular weight substances in tumors [Wu, 2021].
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Table 1. Model parameters

Parameter Description | Value | Based on
Cells:

B maximum rate of tumor cell proliferation 0.01-0.04 [Freyer, Sutherland, 1985]

€ smoothing parameter of Heaviside function 500 [Kuznetsov, Kolobov, 2023c]

M maximum rate of outflow of dead tumor cells 0.001 [Kuznetsov, Kolobov, 2023c]

VEGEF:

S, secretion rate 1 [Kelm et al., 2005]

& internalization rate 1 [Mac Gabhann, Popel, 2007]
M, degradation rate 0.01 [Ko6hn-Luque et al., 2013]
D, diffusion coefficient 21 [K6hn-Luque et al., 2013]

Capillaries:

R maximum rate of angiogenesis 0.01 [Dickson et al., 2007]
Crnax maximum surface area density 5 [Dickson et al., 2007]
M, degradation rate 0.05 [Stamatelos et al., 2014]
V., normalization rate 0.1 [Dings et al., 2007]

v, denormalization rate 0.1 [Dings et al., 2007]

u recovery rate 0.002 [Kuznetsov, Kolobov, 2018]
y* Michaelis constant for VEGF action 0.001 [Kuznetsov, Kolobov, 2023c]
D, coefficient of active motion 0.03 [Stamatelos et al., 2014]

Glucose:

g Michaelis constant for consumption 0.01 [Casciari et al., 1992]

P permeability of normal capillaries 4 [Clough, Smaje, 1984]
P permeability of abnormal capillaries 10 [Kuznetsov, Kolobov, 2018]

Yy coefficient of proliferating tumor cells consumption rate 1200 [Freyer, Sutherland, 1985]
0f rate of consumption by normal cells 0.5 [Baker, Mottram, 1973]
D, diffusion coefficient 100 [Tuchin et al., 2001]

Oxygen:

w* Michaelis constant for consumption rate 0.005 [Casciari et al., 1992]

PO inflow parameter 50 [Richardson et al., 2006]
W, oxygen concentration in artery 5.87 [Pittman, van der Kogel, 2011]

w concentration at which hemoglobin saturation is 50 % 1.56 [Clerbaux et al., 1993]

X Hill coefficient for oxygen-hemoglobin dissociation curve 2.55 [Clerbaux et al., 1993]
oy coefficient of proliferating tumor cells consumption rate 6400 [Freyer, Sutherland, 1985]

}:’ consumption rate by normal tissue 8 [Baker, Mottram, 1973]
D, diffusion coefficient 720 [Androjna et al., 2008]
Irradiation:

o't linear parameter of tumor cell radiosensitivity 0.05-0.4 see text
B quadratic parameter of tumor cell radiosensitivity 10-a | [Joiner, van der Kogel, 2018], see text
D irradiation dose 1.8 see text

OER}™ maximum OER, under aerobic conditions 24 [Iwata et al., 2016]
OERZ™ maximum OER, under aerobic conditions 2.7 [Iwata et al., 2016]
K, Michaelis constant for oxygen enhancement effect 0.193 [Wouters, Brown, 1997]

k, coefficient of radiosensivity of proliferating cells 1 [Zhao et al., 2017]

k, coefficient of radiosensivity of quiescent cells 0.2 [Zhao et al., 2017]

K, factor of dose enhancement by nanosensitizers 5 see text
Nanoparticles:

K coefficient of binding with tumor cells 0.5 [Kuznetsov, Kolobov, 2023c]
D, diffusion coefficient 5 [Kuznetsov, Kolobov, 2023c]
C, clearance rate 0.09 [Zelepukin et al., 2019]
Py permeability of normal capillaries 0.001 [Kuznetsov, Kolobov, 2023c]
Py permeability of abnormal capillaries 0.18 [Kuznetsov, Kolobov, 2023c]

App coefficient of sensitizer expenditure 2 see text
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Numerical solving

The computational code was implemented in C++. During the numerical simulation of Egs. (1),
the equation for dead cells was not considered explicitly due to the conservation law m = 1-n,—n,—h.
Equations for glucose and oxygen were considered in the quasistationary approximation due to the fast
dynamics of these variables and were solved using the tridiagonal matrix algorithm. For other variables,
the kinetic, diffusion, and convection equations were solved sequentially at each time step. The kinetic
equations were solved using the explicit Euler method, which is justified by the relatively small used
time steps. For the diffusion equations, the implicit Crank—Nicholson scheme was employed. These
classical methods are detailed, e. g., in the book [Press, 2007]. The convective equations were solved
using the conservative method, previously introduced by us in the work [Kuznetsov, Kolobov, 2023b],
which introduces two floating grid points on the otherwise uniform grid to explicitly maintain the sharp
edge of normal tissue and the distinct boundary between tumor and normal tissue, which should exist
due to the absence of intrinsic motility of tumor cells. This feature enables precise measurements of
the tumor radius R’ (f) and normal tissue radius R™(¢).

The following initial conditions were used, representing a spherical section of normal tissue of
initial radius Rév = 10 mm with a small spherical colony of tumor cells of radius Rg = 0.2 mm located
in its center, where concentration of glucose and oxygen follow their quasistationary distributions:

n,(r, 0) =1, n,(r, 0) =0,
h(r, 0) =0, h(r, 0) =1,
g(r, 0) = g(r, 0), g(r, 0) = g (r, 0),
w(r, 0) = wy(r, 0), w(r, 0) = w(r, 0),
Z;l((:’ (()))) ; (())’, for r < Rg ; :;((:2 (()))) ; (1)” for Rg <r< Rév . 2)
v(r, 0) =0, v(r, 0) =0,
c,(r, 0) =0, c,(r, 0) =0,
uf(r, 0) =0, uf(r, 0) =0,
u,(r, 0)=0 u,(r, 0)=0
The following boundary conditions were used:
or|, or|y Odrlgr Odrly drly drly arly drlo or o orl,
omyl - _Omg|_omp v g _ow| Oy ow, 3)
Or |gr O |pr Orlgy  Origy  Orlgy  Orlgy  Or o or |pv ’

c, (RN, t), c, (RN, t) = 1.

During the numerical solution, the convective motion field I(r, t) for the cells and bound
nanoparticles was calculated by the following equation, obtained by summing the dynamic equations
of all cells in Egs. (1) and setting the convective flow velocity to zero at r = 0:

1 san )
I(r, 1) = 2 Of{Bn[,(z, t)g(z, Py Mm(z, t)}z dz. 4)
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Results

Tumor profiles under different treatments

Figure 2, a illustrates the initial distributions of model variables. At the beginning of tumor
growth, the tumor consists entirely of proliferating cells, whose number grows almost exponentially.
However, shortly some tumor cells begin to experience deficiency of glucose supplied by normal
capillaries. Therefore, tumor cells begin transitioning into quiescent state and secreting proangiogenic
factor VEGF. As Fig. 2, b shows, this results in formation of abnormal capillaries, concentrated
predominately in the normal tissue close to the tumor rim. Along with the degradation of capillaries
inside the tumor, this results in a layered tumor structure, with the inner core primarily composed of
quiescent cells and the outer rim consisting of proliferating cells. This structure is characteristic of
tumor spheroids in experimental settings and non-invasive tumors in vivo [Stamatelos et al., 2014].
Although glucose levels elevate in the peritumoral region due to the increased permeability and density
of abnormal capillaries, microvasculature modified by angiogenesis can support only a fraction of
tumor cells in the proliferative state.

In 87 days, the tumor reaches the radius of R’ = 5 mm, which marks the beginning of treatment,
three types of which are illustrated. At this moment, nanoparticles can be injected in the bloodstream,
with Fig. 2, ¢ corresponding to one day after their injection. A portion of nanoparticles binds to
tumor cells, predominantly in the tumor rim, located close to abnormal capillaries. Figures 2, d, e
show the outcomes of a single irradiation at the second day of treatment with and without preliminary
nanoparticles injection. In both cases, the resulting distribution of dead tumor cells illustrates the
heterogeneity in tumor cell radiosensitivity. Deep within the tumor, the cells remain in a hypoxic non-
proliferative state, with only a moderate fraction of them dying. In contrast, near the tumor rim, most
of the cells transit into dead state. However, the presence of nanoparticles increases the fraction of dead
cells from ~ 11 % to ~ 14 % in the tumor core, and from =~ 70 % to ~ 99.97 % in the tumor rim. More
active death of tumor cells bound to nanoparticles leads to decreased overall consumption of nutrients
by tumor, evidenced by notably elevated oxygen pressure at the tumor-normal tissue interface, as well
as by deeper penetration of oxygen and glucose into the tumor. Since nanoparticles are cleared out of
the body rapidly, their penetration into the tumor significantly declines within several days, and their
contribution to the efficacy of the following irradiations becomes minor.

Figure 2, f corresponds to another distribution of variables on the second day of treatment, but
with antiangiogenic therapy having been performed simultaneously with the first irradiation, after the
injection of nanoparticles. Up to this moment, antiangiogenic therapy does not influence the tumor cells
distribution to any notable extent, but elimination of VEGF leads to ongoing normalization of capillaries
that surround the tumor. As Figs. 2, g, # show, after more than a month antiangiogenic therapy does lead
to prominent normalization of capillary density, however, such normalization happens in the absence
of antiangiogenic therapy as well, although to a smaller extent. The reason for that is notable efficacy
of irradiations for the considered parameter set, eventually leading to elimination of the vast majority
of tumor cells, halting of VEGF production, and elevation of nutrient levels inside the shrunk tumors
close to their levels in normal tissue. Nevertheless, antiangiogenic therapy does lead to an increase of
overall treatment efficacy in the considered simulations. While mono-radiotherapy leads to a minimal
number of alive tumor cells N ~ 16 and the injection of nanoparticles allows decreasing this number
to N ~ 7, addition of antiangiogenic therapy yields further decrease of this parameter down to N ~ 4.
This parameter is calculated as

RT

i 2
N = mtln f[np + nq]r dr.
0
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a) normalized b)

values initial conditions day 0, before treatment

1.0 normal cells, h 1.0 s abnormal
proliferating and normal
tumor cells, n, 0.8 % capillaries, ¢, + ¢,
B - P _—
glucose, g
normal capillaries, ¢,
2 4 6 8 mm 10 ' 2 4 ‘ “ 10

day 1, after nanoparticles injection day 2, after first irradiation
alive 4 dead tumor cells,

0 2 4 ’ 6 8 10
o) day 2, after nanoparticles injection \ ) day 2, after nanoparticles injection,
and first irradiation first irradiation and antiangiogenic treatment

2 4 6 8 10 0 2 4 . 6 8 10
) day 41, after nanoparticles injection ) day 41, after nanoparticles injection,
8 and last irradiation last irradiation and antiangiogenic treatment

10 () 2 4 6 8 10

Figure 2. Distributions of model variables obtained by numerical simulations of Eqs. (1) with initial
conditions (2) and boundary conditions (3). The maximum rate of tumor cell proliferation B = 0.02, tumor
cell radiosensitivity a = 0.25, the values of other parameters are given in Table 1

2025, T. 17, Ne 4, C. 697-715




708 M. B. Kuznetsov, A. V. Kolobov

In terms of tumor cure probability (TCP), which is traditionally calculated by the formula
TCP(N) = ¢V [Munro, Gilbert, 1961], these cell numbers correspond to TCP ~ 0%, ~ 0.1 %,
and ~ 1.6 %. This finding, however, does not guarantee that such addition of antiangiogenic therapy
will be beneficial for any physiologically reasonable values of model parameters, and the relevant
investigation is performed below.

Efficacy of radiotherapy depending on tumor cell radiosensitivity and proliferation rate

In this study we perform a variation of two parameters: tumor cell radiosensitivity and
maximum tumor cell proliferation rate as they have been identified by us previously to be the major
parameter influencing the outcome of radiotherapy in mono-regime [Kuznetsov, Kolobov, 2023b]
and in combination with antiangiogenic therapy [Kuznetsov et al., 2018]. At first, let’s consider the
influence of these parameters on the outcome of mono-radiotherapy, as well involving 30 irradiations
administered on weekdays over six consecutive weeks.

As Fig. 3 shows, expectedly, the increase of tumor cell radiosensitivity, «, has a positive effect
on treatment efficacy, leading to the monotonic decrease of the minimal number of alive tumor cells
during radiotherapy. Variation of tumor cell proliferation rate, B, however, has an ambiguous effect.
For relatively radioresistant tumors, the increase of B decreases the treatment efficacy, since tumor cell
repopulation acts as a major obstacle for tumor cure, compensating for cell killing. For radiosensitive
tumors, however, treatment efficacy depends on B in non-linear fashion. As B increases from 0.01
to 0.04, initially the number of tumor cells after radiotherapy declines. This happens due to the
fact that for an efficient treatment fast transition of tumor cells from quiescent to proliferative state
represents a positive feature, since it renders the tumor cells more radiosensitive and thus easier to kill.
Nevertheless, under further increase of B tumor cell repopulation significantly hinders the radiotherapy
efficacy as well.

minimal number of alive tumor cells

during mono-radiotherapy .
108F maximum rate of
tumor cell proliferation
na B =0.04
< B=003
ni B =10.02
10 B =001
100+
tumor cure probability, TCP=1%
Lpeommre rcP=30%
"""""""" rce=90%
0.01F

005 010 015 020 025 030 035 040
tumor cell radiosensitivity, a

Figure 3. Minimal number of alive tumor cells during radiotherapy without the use of radiosensitizing
nanoparticles and without antiangiogenic therapy during model simulations under variation of tumor cell
radiosensitivity, @, and maximum tumor cell proliferation rate, B

Search for optimized protocols for proton radiotherapy with nanosensitizers and
antiangiogenic therapy

For the same variation of parameters, depicted in Fig. 3, we further compared the efficacy of
several types of combined treatments. The first type is radiotherapy combined with antiangiogenic
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therapy, starting simultaneously. The second type of treatment is radiotherapy with the use of
radiosensitizing nanoparticles, injected two days before the first irradiations of each of the first n weeks,
where n = 1, ..., 6. The third type of treatment involves radiotherapy with nanosentitizers and
antiangiogenic therapy, starting along with the irradiation following the last nanoparticles injection.
We did not consider antiangiogenic therapy starting before the last nanoparticles injection, as it would
mitigate their inflow in tumor.

Figure 4 illustrates the outcome of comparison of these treatments, in terms of the relative
minimal number of alive tumor cells, compared to mono-radiotherapy. For slowly growing and
relatively radiosensitive tumors (B = 0.1, @ > 0.09) the addition of antiangiogenic therapy to
radiotherapy turns out to be detrimental, increasing the minimal number of alive tumor cells up
to =~ 2.2-fold, as Fig. 4, a shows. This aligns with our previous findings [Kuznetsov et al., 2018] and
is explained by the fact that tumors subject to antiangiogenic therapy receive less oxygen and nutrients
and thus effectively remain less radiosensitive. For faster proliferating tumors (B > 0.2), however,
addition of antiangiogenic therapy to radiotherapy allows reducing tumor growth significantly enough
to become beneficial, as Figs. 4, b, ¢, d demonstrate.

relative minimal number of alive

tumor cells during treatment, maximum rate of mono-radiotherapy (RT) RT + antiangiogenic radiotherapy (ATT)

compared to mono-radiothera; iferati = === RT + I injection of nanoparticles (NP) RT + 1 NP + ATT

pa Py tumor cell proliferation ~Z 77 p T X8 BT 2 NP+ ATT

3 B=0.01 RT + 3 NP RT + 3 NP + ATT

2.0p TCP=1% ———— RT +4NP RT + 4 NP + ATT

[ STCP=30% ————RT+5NP RT + 5 NP + ATT

[ - R ————RT + 6 NP RT + 6 NP + ATT
L.5F

TCP=90%
: B=0.02 rcp=3o%
TCP=1% . TCP=90%

00005 0.0 015 020 025 030 035 040 005 010 0.15 020 025 030 035 040

tumor cell radiosensitivity, a tumor cell radiosensitivity, a
B=0. TCP=30% B=0.04 TCP=30%
003 repoia Ter-s0% 0.0 TCP=1% TCP=90%
1.0 — 1.0 —

= = N

0'0 e ‘0'0 S B e = - . Br———: ‘ﬁ:’-—ﬁ——_ .
0.05 0.10 0.15 020 0.25 030 0.35 040 0.05 0.10 0.15 020 0.25 030 0.35 0.40
tumor cell radiosensitivity, « tumor cell radiosensitivity, «

Figure 4. Relative minimal number of alive tumor cells with respect to mono-radiotherapy simulations, depicted
in Fig. 3, during different types of treatments: mono-radiotherapy (yielding unity, black lines), radiotherapy
with antiangiogenic therapy (gray lines), and radiotherapy with the use of radiosensitizing nanoparticles with
antiangiogenic therapy (solid lines) and without antiangiogenic therapy (dashed lines), during model simulations
under variation of tumor cell radiosensitivity, @, and maximum tumor cell proliferation rate, B. Radiotherapy
involves 30 irradiations administered on weekdays over six consecutive weeks (implied to start on Monday).
Injections of nanoparticles are performed two days before the first irradiations of each of the first n weeks
(on Saturdays), where n = 1, ..., 6. Antiangiogenic therapy starts along with the irradiation following the last
nanoparticles injection (on one of Mondays), or in the absence thereof — along with the first irradiation. The
gray dotted lines are isocurves corresponding to fixed values of tumor cure probability (TCP), their intersections
with lines corresponding to mono-radiotherapy and optimal treatments are marked with crosses
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The use of nanosensitizers along with radiotherapy is beneficial for all the parameter sets
considered, while the increase in the number of injections of nanoparticles results in a monotonic
increase of treatment efficacy, being more prominent for relatively radiosensitive tumors.

In contrast, addition of antiangiogenic therapy to radiotherapy with nanosensitizers has an
ambiguous effect. As Fig. 4, a shows, under tumor cell proliferation rate B = 0.1 for such combined
treatment the start of antiangiogenic therapy after six injections of nanoparticles represents the best
option for almost all values of @. However, this treatment shows similar efficiency to radiotherapy
with six nanoparticle injections without antiangiogenic therapy, meaning that its addition does not
enhance treatment efficacy. As tumor cell proliferation rate grows, the optimal treatment changes to
radiotherapy with one injection of nanoparticles and antiangiogenic therapy starting after it. This type
of treatment turns out to be more beneficial for relatively radioresistant tumors (@ < 0.16) with B =
= 0.02, as Fig. 4, b shows, and for all examined values of a for fast-growing tumors with B = 0.03
and B = 0.04, as Figs. 4, ¢, d show.

Overall, the modeling results suggest that the addition of antiangiogenic therapy to proton
therapy, both with and without the use of radiosensitizing nanoparticles, is beneficial for relatively
rapidly growing tumors and radioresistant tumors with moderate growth rate. For them, administration
of proton therapy with one preliminary injection of nanosensitizers followed by antiangiogenic therapy
represent the most efficient of the considered options. For slowly growing tumors, radiotherapy with the
maximum number of injections of nanosensitizers without antiangiogenic therapy is a more efficient
option, with enhancement of treatment efficacy growing with the increase of tumor radiosensitivity.
However, the modeling results also suggest that the range of potentially curable tumors can increase
only moderately due to the use of nanosensitizers and antiangiogenic drugs. For example, at every
examined value of B, the range of tumor cell radiosensitivity values a for which TCP = 90 % can be
achieved increases by only 0.02-0.03 for optimal treatments compared to mono-radiotherapy.

Discussion

Considering the widespread use of radiotherapy and its applicability to the majority of tumors,
optimizing radiotherapy presents an efficient approach to increasing the overall cancer cure rate [Joiner,
van der Kogel, 2018]. Combined use of proton therapy with radiosensitizing nanoparticles and
antiangiogenic therapy is a promising option towards the increase of treatment efficacy. This modeling
study proposes that the optimal method of combining these modalities should crucially depend
on proliferation rate and inherent radiosensitivity of tumor cells. For rapidly proliferating tumors,
faster suppression of angiogenesis represents an efficient way towards minimization of tumor cell
repopulation, facilitating tumor cell killing by irradiation. For slowly proliferating tumors maximization
of tumor cells exposure to nanosensitizers is the most optimal approach, while the addition of
antiangiogenic therapy should not contribute to faster elimination of tumor cells.

However, given the experimentally estimated increase in irradiation efficiency offered by
nanosensitizers, this study suggests that their overall contribution to enhancing treatment efficacy
may be only relatively modest. More studies are needed to optimize nanoparticles design in order
to increase their radiosensitization properties and to improve tumor targeting and uptake. A major
obstacle for intratumoral penetration of nanoparticles during prolonged radiation treatment should be
the normalization of tumor-associated microvasculature. After elimination of a significant fraction of
tumor cells, it should happen even in the absence of antiangiogenic therapy. Reduced competition of
tumor cells for nutrients would lead to increased nutrient levels inside the tumor alleviating nutrient
deficiency of tumor cells, which is required for their continuous secretion of proangiogenic factors.
Enhancement of capillary permeability and therefore intratumoral delivery of nanoparticles via focused
ultrasound represents an intriguing option to overcome this issue. Nowadays, this technique is employed
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predominantly for disruption of blood-brain barrier, however, there are no technical limitations for
implementing in for tumor sites other than brain [Lopez-Aguirre et al., 2024].

One aspect not accounted for in the presented model is host immune response to radiotherapy.
Generally, greater tumor cell kill due to the nanosensitizers effect should promote faster release of
tumor-associated neoantigens, yielding increased antitumor immune response [Mellman et al., 2023].
This effect may provide additional boost of the efficacy of proton therapy utilizing nanosensitizers.
However, stimulation of immune response during radiotherapy is difficult to predict, while its strength
can vary dramatically, especially given that in many cancer patients the immune system is already
compromised [Cheng et al., 2020]. The immune response to radiotherapy is additionally complicated
by the fact that radiotherapy can also have immunosuppressive effects [Wang et al., 2024].

Another technique that can contribute to further increase of efficacy of radiotherapy with
nanosensitizers is spatial and temporal optimization of irradiation. As our previous studies suggest,
alteration of radiotherapy fractionation bears significant potential, especially for large tumors with
prominent necrotic areas [Kuznetsov, Kolobov, 2023b; Kuznetsov, Kolobov, 2022]. Intriguingly,
recent clinical results confirm the potential of dose-painting approach, accentuating proliferative and
therefore radiosensitive tumor areas during radiotherapy, highlighting the need for further relevant
studies [Berwouts et al., 2017].
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