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Abstract: Prostate specific membrane antigen targeted radionuclide therapy (PSMA-TRT) is a promis-
ing novel treatment for prostate cancer (PCa) patients. However, PSMA-TRT cannot be used for
curative intent yet, thus additional research on how to improve the therapeutic efficacy is warranted.
A potential way of achieving this, is combining TRT with poly ADP-ribosylation inhibitors (PARPi),
which has shown promising results for TRT of neuroendocrine tumor cells. Currently, several clinical
trials have been initiated for this combination for PCa, however so far, no evidence of synergism
is available for PCa. Therefore, we evaluated the combination of PSMA-TRT with three classes
of PARPi in preclinical PCa models. In vitro viability and survival assays were performed using
PSMA-expressing PCa cell lines PC3-PIP and LNCaP to assess the effect of increasing concentrations
of PARPi veliparib, olaparib or talazoparib in combination with PSMA-TRT compared to single PARPi
treatment. Next, DNA damage analyses were performed by quantifying the number of DNA breaks
by immunofluorescent stainings. Lastly, the potential of the combination treatments was studied
in vivo in mice bearing PC3-PIP xenografts. Our results show that combining PSMA-TRT with PARPi
did not synergistically affect the in vitro clonogenic survival or cell viability. DNA-damage analysis
revealed only a significant increase in DNA breaks when combining PSMA-TRT with veliparib
and not in the other combination treatments. Moreover, PSMA-TRT with PARPi treatment did not
improve tumor control compared to PSMA-TRT monotherapy. Overall, the data presented do not
support the assumption that combining PSMA-TRT with PARPi leads to a synergistic antitumor
effect in PCa. These results underline that extensive preclinical research using various PCa models
is imperative to validate the applicability of the combination strategy for PCa, as it is for other
cancer types.

Keywords: prostate specific membrane antigen; targeted radionuclide therapy; radiosensitization;
PARP inhibitors

1. Introduction

Prostate specific membrane antigen targeted radionuclide therapy (PSMA-TRT) has
shown promising results in castration resistant prostate cancer (CRPC) patients [1-3].
During PSMA-TRT, patients are intravenously treated with PSMA-specific small molecule
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inhibitors labeled with radionuclides with DNA-damaging capacities. Because of the
overexpression of PSMA on prostate cancer (PCa) cells in the majority of the patients,
PSMA-TRT accumulate in PCa tumor lesions enabling local irradiation in the PCa lesions.
Lutetium-177 (3-emitter) is often the radionuclide of choice for PSMA-TRT [3,4]. Among
several clinical trials, the VISION clinical phase III trial showed that treatment with a PSMA
targeting PSMA-617, labeled with lutetium-177 ([Y7Lu]Lu-PSMA-617) plus standard care,
significantly increased the overall survival compared to standard care alone in advanced
metastatic CRPC patients, resulting in food and drug administration (FDA) approval of
['7Lu]Lu-PSMA-617 in this patient group [4].

Unfortunately, it has been shown in this and other trials that 20-40% of PCa patients
have minimal to no response to PSMA-TRT, indicating that PSMA-TRT is not effective
enough yet for the majority of patients with metastatic PCa to be applied with a curative
intent [5-7]. Thus, increasing the effectivity of PSMA-TRT (without increasing the radiotoxic
effects) is of great importance. A potential way of achieving this, is combining PSMA-TRT
with another therapy which induces a synergistic increased effect.

Lutetium-177 decay induces mostly DNA single-strand breaks (SSBs) in the targeted
cells. SSBs that are not repaired are converted during replication into much more cytotoxic
DNA double strand breaks (DSBs) [8]. Essential for the repair of SSBs is poly-[ADP-ribose]-
polymerase-1 (PARP-1). When PARP-1 recognizes a damaged SSB site, it binds to the
site and catalyzes poly ADP-ribosylation (PARylation), which initiates the recruitment of
additional DNA repair proteins [9]. PARP-1 inhibitors (PARPi) inhibit PARP-1 by blocking
PARylation and thereby inhibit the recruitment of these other DNA repair proteins. In
addition, PARPi could also trap PARP-1 at the SSB which fully prevents further repair [9,10].
Various PARPi with different ‘PARP-trapping potencies’ and corresponding cytotoxic effects
have been developed [11]. For example, talazoparib, a PARPi with strong PARP-trapping
potency, shows the highest cytotoxic effects, while veliparib with the least potent PARP-
trapping ability and relatively low effectivity in general [12,13].

Several preclinical studies in neuroendocrine tumors (NETs) have shown that combi-
nation of lutetium-177 TRT with a PARPi (often olaparib), increases cancer cell killing both
in vitro and in vivo [14-16]. Based on these preclinical successes with NET models, clinical
trials combining lutetium-177 TRT and PARPi in NET patients and in metastatic CRPC
patients are currently ongoing [17]. In contrast to the preclinical studies combining TRT
with PARPi in NET models, to the best of our knowledge, the phase I study for metastatic
CRPC patients was initiated without available preclinical data on the potential value of this
combination study in metastatic PCa. Assuming possible differences in the response to this
(combination) therapy between various types of cancer and to assess the radiosensitivity
potency of PARPi with different characteristics, we set out to study the cellular effects of
the combination of TRT with three classes of PARPi in preclinical models of PCa.

In this preclinical study, we combined PSMA-TRT with three classes of PARPi to assess
survival and viability in vitro and conducted an in vivo validation study. Unfortunately,
we did not find a synergistic combinatory effect using different conditions and preclinical
models. Despite this unexpected outcome these data provide valuable information on the
performance of PARPi in combination with PSMA-TRT in PCa, especially in view of the
ongoing clinical trials.

2. Results
2.1. PARPi Did Not Radiosensitize PCa Cells to PSMA-TRT

To analyze the effect of combining PSMA-TRT (['7/Lu]Lu-PSMA-I&T) with PARPj,
clonogenic survival assays were performed using PC3-PIP cells (a PSMA transfected cell
line). The quantification showed a lower, but non-significant overall survival of cells treated
with [77Lu]Lu-PSMA-1&T combined with increasing concentrations of veliparib, olaparib
or talazoparib compared to cells treated without ['”/Lu]Lu-PSMA-1&T (Figure 1). Signifi-
cant decreases in survival were shown in cells treated with [17/Lu]Lu-PSMA-I&T in combi-
nation with 0.3 uM and 0.5 uM veliparib in comparison to 0.3 puM and 0.5 uM veliparib alone.
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No significant decrease in survival was shown in cells treated with [Y7Lu]Lu-PSMA-I&T
combined with olaparib compared to olaparib alone. Cells treated with [/ Lu]Lu-PSMA-
I&T in combination with talazoparib showed a significant difference in survival at the
1.5 nM concentration. These clonogenic survival data were validated in cell viability assays
in PC3-PIP and LNCaP cells (an endogenous PSMA-expressing cell line), which showed no
synergistic effect of the combination therapy (data not shown).
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Figure 1. Quantification of the clonogenic survival of PC3-PIP cells treated with [Y7Lu]Lu-PSMA-
1&T in combination with increasing concentrations of veliparib (a), olaparib (b) and talazoparib
(c) compared to PARPi monotherapy and the corresponding area under the curve comparison. No
PARP;i conditions were used to normalize for both [Y77 Lu]Lu-PSMA-I&T and the mock-treated curves.
Error bars represent standard error of the mean (SEM). Asterisks indicate significance compared to
PARPi monotherapy (* p < 0.05, ** p < 0.01).

2.2. DNA Damage Induction Was Not Significantly Enhanced by the Combination Treatment

In vitro survival assays showed minimal differences between cells treated with PARPi
monotherapy and cells treated with PARPi in combination with ['”7Lu]Lu-PSMA-1&T. To
better interpret these results and relate them to the literature of this combination treatment
in NET models, the differences in DSB induction between PARPi monotherapy and combi-
nation therapy with [/ Lu]Lu-PSMA-I&T was determined in PC3-PIP cells by analyzing
the number of DSBs using 53BP1 foci formation as marker (Figure 2a).
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Figure 2. DSB foci in PC3-PIP cells treated with [Y77Lu]Lu-PSMA-1&T in combination with PARPi.
DSB analysis of cells treated with [Y7Lu]Lu-PSMA-I&T with or without PARPi. (a) Representative im-
ages of immunofluorescent stainings. Blue: DAPI; red: 53BP1 (scale bar = 7.5 um). (b) Quantification
of the number of 53BP1 foci per nucleus. Error bars indicate SEM (n = 3) (*** p < 0.0001).

A significant increase in the number of DSBs was seen 3 days after incubation of
cells treated with [V Lu]Lu-PSMA-1&T compared to the untreated control. Furthermore,
cells treated with 1 uM veliparib, 0.1 uM olaparib or 1.5 nM talazoparib monotherapy (the
concentrations at which ~50% survival was observed during the clonogenic survival assays)
also showed a significant increase in the average amount of DSBs per cell, compared to the
untreated control. The combination of veliparib with ['77Lu]Lu-PSMA-1&T led to a small,
but significant increase in the average number of DSBs per cell compared to veliparib alone.
Combining ['7”Lu]Lu-PSMA-1&T with olaparib or talazoparib did not lead to a significant
increase in average number of DSBs compared to the PARPi monotherapy (Figure 2b).

2.3. PARPi Treatment Started Simultaneously with PSMA-TRT Did Not Enhance In Vivo
Treatment Efficacy

Although in vitro the beneficial effects of combining PARPi treatment to PSMA-TRT
were small, the results of the clonogenic survivals were showing a promising trend. There-
fore, and because cell lines can behave different in vitro and in vivo, we decided to continue
to test the potential of the combination treatments in vivo in the PC3-PIP xenograft model.
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PC3-PIP tumor bearing mice were injected with a non-curative dose of [V77Lu]Lu-PSMA-
I&T or vehicle control in combination with daily oral dosing of one of 3 PARPi or vehicle
control. All animals remained on their start weight or gained weight, except for the groups
receiving a daily dose of 0.5 mg/kg talazoparib (Supplementary Materials Figure S1). The
quick loss of weight of these animals in combination with signs of discomfort has led to an
early discontinuation of these groups from the study.

A significant delay (p < 0.001) in tumor growth and increase of survival of approxi-
mately 10 days was observed for all animals treated with ['7Lu]Lu-PSMA-I&T compared
to the animals that received a vehicle injection. However, no differences in tumor growth
and survival were seen between mice receiving ['7/Lu]Lu-PSMA-1&T/vehicle or receiving
['77Lu]Lu-PSMA-1&T/ veliparib or [ Lu]Lu-PSMA-1&T/olaparib when PARPi daily oral
dosing was initiated simultaneously with PSMA-TRT. Importantly, no difference in tumor
growth or survival was seen between the vehicle/vehicle animals and the animals receiving
PARPi monotherapy (Figure 3 and Supplementary Materials Figure S2).
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Figure 3. In vivo valuation of [Y7Lu]Lu-PSMA-I&T effectivity in combination with PARPI. (a) Aver-
age tumor volume and (b) survival probability. The red box indicates the treatment period with one
injection of ['7/Lu]Lu-PSMA-I&T or vehicle at day 11 and subsequent daily dosing by oral gavage of
the PARPi or vehicle from day 11 until day 21. Error bars indicate standard deviation. The tumor
growth of each individual animal can be found in Supplementary Materials Figure S2.

In order to verify if the daily oral dosing regimen of PARPI resulted in measurable
levels in plasma and tumor tissue, olaparib levels were measured in animals that received
vehicle/olaparib and were sacrificed within 2 h after the last olaparib administration.
Olaparib could be detected in the plasma and tumor tissue of these animals, with levels up
to 13 nM in plasma and 2.17 ng/mg in tumor tissue (Table 1).
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Table 1. Olaparib levels in tumor and plasma of vehicle/olaparib animals. Animals 9-12 received an
oral dose of 100 mg/kg olaparib approximately 2 h before sacrifice. Animal 40 was sacrificed 7 days
after the final olaparib administration. ’-* indicates values under detection limit.

Animal Number Olaparib Level in Tumor Tissue Olaparib Level in Plasma
(ng/mg) (nM)
9 2.17 13,234
10 0.144 -
11 0.747 2864
12 1.35 8047

40 - -

3. Discussion

The aim of this study was to evaluate the synergistic combination of PSMA-TRT with
various PARPi in preclinical models of PCa. The combination of other types of TRT with a
PARPi has provided promising results in preclinical research on NET models, as PARPi
inhibit the ability of the cell to repair SSBs induced by TRT, which leads to an increased
amount of cytotoxic DSBs and consequently to tumor cell death [9]. Here, we determined
the effect of [”Lu]Lu-PSMA-I&T combined with various PARPi on the viability, survival
and DNA damage induction of PSMA-expressing PCa cells in vitro and in vivo.

To assess PSMA-TRT efficacy in vitro, we used two assays, the clonogenic survival
assay that determines the ability of single cells to survive and form colonies, and a cell
viability assay that measures the number of viable (metabolic active) cells based on the
quantitation of ATP levels [18]. Clonogenic survival assays using PSMA expressing PC3-PIP
cells revealed a small, but encouraging difference in survival indicating that cells treated
with the PSMA-TRT and PARPi combination therapy have a lower survival compared to
cells treated with PARPi monotherapy. Unfortunately, these results did not reach significant
difference in the area under the curve comparison between the combination- and PSMA-
TRT only treatment. Moreover, the in vitro viability assays did not reveal significant
differences between the PSMA-TRT and PARPi combination therapy and the PSMA-TRT
monotherapy in both examined cell lines.

In order to further identify the potential of the combination therapy, we quantified
DSBs as a result of [\7Lu]Lu-PSMA-1&T with PARPi versus the different monotherapies.
In line with the survival and viability results, we found no difference in the number of
DSBs in cells after ['7Lu]Lu-PSMA-1&T in combination with olaparib or talazoparib versus
olaparib or talazoparib monotherapy, respectively. We observed a significant increase
in DSBs in cells treated with [7”Lu]Lu-PSMA-I&T and veliparib compared to veliparib
only. These results were in line with the results of the clonogenic survival assay, where the
veliparib combination therapy showed the largest effect compared to veliparib monother-
apy, although this effect did not reach statistical significance. Since veliparib is the PARPi
with the weakest ‘PARP-trapping’ potency, our results, although minimal, could indicate
that PCa cell survival after treatment of ['””Lu]Lu-PSMA-I&T is not hampered by PARP-
trapping [19]. If synergism could be proven in other models and/or treatment regimens,
the use of veliparib for TRT combination therapy for PCa could be beneficial for clinical
implementation since veliparib has a favorable low toxicity profile [20].

In the in vivo experiment, an early discontinuation of all animals that received tala-
zoparib was necessary due to signs of toxicity. The dose of 0.5 mg/kg talazoparib was
based on previous research showing no toxicity in animals (Balb/c nude mice, C.B-17
scid~/~ mice and NCr-nu/nu mice) receiving 0.25-0.33 mg/kg talazoparib twice a day
for 5 days [14,21,22]. The observed toxicity in our NMRI (Foxn1 nu/nu) animals could be
mouse strain specific or may be caused by the once daily PARPi administration leading to
exceeding the maximum tolerated dose at a given time.

Our study using the PSMA-expressing PC3-PIP model did not support our hypothesis
of a synergistic increased therapeutic effect of the combination of ['”/Lu]Lu-PSMA-1&T
with PARPi compared to ['77Lu]Lu-PSMA-I&T alone. Our observations are not in line with
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the literature that reports promising, synergistic effects when combining PARPi with other
types of TRT in preclinical research. For instance, our group previously has shown that
cancer cells overexpressing somatostatin receptor 2 (a commonly overexpressed receptor in
NETs), synergistically sensitized to TRT when also treated with olaparib in vitro [16].
Moreover, Cullinane et al. demonstrated, next to promising in vitro results, that the
combination of TRT with talazoparib led to improved anti-tumor efficacy compared to TRT
alone, in the AR42] NET tumor model in vivo [14]. The cell lines used in these cited studies
respond less sensitive to the PARPi monotherapy compared to the PC3-PIP cell line used
in our research; AR42 cells showed a small increase in DSBs after treatment with 50 nM
talazoparib, while PC3-PIP cells in our study demonstrated only a survival of 20-30%
after treatment with 2 nM talazoparib. These differences in cellular response underline
that sensitivity to PARPi monotherapy may strongly vary between cancer models and/or
cancer types. As a consequence, the potential impact in the context of [/ Lu]Lu-PSMA-TRT
may be very different relying on additional conditions, such as optimal timing of the
combination and treatment duration. Moreover, we have not yet examined the potential
inherent insensitivity of these PCa models towards PARPi, which may be caused by either
low levels of endogenous PARP-1 levels, the cellular ability to form PAR chains and the
potential low uptake and/or rapid excretion of significant amounts of PARPi. This would
be important to be investigated in future studies to assess potential cellular mechanisms
of resistance.

For external beam radiotherapy (EBRT) it has been shown that olaparib radiosensitized
22Rv1 PCa cells in vitro and in vivo [23]. However, it must be noted that DNA damage
induction and repair of EBR cannot be directly compared to the DNA damage induced by
TRT [24]. Moreover, 22Rv1 cells display a low PSMA expression, making this model less
suitable for PSMA-TRT research. To the best of our knowledge, the strategy of combining
TRT with PARPi has not been demonstrated in PCa before.

Additionally, we have shown that the lack in effect in tumor control between mice
treated with [””Lu]Lu-PSMA-I&T and olaparib or ['77Lu]Lu-PSMA-1&T alone was not
caused by insufficient levels of the PARPi to reach the tumor as olaparib levels in tumor and
plasma 2 h post-injection were in line with concentrations found previously in CD1 nude
mice bearing G7 glioblastoma xenografts 2 h post-injection with 50mg/kg olaparib, which
was sufficient to radiosensitize these tumors [25]. This study in glioblastoma tumors also
showed that 5 h post-injection, olaparib levels were nearly undetectable. This underscores
that precise timing of dose schedules of both treatments may be key to obtain optimal effi-
cacy. Therefore, future pharmacokinetic studies would be advisable to test various protocols
to define the optimal time for maximal antitumor effect of the combination therapy.

In the treatment landscape for PCa patients, combination with an antiandrogen would
be an interesting option to increase sensitivity. In earlier studies, we have shown that anti-
androgen treatment indeed hampers DSB repair induced by external beam radiotherapy,
leading to radiosensitization [26]. We did not test the combination of anti-androgens with
PSMA-RLT and/or PARPi in the current study, but based on the results with external beam
radiotherapy, we could expect a radiosensitization effect of PSMA-TRT by anti-androgens.

Despite the promising results with NET models and the initiated clinical trials in NET
patients and in PCa patients, our current preclinical data strongly urge for further research
into PSMA-TRT PCa efficacy by (1) selecting the proper preclinical models to perform the
research, (2) evaluating more dedicated and optimized PSMA-TRT and PARPi therapy
protocols (for example improved treatments schedules based on pharmacokinetics) and
(3) defining biomarkers that could be used to predict efficacy and toxicity. The PC3-PIP
cells used in this study are PSMA transfected and hence harbor relatively high levels of
PSMA. It will be important in future studies to using PCa models with endogenous PSMA
expression [27]. For instance, PCa models that are more closely related to the clinic, such as
patient derived xenografts, could be used in future research.

The PARP inhibitor olaparib is currently approved for the treatment of PCa patients
harboring a somatic or germline Breast Cancer 1 or 2 (BRCA1/2) mutation, similarly,
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deficiency of several other DNA damage repair (DDR) proteins has been detected in (late
stage) PCa patients. These DDR aberrations may impact the response to the currently tested
treatment combination, suggesting that combination therapy of PSMA-RLT and PARPi
could be a promising step towards better treatment for this particular patient group.

The first clinical trial combining olaparib and PSMA-TRT is currently ongoing [17]. Our
data presented here does not support the hypothesis that additional treatment with PARPi
increases the clinical response of PSMA-TRT. Future preclinical research using different
PCa models in vitro and in vivo is therefore imperative to validate the applicability of the
combination strategy for PCa, as it is for other cancer types.

4. Materials and Methods
4.1. Reagents and Chemicals

All reagents and chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA)
unless specified below.

4.2. Radiolabeling

For in vitro studies, lutetium-177 was obtained from IDB Holland BV an Advanced
Accelerator Applications company (Baarle-Nassau, The Netherlands), and PSMA-1&T
(Huayi Isotopes Co. via ATT Scintomics, Fiirstenfeldbruck, Germany) was labeled with a
molar activity of 40 MBq/nmol as previously described [28]. Radiolabeling for in vivo ex-
periments, with a molar activity of 80 MBq/nmol, were conducted with Lutetium-177 n.c.a.
EndolucinBeta® (ITM Medical Isotopes GmbH, Munich, Germany). Quenchers (3.5 mM
ascorbic acid, 3.5 mM gentisic acid, 10 mM methionine) were added to prevent radiolysis of
the radiotracer. Quality control was assessed using high-pressure liquid chromatography
and instant thin-layer chromatography. For all labelings, the radiochemical yield was >95%
and the radiochemical purity was >90%.

4.3. PARP-Inhibitors

In this study PARPi veliparib, olaparib and talazoparib were used (Selleckchem,
Planegg, Germany). For in vitro studies, the PARPi were dissolved in 50% dimethyl
sulfoxide (DMSO) at a concentration of 1 mM before dilution to the desired concentrations
in the culture medium. For the in vivo therapy study, the PARPi were solved in 4% DMSO
and 30% Polyethylene glycol 300.

4.4. Cell Culture

In vitro experiments were performed on PSMA transfected PC3-PIP cells and on
the endogenous PSMA expressing LNCaP cells (ATCC). PC3-PIP was kindly provided
by prof. Anna Orlova, Uppsala University. Both cell lines were cultured in RPMI 1640,
Glutamax medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% Fetal bovine serum (Gibco), penicillin (100 units/mL) (Gibco) and streptomycin
(100 pg/mL) (Gibco). Additionally, during cell culture, 10 pg/mL puromycin (Invivogen,
San Diego, CA, USA) was added every other week to the PC3-PIP cells. PC3-PIP cells used
during experiments were in puromycin-free medium for at least 48 h. All cells were grown
at 37 °C and 5% CO,.

4.5. Clonogenic Survival Assay

PC3-PIP cells were treated for 3 h in suspension by placing 100,000 cells in 1 mL
of 20 mM HEPES buffered culture medium with or without 0.3 MBq/mL (12 x 1072 M)
['7Lu]Lu-PSMA-1&T in a 2 mL safe-lock Eppendorf tube. During incubation, the tubes
were placed on a rocker plate at 37 °C. After incubation, for each condition 450 cells were
seeded in triplicate in 6-well plates, with or without increasing concentrations of PARP:i.
7 days after ['77Lu]Lu-PSMA-I&T incubation, the plates were washed with PBS and stained
with 0.1% Coomassie brilliant blue solution (50% methanol, 7% acetic acid, 43% water, 0.1%
Coomassie (Thermo Fisher Scientific, Waltham, MA, USA)) for at least 15 min at room
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temperature (RT). Colonies were counted using gelcounter (Oxford Optronix, Abingdon,
UK). The results were normalized to 0.3 MBq/mL ['”/Lu]Lu-PSMA-1&T monotherapy
treated controls. Experiments were performed as four independent experiments in triplicate.
The area under the curve was calculated using GraphPad Prism software version 9.0.0
(GraphPad Software, San Diego, CA, USA).

4.6. DNA Damage Assay

PC3-PIP cells were treated in suspension for 3 h with or without 0.3 MBq/mL
['”7Lu]Lu-PSMA-I&T, washed 1x with PBS and seeded onto coverslips in 6-well plates,
with culture medium with or without PARPi (1 uM veliparib, 0.1 uM olaparib or 1.5 nM
talazoparib, the ICsy concentrations of the monotherapy survival assays). 3 days after
[Y77Lu]Lu-PSMA-I&T incubation, the cells were washed with PBS and fixed with 2%
paraformaldehyde in PBS for 15 min at RT. Next, the cells were washed once with PBS,
2 times for 10 min with PBS + 0.1% Triton X-100 and once for 30 min with PBS+ (100 mL
PBS + 0.5 g BSA + 0.15 g glycine). Subsequently, the cells were incubated with the primary
antibody, anti-53BP1 (1:1000, rabbit (Novus Biologicals, Abingdon, UK) in PBS+ for 90 min
at RT. Hereafter the cells were washed using PBS + 0.1% Triton X-100 and incubated with
the secondary antibody, goat anti-mouse Alexa Fluor 594 (1:1000 (Thermo Fisher Scientific,
Waltham, MA, USA) for 60 min at RT. The cells were then washed with PBS + 0.1% Triton
X-100 and mounted with Vectashield + Dapi (Vector Laboratories, Newark, CA, USA).
Fluorescent imaging was performed using z-stack acquisition (63 x oil lens, 2x zoom)
on a SP5 confocal microscope (Leica Biosystems, Nussloch, Germany). The images were
analyzed using Image ] software version 1.53k (National Institutes of Health, Bethesda,
MD, USA) with a custom-made macro. In short, of each image the z-stack was compressed
and each cell was segmented, based on the DAPI staining, into regions of interest (ROI).
Within each ROI, 53BP1-foci were segmented and counted. For each experiment, 6-8 fields
of view were imaged of each condition, with 20-60 cells per image. This experiment was
performed as 3 independent experiments.

4.7. In Vivo Therapy Study

The conducted animal experiments were approved by the Erasmus MC Animal Wel-
fare Committee and were in accordance with the European law. NMRI (Foxnl nu/nu)
male animals (6-8 weeks, Janvier), were maintained in standard 12-h light/dark cycle with
water and food ad libitum.

80 animals were subcutaneously inoculated on their right shoulder with 5 x 10° PC3-
PIP cells in 100 pL consisting of 33% Corning Matrigel and 66% HBSS medium (Gibco).
Tumor take was 100%. For the entire duration of the experiment, body weight and tumor
growth were monitored twice a week and animals were observed daily for their body con-
dition score. Tumors were measured using a caliper, and tumor volume (TV) was calculated
using the formula: 71/6 (tumor length x tumor width) " (3/2). Animals were randomized
into 8 groups based on TV and body weight. Tumors were allowed to grow to a size of
(300-500 mma3), reached at day 11 after tumor inoculation, and treatments were initiated:
groups 14 received intravenous (i.v.) injection with the vehicle control (PBS with added
quenchers 3.5 mM ascorbic acid, 3.5 mM gentisic acid, 10 mM methionine), and groups 5-8
were injected with 10 MBq/125 pmol/200 pL ['”7Lu]Lu-PSMA-1&T. Immediately after TRT
(or vehicle) injection, animals received PARPi or vehicle by daily oral dosing for 10 days.
Groups 1 and 5 were given a vehicle control (4% DMSO, 30% PEG 300, 66% dH,0), groups
2 and 6 received veliparib (100 mg/kg), groups 3 and 7 olaparib (100 mg/kg) and groups
4 and 8 talazoparib (0.5 mg/kg). Concentrations PARPi and [ Lu]Lu-PSMA-1&T were
based on literature [14,21,29,30]. The PARPi solutions were freshly prepared daily directly
prior for administration. The animals were sacrificed when reaching a humane endpoint or
when the tumor volume exceeded 1500 mm?.
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4.8. Olaparib Measurements

To validate if the PARPi reached the tumor tissue, olaparib levels were measured in
tumor and plasma of 5 animals of the vehicle/olaparib group. Four out of five animals
were sacrificed approximately 2 h after the last olaparib administration. Tumor and plasma
of a mouse that was sacrificed 7 days after the final olaparib treatment was included to
serve as control for the olaparib analysis.

Quantitation of olaparib was performed with a fully validated ultra-performance
liquid chromatography (UPLC) method with a lower limit of quantitation of 50.0 ng/mL
(115 nM) olaparib in plasma. Briefly, an aliquot of 100 pL of internal standard working
solution (100 ng/mL dasatinib-d8 in acetonitrile) was added to 25.0 uL of plasma sample
in 1.8-mL safe-lock reaction vials and vigorously mixed for 5 s. After centrifugation for
10 min at 18.0x g, 50 uL of the clear supernatant was mixed with 100 pL of water/formic
acid/ammonium formate (100:0.1:0.02). Hereafter an aliquot of 2 uL was injected onto the
UPLC column.

Tumor tissue samples were directly frozen and stored at T < —80 °C until analysis.
Tissues were homogenized in 400 pL of blank human plasma with a tissue-lyser (Qiagen,
Hilden, Germany) and a stainless-steel bead (5 mm) for 90 s at 50 Hz. Homogenized tissue
samples were further processed as plasma samples as described above.

4.9. Statistical Analysis

All statistical analysis and graphs were performed/created using Graphpad Prism
software version 9.0.0 (GraphPad Software, San Diego, CA, USA). Significant differences
between the area under the curve were evaluated using an unpaired t-test. All other
significant differences were evaluated using a one-way ANOVA test. p-values below 0.05
were considered significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms23148037 /s1.

Author Contributions: Conceptualization, E.AM.R., D.C.V.G,, M.d.]., WM.V.W. and ].N.; methodol-
ogy, EAMR, NSV, EdB,CdR,DS,S]JR, WM.V.W. and ].N.; formal analysis, EAM.R., N.S.V.,,
E.d.B.,, SJ.R; investigation, E.AM.R,, N.S.V,, E.d.B,, C.d.R,, D.S. and SJ.R.; data curation, E.A.M.R.,
WM.VW,, ].N.; writing—original draft preparation, EAM.R.,, WM.VW.,, ].N.; writing—review
and editing, N.S.V,, Ed.B,, C.d.R, DS, S]J.R, D.C. V.G, WM.V.W. and ].N.; supervision, D.C.V.G,,
M.d.J.,, WM.V.W. and ].N.; project administration, M.d.J., WM.V.W. and ].N.; funding acquisition,
D.C.V.G, M.d.J., WM.V.W. and ].N. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by a grant from the Dutch Cancer Society (KWEF; grant 10317).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Erasmus MC (protocol code AVD101002017867—17-867-79 and date of approval
21 January 2021).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: In memory of our beloved Marion de Jong, who we miss dearly. Marion passed
away during the finalization of the project. We are grateful to the Radiochemistry group of the Dept.
of Radiology and Nuclear Medicine of the Erasmus MC, who provided radiolabeled PSMA-I&T.
We would like to thank the Dept. of Clinical Pharmacology of the Erasmus MC for performing
olaparib measurements. Fluorescent microscopy was performed in collaboration with the Erasmus
MC Optical Imaging Center core facility.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijms23148037/s1
https://www.mdpi.com/article/10.3390/ijms23148037/s1

Int. ]. Mol. Sci. 2022, 23, 8037 11 0f12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Czerwiniska, M.; Bilewicz, A.; Kruszewski, M.; Wegierek-Ciuk, A.; Lankoff, A. Targeted Radionuclide Therapy of Prostate
Cancer—From Basic Research to Clinical Perspectives. Molecules 2020, 25, 1743. [CrossRef] [PubMed]

Sun, M.; Niaz, M.O.; Nelson, A.; Skafida, M.; Niaz, M.]J. Review of 177Lu-PSMA-617 in Patients with Metastatic Castration-
Resistant Prostate Cancer. Cureus 2020, 12, e8921. [CrossRef] [PubMed]

Jones, W.; Griffiths, K.; Barata, P.C.; Paller, C.J. PSMA Theranostics: Review of the Current Status of PSMA-Targeted Imaging and
Radioligand Therapy. Cancers 2020, 12, 1367. [CrossRef] [PubMed]

Sartor, O.; de Bono, J.; Chi, K.N.; Fizazi, K.; Herrmann, K.; Rahbar, K.; Tagawa, S.T.; Nordquist, L.T.; Vaishampayan, N.; El-Haddad,
G.; et al. Lutetium-177-PSMA-617 for Metastatic Castration-Resistant Prostate Cancer. N. Engl. ]. Med. 2021, 385, 1091-1103.
[CrossRef] [PubMed]

Luining, W.I; Cysouw, M.C.E; Meijer, D.; Hendrikse, N.H.; Boellaard, R.; Vis, A.N.; Oprea-Lager, D.E. Targeting PSMA
Revolutionizes the Role of Nuclear Medicine in Diagnosis and Treatment of Prostate Cancer. Cancers 2022, 14, 1169. [CrossRef]
[PubMed]

Kratochwil, C.; Bruchertseifer, F.; Rathke, H.; Hohenfellner, M.; Giesel, EL.; Haberkorn, U.; Morgenstern, A. Targeted a-Therapy
of Metastatic Castration-Resistant Prostate Cancer with 225 Ac-PSMA-617: Swimmer-Plot Analysis Suggests Efficacy Regarding
Duration of Tumor Control. J. Nucl. Med. 2018, 59, 795-802. [CrossRef]

Awang, Z.H.; Essler, M.; Ahmadzadehfar, H. Radioligand therapy of metastatic castration-resistant prostate cancer: Current
approaches. Radiat. Oncol. 2018, 13, 98. [CrossRef]

Shibata, A.; Jeggo, P. DNA Double-strand Break Repair in a Cellular Context. Clin. Oncol. 2014, 26, 243-249. [CrossRef]

Jagtap, P.; Szabd, C. Poly(ADP-ribose) polymerase and the therapeutic effects of its inhibitors. Nat. Rev. Drug Discov. 2005, 4,
421-440. [CrossRef]

Shen, Y.; Aoyagi-Scharber, M.; Wang, B. Trapping Poly(ADP-Ribose) Polymerase. ]. Pharmacol. Exp. Ther. 2015, 353, 446-457.
[CrossRef]

Zhou, P; Wang, J.; Mishail, D.; Wang, C.-Y. Recent advancements in PARP inhibitors-based targeted cancer therapy. Precis. Clin.
Med. 2020, 3, 187-201. [CrossRef] [PubMed]

Zandarashvili, L.; Langelier, M.-F,; Velagapudi, U.K.; Hancock, M.A.; Steffen, J.D.; Billur, R.; Hannan, Z.M.; Wicks, A J.; Krastev,
D.B,; Pettitt, S.].; et al. Structural basis for allosteric PARP-1 retention on DNA breaks. Science 2020, 368, eaax6367. [CrossRef]
[PubMed]

Murai, J.; Huang, S.-Y.N.; Renaud, A.; Zhang, Y.; Ji, ].; Takeda, S.; Morris, ].; Teicher, B.; Doroshow, J.H.; Pommier, Y. Stereospecific
PARP Trapping by BMN 673 and Comparison with Olaparib and Rucaparib. Mol. Cancer Ther. 2014, 13, 433—443. [CrossRef]
[PubMed]

Cullinane, C.; Waldeck, K.; Kirby, L.; Rogers, B.E.; Eu, P.; Tothill, RW.; Hicks, R.J. Enhancing the anti-tumour activity of 177Lu-
DOTA-octreotate radionuclide therapy in somatostatin receptor-2 expressing tumour models by targeting PARP. Sci. Rep. 2020,
10, 10196. [CrossRef] [PubMed]

Purohit, N.K.; Shah, R.G.; Adant, S.; Hoepfner, M.; Shah, G.M.; Beauregard, J.-M. Potentiation of 177Lu-octreotate peptide receptor
radionuclide therapy of human neuroendocrine tumor cells by PARP inhibitor. Oncotarget 2018, 9, 24693-24706. [CrossRef]
Nonnekens, J.; van Kranenburg, M.; Beerens, C.E.; Suker, M.; Doukas, M.; van Eijck, C.H.; de Jong, M.; van Gent, D.C. Potentiation
of Peptide Receptor Radionuclide Therapy by the PARP Inhibitor Olaparib. Theranostics 2016, 6, 1821-1832. [CrossRef]

Peter MacCallum Cancer Centre, Australia. 177Lu-PSMA-617 Therapy and Olaparib in Patients with Metastatic Castration
Resistant Prostate Cancer. Available online: https://clinicaltrials.gov/ct2 /show/NCT03874884 (accessed on 1 May 2022).
Banerejee, S.R.; Kumar, V.; Lisok, A.; Plyku, D.; Novékova, Z.; Brummet, M.; Wharram, B.; Barinka, C.; Hobbs, R.E; Pomper, M.G.
Evaluation of 111In-DOTA-5D3, a Surrogate SPECT Imaging Agent for Radioimmunotherapy of Prostate-Specific Membrane
Antigen. J. Nucl. Med. 2018, 60, 400-406. [CrossRef]

Hopkins, T.A.; Ainsworth, W.B.; Ellis, P.A.; Donawho, C.K.; DiGiammarino, E.L.; Panchal, S.C.; Abraham, V.C.; Algire, M.A.; Shi,
Y.; Olson, A.M,; et al. PARP1 Trapping by PARP Inhibitors Drives Cytotoxicity in Both Cancer Cells and Healthy Bone Marrow.
Mol. Cancer Res. 2019, 17, 409-419. [CrossRef]

LaFargue, C.J.; Molin, G.Z.D.; Sood, A.K.; Coleman, R.L. Exploring and comparing adverse events between PARP inhibitors.
Lancet Oncol. 2019, 20, e15-e28. [CrossRef]

Smith, M.A.; Reynolds, C.P.,; Kang, M.H.; Kolb, E.A.; Gorlick, R.; Carol, H.; Lock, R.B.; Keir, S.T.; Maris, ] M.; Billups, C.A; et al.
Synergistic Activity of PARP Inhibition by Talazoparib (BMN 673) with Temozolomide in Pediatric Cancer Models in the Pediatric
Preclinical Testing Program. Clin. Cancer Res. 2015, 21, 819-832. [CrossRef]

Baldwin, P.; Likhotvorik, R.; Baig, N.; Cropper, ]J.; Carlson, R.; Kurmasheva, R.; Sridhar, S. Nanoformulation of Talazoparib
Increases Maximum Tolerated Doses in Combination With Temozolomide for Treatment of Ewing Sarcoma. Front. Oncol. 2019,
9, 1416. [CrossRef] [PubMed]

Gani, C.; Coackley, C.; Kumareswaran, R.; Schiitze, C.; Krause, M.; Zafarana, G.; Bristow, R.G. In vivo studies of the PARP
inhibitor, AZD-2281, in combination with fractionated radiotherapy: An exploration of the therapeutic ratio. Radiother. Oncol.
2015, 116, 486-494. [CrossRef] [PubMed]

Aerts, A.; Eberlein, U.; Holm, S.; Hustinx, R.; Konijnenberg, M.; Strigari, L.; van Leeuwen, EW.; Glatting, G.; Lassmann, M.
EANM position paper on the role of radiobiology in nuclear medicine. Eur. J. Pediatr. 2021, 48, 3365-3377. [CrossRef] [PubMed]


http://doi.org/10.3390/molecules25071743
http://www.ncbi.nlm.nih.gov/pubmed/32290196
http://doi.org/10.7759/cureus.8921
http://www.ncbi.nlm.nih.gov/pubmed/32760622
http://doi.org/10.3390/cancers12061367
http://www.ncbi.nlm.nih.gov/pubmed/32466595
http://doi.org/10.1056/NEJMoa2107322
http://www.ncbi.nlm.nih.gov/pubmed/34161051
http://doi.org/10.3390/cancers14051169
http://www.ncbi.nlm.nih.gov/pubmed/35267481
http://doi.org/10.2967/jnumed.117.203539
http://doi.org/10.1186/s13014-018-1037-7
http://doi.org/10.1016/j.clon.2014.02.004
http://doi.org/10.1038/nrd1718
http://doi.org/10.1124/jpet.114.222448
http://doi.org/10.1093/pcmedi/pbaa030
http://www.ncbi.nlm.nih.gov/pubmed/32983586
http://doi.org/10.1126/science.aax6367
http://www.ncbi.nlm.nih.gov/pubmed/32241924
http://doi.org/10.1158/1535-7163.MCT-13-0803
http://www.ncbi.nlm.nih.gov/pubmed/24356813
http://doi.org/10.1038/s41598-020-67199-9
http://www.ncbi.nlm.nih.gov/pubmed/32576907
http://doi.org/10.18632/oncotarget.25266
http://doi.org/10.7150/thno.15311
https://clinicaltrials.gov/ct2/show/NCT03874884
http://doi.org/10.2967/jnumed.118.214403
http://doi.org/10.1158/1541-7786.MCR-18-0138
http://doi.org/10.1016/S1470-2045(18)30786-1
http://doi.org/10.1158/1078-0432.CCR-14-2572
http://doi.org/10.3389/fonc.2019.01416
http://www.ncbi.nlm.nih.gov/pubmed/31921673
http://doi.org/10.1016/j.radonc.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26277432
http://doi.org/10.1007/s00259-021-05345-9
http://www.ncbi.nlm.nih.gov/pubmed/33912987

Int. ]. Mol. Sci. 2022, 23, 8037 12 0of 12

25.

26.

27.

28.

29.

30.

Hanna, C.; Kurian, K.M.; Williams, K.; Watts, C.; Jackson, A.; Carruthers, R.; Strathdee, K.; Cruickshank, G.; Dunn, L.; Erridge,
S.; et al. Pharmacokinetics, safety, and tolerability of olaparib and temozolomide for recurrent glioblastoma: Results of the phase I
OPARATIC trial. Neuro-Oncology 2020, 22, 1840-1850. [CrossRef] [PubMed]

Zhang, W.; Liao, C.-Y.; Chtatou, H.; Incrocci, L.; van Gent, D.C.; van Weerden, W.M.; Nonnekens, J. Apalutamide Sensitizes
Prostate Cancer to Ionizing Radiation via Inhibition of Non-Homologous End-Joining DNA Repair. Cancers 2019, 11, 1593.
[CrossRef]

Nonnekens, J.; Schottelius, M. “Luke! Luke! Don’t! It’s a trap!”—Spotlight on bias in animal experiments in nuclear oncology.
Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 1024-1026. [CrossRef]

Chatalic, K.L.; Heskamp, S.; Konijnenberg, M.; Molkenboer-Kuenen, J.D.; Franssen, G.M.; Groningen, M.C.C.-V.; Schottelius,
M.; Wester, H.-J.; van Weerden, W.M.; Boerman, O.C.; et al. Towards Personalized Treatment of Prostate Cancer: PSMA 1&T, a
Promising Prostate-Specific Membrane Antigen-Targeted Theranostic Agent. Theranostics 2016, 6, 849-861. [CrossRef]

Miiller, C.; Umbricht, C.A.; Gracheva, N.; Tschan, V.J.; Pellegrini, G.; Bernhardt, P.; Zeevaart, ].R.; Koster, U.; Schibli, R.; van
der Meulen, N.P. Terbium-161 for PSMA-targeted radionuclide therapy of prostate cancer. Eur. J. Pediatr. 2019, 46, 1919-1930.
[CrossRef]

To, C.; Kim, E.-H.; Royce, D.B.; Williams, C.R.; Collins, R.M.; Risingsong, R.; Sporn, M.B.; Liby, K.T. The PARP Inhibitors, Veliparib
and Olaparib, Are Effective Chemopreventive Agents for Delaying Mammary Tumor Development in BRCA1-deficient Mice.
Cancer Prev. Res. 2014, 7, 698-707. [CrossRef]


http://doi.org/10.1093/neuonc/noaa104
http://www.ncbi.nlm.nih.gov/pubmed/32347934
http://doi.org/10.3390/cancers11101593
http://doi.org/10.1007/s00259-020-04717-x
http://doi.org/10.7150/thno.14744
http://doi.org/10.1007/s00259-019-04345-0
http://doi.org/10.1158/1940-6207.CAPR-14-0047

	Introduction 
	Results 
	PARPi Did Not Radiosensitize PCa Cells to PSMA-TRT 
	DNA Damage Induction Was Not Significantly Enhanced by the Combination Treatment 
	PARPi Treatment Started Simultaneously with PSMA-TRT Did Not Enhance In Vivo Treatment Efficacy 

	Discussion 
	Materials and Methods 
	Reagents and Chemicals 
	Radiolabeling 
	PARP-Inhibitors 
	Cell Culture 
	Clonogenic Survival Assay 
	DNA Damage Assay 
	In Vivo Therapy Study 
	Olaparib Measurements 
	Statistical Analysis 

	References

