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Abstract— The good efficacy of radioligand therapy (RLT)
targeting prostate specific-membrane antigen (PSMA) for the
treatment of metastatic castration-resistant prostate cancer
(mCRPC) has been recently demonstrated in several clinical
studies. However, the treatment effect of '’ Lu-PSMA-ligands
is still suboptimal for a significant fraction of patients. In
contrast to external beam radiotherapy, the radiation dose
distribution itself is strongly influenced by the heterogeneous
tumour microenvironment. Although microdosimetry is
critical for RLT treatment outcome, it is difficult to clinically
or experimentally establish the quantitative relation. We
propose an in silico approach to quantitatively investigate the
microdosimetry and its influence on treatment outcome for
PSMA-directed RLT of two different radioisotopes '"'Lu and
225A¢. The ultimate goal is optimize the combined '""Lu and
225A¢-PSMA therapy and maximize the anti-tumour effect,
while minimizing irradiation of off-target tissues.

Clinical relevance— With the proposed hybrid model we
show that '""Lu-PSMA-ligands treatment assures a more
homogeneously distributed dose and a lower dependency of
the treatment outcome on the domain vascularisation. On the
other hand, the >2°Ac-PSMA-ligands treatment shows a much
stronger efficacy in killing tumor cells with an equivalent mean
dose distribution even in an hypoxic environment.

I. INTRODUCTION

The last decades have witnessed rapid acceleration in the
impact of tumor-targeted radioligand therapy (RLT). Promis-
ing results have been obtained in the treatment of metastatic
castration-resistant prostate cancer (mCRPC), known for
its high burden of morbidity and mortality [1]. Prostate
carcinoma is characterized by the increased expression of the
specific type II transmembrane glycoprotein named prostate-
specific membrane antigen (PSMA) [2]. Several studies have
demonstrated the efficacy and safety of RLT for the treatment
of mCRPC performed with Lutetium-177 (}""Lu-PSMA-
ligands) [3], [4]. A recent meta-analysis shows biochemical
and radiological responses in 46% and 37% of the patients,
respectively [5]. Despite the early success, the relatively low
linear energy transfer (LET) of the [-particle emitted by
TTLu causes mostly single-strained DNA breaks leading to
treatment resistance. A more potent alternative is represented
by the a-emitter Actinium-225 (22°Ac-PSMA-ligands). The
LET of the a-particle (~100 keV/um), 500 times higher of
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the LET of the S3-particle emitted by ""Lu, induces with
a higher probability a double-strand break of the DNA [6],
[7]. A recent meta-analysis on 225 Ac-PSMA-ligands therapy
indicates a remarkable efficacy of this targeted approach,
with a response rates that exceed those published for 7" Lu-
PSMA RLT [8]. However, the reduced range of a-particles in
human tissues, i.e. ~ 50 um for a-particles emitted by 225Ac
with respect to ~ 1.6 mm for S-particles emitted by ""Lu,
can strongly reduce the cross-fire effect in large tumors with
poorly vascularized regions. Moreover, the injected activity
of ?25Ac is limited by salivary gland toxicity. The compli-
mentary advantages of « and (S-emitting RLTs lead to the
concept of “cocktail treatment” to maximize the antitumoral
effect. It remains unclear how such a dual radionuclide
treatment should be formulated and the potential treatment
outcome. In the past decades, systems medicine has emerged
as a tool to facilitate hypothesis generation, data integra-
tion, and patient-specific therapeutic development. Systems
medicine has already been applied for the development of
multi-modal imaging strategies [9]. Histology-driven com-
putational simulation have been proposed to emulate real
biological complexity of tissues [10], [11]. In silico modeling
based on physiologically-based pharmaco-kinetic (PBPK)
models can assist the optimization of PSMA-directed radi-
oligand therapy. We propose an in silico approach aiming to
optimise the treatment by combining different radionuclides
such as '""Lu and 2?°Ac attached to PSMA ligands.

II. MATERIALS AND METHODS

In this section the mathematical model used to simulate the
225 Ac-PSMA-ligands and '""Lu-PSMA-ligands spatiotem-
poral distributions, the PBPK model used to generate the
arterial input function (AIF), the kernel method used to
calculate the cumulated dose distributions and the employed
materials are presented.

A. Stained tumor sections

Formalin fixed, paraffin embedded (FFPE) tissue sections
were submitted to autoradiography and immunohistochem-
istry (IHC) for CD31 (vessel endothelium) was performed
on a consecutive cut. The IHC was done with a primary
rabbit anti-CD31 antibody (abcam ab28364, 1:50) processed
and detected on a Bond RXm system (Leica) with a polymer
detection kit (without post primary antibody).

B. Vessel map generation

The computational domain consists of extravascular space
interspersed by vessels, which constitute holes in the mesh.
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The tumor tissue, i.e. the extravascular space, is assumed to
be homogeneously divided into two sub-compartments: the
interstitial compartment where the labelled PSMA-ligands
can move and bind to the cells surface and the cellular
compartment. The parameters used to describe the interstitial
and cellular fractional volumes are derived from literature
[12]. The vessel map is generated contouring one tissue mi-
crosection stained with the CD31 antibody. Multiple regions
of interest (ROISs) of 1.6 x 1.6 mm? with different degrees of
vascularisation (1.0%, 2.3% and 3.2%) have been extracted
from the stained microsection. The vascular fraction in the
ROIs are comparable with other published values [13], [14].
The radio-pharmaceutical flux across the vessel walls is
modelled by appropriate boundary conditions as described
in Section II-C.

C. Multi-scale spatial-temporal models of PSMA-ligands
dynamics

The radio-pharmaceutical enters the tumour interstitium
from the vasculature. It is then transported through the
interstitial volume by diffusion down concentration gradients
and convection from regions of high to low interstitial fluid
pressure (IFP). Finally, it exits via cellular uptake and back-
flow into the vasculature. The flux density of PSMA-ligands
across vessel walls, J, [nmol s~' cm™2], is assumed to be
proportional to the difference between the concentrations on
the vascular C, [nmol ml~!] and the interstitium C; side:

Jv - LV(CV - Ci)7 (1)

where L, [cm s~!] represents the vessel wall permeability.
The spatio-temporal evolution of the interstitial PSMA-
ligands concentration can be described by a convection-
reaction-diffusion (CRD) equation as:

0,Ci = V- (DpsmaVCi) =V - (TR;C;) — konCi(Ro — Ch)
+k0ffcb - )\deccia (2)

where Dpgyva [cm? s~1] is the diffusivity of PSMA-ligands,
Ry is the movement coefficient between the molecule and its
carrier, the terms V- (Dpgma VC;) and V- (¢ R C;) describe
changes in interstitial radio-pharmaceutical concentration
due to diffusion and convection, ko, [cm® nmol~! s~1] and
ko [s™1] are respectively the association and dissociation
rates, C}, is the bounded radio-pharmaceutical concentration
[nmol ml~!'], Ry [nmol ml~'] is the PSMA binding sites
density and Agec [s7!] is the radionuclide decay constant.

The labelled molecule has a high-binding affinity for
PSMA expressed on the prostate cancer cell surface. More-
over, PSMA undergoes an internalisation process that allows
the radionuclide to be concentrated within the cell [15]. De-
manding mass conservation and assuming first-order kinetics,
the rates of change of bounded and internalized PSMA-
ligands concentrations, Cj,, can be written as

0:Ch = konCi(Ro — Cb) — kot Ch — kintCh — AdecCh, (3)
and

atc’int = kinthF‘/i/F‘/c - krelcint - /\deccint7 (4)

where ki [s~!] and ke [s~!] are the internalization and the
release rates respectively and F'V; and F'V, are the fractional
volumes of tumour interstitium and cells within a voxel
respectively. The radio-pharmaceutical flux across the vessel
walls is modelled via Neumann boundary conditions imposed
on the vessel boundaries as

i (DpsmaVC) = Jy, (5)

where 1 is the normal unit vector to the respective boundary
segment. No-flux boundary conditions were applied to the
edges of the vessel map. Table I lists the tissue physiological
parameter estimates deduced from the literature [12], [16],
[17].

TABLE I
MODEL PARAMETER VALUES USED IN SIMULATIONS
Parameter Value Ref.
Vessel wall permeability 33x 107 % cms™T [17]
Diffusivity 8.7x 1077 ecm? s~ 1 [16]

4.089 x 102 nmol ml—1! fitted
7.7 %x 101 ml nmol—1 s—1 | [12]

Receptor density
Association rate

Dissociation rate 77 x 107471 [12]
Internalization rate 1.67 x 1075 s—1 [12]
Release rate 2.67 x 1076 51 [12]
Fractional interstitial volume | 39% [12]
Fractional cellular volume 61% [12]

1.197 x 1076 s—1
8.087 x 10~ 7 51

177Lu decay constant
225 Ac decay constant

D. Tissue oxygenation simulation

To study the effect of the presence of hypoxic tissue on
the treatment outcome, we modelled the tissue oxygenation.
Accordingly to the published literature, the oxygen transport
is modelled as a purely diffusive process that is in equi-
librium with cellular oxygen consumption [10], [11]. The
cellular oxygen consumption has been modelled considering
Michaelis—Menten kinetics [18]. The paramenters used in the
oxygenation reaction-diffusion model have been derived by
literature [10], [11].

E. Physiologically based pharmacokinetic model

Physiologically based pharmacokinetic (PBPK) models
are compartment-based models used to simulate the absorp-
tion, distribution, metabolism, and excretion of the injected
compound in the human body [19]. An existing and validated
PBPK model [12] for RLT studies has been adopted to
calculate the arterial input function (AIF), i.e. the time
dependant vascular concentration of PSMA-ligands C,, used
in our CRD model. The PBPK model for PSMA-ligands
was adapted to be compatible with mouse physiology. Mouse
physiological variables were either based on rescaling human
parameters or derived from literature [20], [21], [22], [23],
[24]. The tumor tissue was treated as a xenograft, therefore
parameters such as vascular and interstitial fraction, receptor
density, PSMA-ligands binding constants, degradation and
internalization rates were assumed to be the same as in
humans [12]. The injected amount of radio-pharmaceutical
was chosen to obtain a mean deposited dose in the prostate
tumor model of 10 Gy after 20 days post-injection.

4498



F. Absorbed dose and cell survival probability

The absorbed dose in each voxel of the domain has been
calculated accordingly to the MIRD formalism [25]. The
mean absorbed dose D(rr, Tp) [Gy] to target voxel rr over
a defined period Tp is defined as

D(rp,Tp) = > A(rs,Tp)S(rr « rs), (6)

where A(TS,TD) [Bq] is the time-integrated activity in
source voxel rg over the period Tp and S(rr <« rg)
is the radionuclide-specific quantity representing the mean
absorbed dose to the target voxel rp per unit activity present
in the source voxel rg. In this work the S values for
each radionuclide are calculated with the use of MIRD-cell
(V2.0) [26]. The probability that a cell survives is calculated
accordingly to the linear quadratic model

Pg = e7P=AP%, (6)

where « and (8 are the linear quadratic parameters that
characterize the cellular response to the ionizing radiation
and D [Gy] is the absorbed dose [27]. The cell survival
curve for a-particle radiation is log-linear at low as well as
high absorbed doses. The survival probability equation can
be consequently simplified as

PS == eiD/DO7 (7)

where Dy is the absorbed dose required to yield a survival
fraction of 37% [28]. The parameters used to calculate the
cells survival probability are resumed in Table II.

TABLE II
PARAMETERS USED FOR THE CELLS SURVIVAL PROBABILITY
CALCULATIONS
Parameter | Normoxic Hypoxic Ref.
o 0.15 Gy ! 0.107 Gy~ ! [29]
B 0.048 Gy—2 0.024 Gy—2 [29]
Do 0.7 Gy 1.18 Gy [30]

ITII. RESULTS AND DISCUSSION

In the following sections the simulation results are pre-
sented and discussed. At first, the dose distribution simu-
lations are analysed for both the considered radionuclides.
Then, the results on the distribution of cell survival proba-
bility in hypoxic tumor microenvironment are discussed.

A. Dose distribution in tumor microenvironment

With the use of the CRD model we simulate the radionu-
clide distribution into the tumor microenvironment. Once the
activity distribution is recovered, for each radionuclide the
kernel-based method is used to calculate the dose distribution
in the domain. In Figure 1 the dose distributions for each
radionuclide at ten days post injection are shown. The
larger range covered by the j3-particles emitted by 7"Lu
produces a more homogeneous dose distribution in the tumor
microenvironment. The higher “cross-fire” effect induced by
the S-particles has an impact on the standard deviation of the

deposited dose in the domain. Indeed, the statistical analysis
performed in all the ROIs shows in all cases a higher standard
deviation in the dose distributions obtained with 22°Ac.
The percentage dose difference map shows a stronger dose
deposition in the vessels neighbourhood for 22°Ac-PSMA
compared to !""Lu-PSMA. The higher dose deposition given
by 22°Ac near vessels results in a globally higher mean
deposited dose in the highly vascularized domain as shown
in the statistical analysis.

225Ac-PSMA dose distribution
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Fig. 1.  Top: dose distributions obtained in the ROI with lowest vas-
cularization ten days post-injection with 177Lu-PSMA (left) and 225Ac-
PSMA (right). Bottom left: percentage dose difference between the dose
distributions obtained with 177Lu and 225Ac. Bottom right: statistical
analysis of the mean dose distributions calculated in all the ROIs, the vertical
lines represent the standard deviation.

B. Radiobiological efficacy analysis

Applying the linear-quadratic modelling to the dose maps,
the cell survival probability for both 225 Ac-PSMA-ligands or
17"Lu-PSMA-ligands has been calculated. Figure 2 depicts
the cell survival probability distribution for the examined
radionuclides. For the same mean irradiation dose at ten days
post-injection, the 22°Ac-PSMA-ligand has a significantly
higher cell-killing potency. This finding is consistent with
the reported higher probability of double-stranded break
induction by the « particles, which are more difficult for the
cell to repair. Although the ""Lu-PSMA-ligand is overall
less lethal, the longer range of 3-particles enables the '""Lu
based treatment to be less dependent on the degree of domain
vascularization, as can be seen by the smaller standard
deviation in the mean cell survival probability for all the
examined ROIs.

IV. CONCLUSIONS

The proposed hybrid model can give a deep insight into the
efficacy of ""Lu-PSMA-ligands and 22°Ac-PSMA-ligands
at the tumor microenvironment level. The '7"Lu-PSMA-
ligands treatment assures a more homogeneously distributed
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Fig. 2. Top: Distribution of cell survival probabilities in the ROI with the
lowest vascularization ten days post-injection with 177Lu-PSMA (left) and
225 Ac-PSMA (right). Bottom: statistical analysis of the mean cell survival
probability calculated for each of the examined ROIs, the vertical lines
represent the standard deviation.

dose

and a lower dependency of the treatment outcome on

the domain vascularisation. On the other hand, the 225Ac-
PSMA-ligand treatment shows a much stronger efficacy in
killing tumor cells with an equivalent mean dose distribu-

tion.

Further optimisation and validation of this model on

experimental data is ongoing.
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