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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Diffuse midline glioma H3K27-altered (DMG) is an aggressive, inoperable, predomi-
Diffuse midline glioma H3K27-altered nantly paediatric brain tumour. Treatment strategies are limited, resulting in a median survival of only 11
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months. Currently, radiotherapy (RT), often combined with temozolomide, is considered the standard of care but
remains palliative, highlighting the urgency for new therapies. Radiosensitisation by olaparib, an inhibitor of
PARP1 and subsequently PAR-synthesis, is a promising treatment option. We assessed whether PARP1 inhibition

enhances radiosensitivity in vitro and in vivo following focused ultrasound mediated blood-brain barrier opening

(FUS-BBBO).

Methods: Effects of PARP1 inhibition were evaluated in vitro using viability, clonogenic, and neurosphere assays.
In vivo olaparib extravasation and pharmacokinetic profiling following FUS-BBBO was measured by LC-MS/MS.
Survival benefit of FUS-BBBO combined with olaparib and RT was assessed using a patient-derived xenograft

(PDX) DMG mouse model.

Resuits: Treatment with olaparib in combination with radiation delayed tumour cell proliferation in vitro through
the reduction of PAR. Prolonged exposure of low olaparib concentration was more efficient in delaying cell
growth than short exposure of high concentration. FUS-BBBO increased olaparib bioavailability in the pons by
5.36-fold without observable adverse effects. A Cmax of 54.09 pM in blood and 1.39 pM in the pontine region
was achieved following administration of 100 mg/kg olaparib. Although RT combined with FUS-BBBO mediated
olaparib extravasation delayed local tumour growth, survival benefits were not observed in an in vivo DMG PDX

model.

Conclusions: Olaparib effectively radiosensitises DMG cells in vitro and reduces primary tumour growth in vivo
when combined with RT. Further studies are needed to investigate the therapeutic benefit of olaparib in suitable

preclinical PDX models.

1. Introduction

Diffuse midline gliomas H3K27-altered (DMG) are WHO grade IV
invasive, rapidly growing high-grade gliomas (HGG), occurring in the
pons, thalamus, and spinal cord of children and young adults, and
together with hemispheric HGG, account for 8-12% of all central
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nervous system tumours in children [1]. Despite years of intensive
research, significant curative progress for pontine DMG, formally known
as diffuse intrinsic pontine glioma (DIPG), has remained elusive [2]. As a
consequence, the average survival of DMG patients is only 11 months,
with a 95% fatality rate within 2 years of diagnosis [3,4]. Currently
radiotherapy (RT), either as monotherapy or in combination with
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temozolomide is the standard of care. Radical surgery is impossible due
to the intrinsic nature and infiltrative growth of the tumour [5].
Although RT is not curative, 80% of the children display symptom relief
and benefit from an increased life expectancy of 6 months [6,7].
Chemotherapy efficacy is generally hampered by a largely intact blood-
brain barrier (BBB), lack of therapeutic targets and chemoresistance [8].

DMG/DIPG tumours display a compromised ability to repair double-
strand DNA breaks (DSBs) due to the occurrence of P53 mutations and
defective homologous recombination repair (HRR), possibly by ampli-
fication of cyclin D2 (CCND2) and TOP3A, and heterozygous mutations
in HRR-related genes such as ATM, BRCA2, BLM, ATR, PALB2, RAD50
and RAD51C, and Fanconi anaemia related genes such as BRIPI,
FANCM, FANCA, and FANCG [9,10]. DSB repair/HRR-deficient tumours
are ideal candidates for poly(ADP-ribose) polymerase (PARP) inhibition
therapy, as these tumours are more dependent on DNA single-strand
break (SSB) repair, where PARP1 is an important player [11,12].
PARP1 is accountable for the detection and initiation of SSB repair
through the synthesis of poly(ADP-ribose) (PAR) chains, which acts as a
signal for other DNA-repair proteins [5,13,14]. If PAR-synthesis and
subsequent DNA repair is impaired by PARP inhibition, SSBs are con-
verted to DSBs that eventually lead to DSB repair by HRR, non-
homologous end-joining or cell death in DSB repair deficient cells
(synthetic lethality).

Pre-treatment with the PARP1 inhibitor olaparib, in combination
with RT, has been shown to inhibit cell growth and DSB repair in several
cell lines in vitro, including medulloblastoma, ependymoma, HGG,
glioblastoma and DMG [15,16]. The potential radiosensitising effect has
also been validated in in vivo models of lung, breast, glioblastoma, and
pancreatic cancers [17-20]. Moreover, several clinical trials have been
performed to validate this combined therapy effect [21-23]. To date,
clinical trials involving PARP inhibition in combination with RT for
primary brain tumours and metastases have not yet proven to be
effective [24-27].

Delivery of radiosensitisers within the brain is complicated by the
BBB, which prevents 98% of all small molecule and nearly 100% of the
large molecules to cross and remain in the brain parenchyma [28-30].
To facilitate delivery of radiosensitisers across the BBB, focused ultra-
sound mediated blood-brain barrier opening (FUS-BBBO) has been
suggested for local drug delivery. FUS-BBBO uses low frequency ultra-
sound waves to cause stable cavitation of intravenously injected
microbubbles (MBs), resulting in BBB opening (BBBO) [31]. Mechanical
interaction of MBs with the BBB temporarily cause the dislocation of
tight junctions between endothelial cells and increased transcytosis,
thereby enhancing permeability into the brain parenchyma [32,33].
Furthermore, BBB drug transporters are also thought to be affected by
FUS-BBBO [34]. In vivo, FUS-BBBO has been shown to increase the
concentration of molecules into the brain parenchyma by up to fifty-fold
[35-37]. So far, FUS-BBBO with stable cavitation has displayed little to
no side-effects and lasts for 4-24 hours (h), after which BBB function is
restored [38,39].

The primary goal of this study was to investigate if FUS-BBBO en-
hances olaparib concentration in the brain, and when given in concert
with RT inhibits tumour growth and prolongs survival of a xenograft
DMG tumour model. In this study we therefore evaluated the radio-
sensitising effects of olaparib in two patient-derived DMG cell lines in
vitro, as well as the extravasation of olaparib into the pons by FUS-BBBO
in vivo. In vivo-like pharmacokinetic (pK) profiles were applied to DMG
neurosphere cultures in vitro to assess radiosensitisation before potential
benefit of this combination therapy was validated in a patient-derived
xenograft (PDX) tumour model.

2. Materials and methods
2.1. Cell lines and culture

HSJD-DIPG-007 and HSJD-DIPG-011 DIPG cells were obtained from
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the University of Barcelona and were grown as suspension cultures in
1:1 Neurobasal-A and Advanced DMEM/F-12 medium containing
working concentrations of 10 mM HEPES buffer, 1 x MEM non-essential
amino acids, 1% GlutaMAX, 1 mM Sodium pyruvate, 1 x B-27 minus
vitamin-A, 10 ng/ml PDGF-AA, 10 ng/ml PDGF-BB (all from Thermo-
Fisher, USA), 20 ng/ml bFGF, 20 ng/ml EGF (Princess Maxima Center
pharmacy), 2 pg/ml heparin (StemCell Technologies, Germany) and 1
mg/ml primocin (InvivoGen, USA). KNS42 glioma cells were obtained
from Xenotech (IFO50356) and were grown as adherent cultures in
DMEM/F-12 supplemented with 10% heat-inactivated foetal bovine
serum (FBS, ThermoFisher) and 100 pg/ml penicillin/streptomycin
(ThermoFisher). Cell lines were maintained at a constant temperature of
37 °C and 5% CO and a humidity of 95%, with media changes every
3-4 days. For in vivo PDX mouse models, HSJD-DIPG-007 cells were
chosen for grafting into male hosts as they are a well characterised cell
line derived from the brainstem/pons of a male paediatric patient
(Accession: CVCL_VU70), whereas HSJD-DIPG-011 cells are derived
from a female paediatric patient [40]. HSJD-DIPG-007 cells were
transduced to express firefly luciferase following a previously described
protocol [41], enabling in vivo tumour growth monitoring through
bioluminescence imaging (BLI). Briefly, HEK293T cells were transfected
with Polyethylenimine (PEI) using an envelope plasmid (pHDMG
(ENV)), packing plasmids (pHDMG-Hgpm2, pRC/CMV-Revlb, pHDM-
Tatlb) and a transfer plasmid (eGFP-ffLuc_epHIV7) for lentiviral
plasmid production. HSJD-DIPG-007 cells were then infected, and eGFP-
lucF-gene positive cells were sorted using a Sony SH800 Cell Sorter
(Sony, Japan).

2.2. Animals

For pharmacokinetic profiling and safety of the FUS-BBBO/olaparib
combination, 6-12-week-old naive female athymic nude Foxnl—/—
mice (n = 25, Charles River, France) were used. For PDX survival
studies, 5-6-week-old male athymic nude Foxnl—/— mice (n = 42,
Envigo, France) were used. Mice were housed under pathogen-free
conditions in individually ventilated cages in groups up to five and
maintained on standard laboratory food and water ad libitum, with a
fixed 12-h light/dark cycle in compliance with ARRIVE guidelines [42].
For the purposes of this study, gender dimension was considered to be
partly relevant. Although a recent study assessing the effects of mouse
gender on tumorigenicity, xenograft growth and drug response in a large
panel of PDX models of paediatric brain tumours demonstrated that
mouse gender did not significantly impact measurable outcomes [43],
recent studies have shown that olaparib pharmacokinetics in rats is
gender-dependent, with low clearance, long half-life, high plasma
exposure and high viability seen in female rats compared to males. As
our study wanted to show that olaparib extravasation can be achieved
with FUS-BBBO, female animals were selected for the pharmacokinetic
profiling phase [44,45]. For PDX studies, male hosts were used in order
to sex-match donor cells, which were derived from the brainstem/pons
of a male paediatric patient [40].

2.3. Drugs and contrast agents

For in vitro experiments, a 10 mM stock solution of olaparib (434.46
Da, AZD-2281, MedChemExpress, Sweden) was prepared in dyme-
thylsulfoxide (DMSO). For in vivo studies, olaparib was prepared with
3% DMSO and 10% (2-Hydroxypropyl)-p-cyclodextrin in phosphate
buffered saline (PBS) at 5 mg/ml before i.p. injection. Pre- and post-
surgical pain was managed with carprofen p.o. (67 pg/ml in drinking
water, Faculty of Veterinary Medicine pharmacy, Utrecht, Netherlands)
and s.c. injection (5 mg/kg), lidocaine (s.c., 0.5%, B. Braun, Germany)
and buprenorphine hydrochloride (s.c., 0.05 mg/kg, Temgesic,
Schering-Plough, Netherlands). Surgical anaesthesia was with Iso-
flurane mixed with air (3% for induction, 1.8% for maintenance, 2 1/min
05). Anaesthesia for irradiation was induced with dexmedetomidine (s.
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c., 50 pg/kg in 0.9% saline, Orion Pharma, UK) and reversed with ati-
pamezole hydrochloride (s.c., 13.3 mg/kg, Alzane, Laboratorios Syva,
Spain). D-luciferin Potassium Salt (i.p., 150 mg/kg, in PBS, Cayman
Chemical, Netherlands) was used for monitoring engrafted cells. Blood
coagulation was prevented with heparin (50 Ul/kg, Leo Pharmaceuti-
cals, Netherlands). A 4% v/v Evans blue solution (filtered, in PBS, Sigma
Aldrich, Netherlands) was used to assess BBB integrity. Euthanasia was
performed using 10:1 Ketamine:Sedazine (7.14 mg/ml and 0.714 mg/ml
respectively, in PBS, Alfasan and AST Farma, Netherlands).

2.4. Cell viability

For viability analysis, HSJD-DIPG-007 and -011 cells were seeded in
triplicate in black, clear bottom 96 well culture plates (Corning, USA) at
a density of 2500 cells/well in normal culture conditions as described
above. Cultures underwent a 30 minutes (min) exposure of vehicle or
olaparib (0.01-3 pM concentration range) before irradiation with 0-4
Gy using a benchtop cell irradiator (1.66 Gy/min, 130 kV, 5.0 mA,
Cellrad, Precision, USA), after which they were maintained with con-
stant drug exposure for 72 h, in accordance with previous studies that
have established 72 h as optimal screening duration for in vitro oncolytic
compounds in 3-dimensional cultures [46,47]. Cell viability was then
determined using the CellTiter-Glo® 3D Cell Viability Assay (Promega,
USA) according to the manufacturers’ instructions, and the resulting
luminescence signal was measured using a Spectramax iD3 plate reader
(Molecular Devices, USA).

2.5. Clonogenic survival

To assess clonogenic survival, the soft agar method was used as
previously described [4]. Briefly, a 0.33% agar suspension containing
HSJD-DIPG-007 and -011 single cells was plated over a 0.5% agar un-
derlay in 24 well plates, at a density of 800-6400 cells/well. Cells were
pre-treated with vehicle or olaparib (0.1-1 pM) 30 min before irradia-
tion (0-2 Gy) as described above. Cultures were maintained for 10-14
days with constant drug exposure under normal culture conditions after
which colony growth was assessed using a Thiazolyl Blue Tetrazolium
Blue (MTT) assay (Sigma-Aldrich). Surviving fractions were calculated
based on the colonies times the plating efficacy. The plating efficacy was
calculated by colonies divided by cell seeding as previously described
[48].

2.6. Neurosphere growth

For neurosphere growth assays, HSJD-DIPG-007 and -011 were
plated as single cells in low attachment, U-bottom 96 well culture plates
(400 cells/well, BRANDplates®, Sigma-Aldrich) and neurospheres were
allowed to form for 4 days before being exposed short-term (2 h) to
either 0.68 or 1.36 uM olaparib, or long-term (72 h) to either 0.018 or
0.036 pM olaparib, after which they were transferred to drug-free me-
dium. At 30 min after initial exposure to olaparib, neurospheres received
1.8 Gy radiation fractions/day for 5 consecutive days (9 Gy total). Non-
irradiated exposed cells served as control, and cultures were maintained
up to 28 days. Growth was monitored with a Leica DMil microscope
(Leica Biosystems, Netherlands) and size was quantified by ImageJ [49].

2.7. Western blot

For western blot analysis of PARP1, PAR and f-actin protein
expression, cells were plated in normal culture conditions as described
above as single cells and allowed to acclimatise for 24 h, after which a 6
h treatment with olaparib ranging from 1 to 5 pM, with or without 1.8
Gy radiation was performed. Non-treated, irradiated cells were used as
controls. Following treatment, HSJD-DIPG-007 and -011 cells were
collected, pelleted, and lysed with ice cold RIPA lysis buffer (Thermo-
Fisher) containing Halt protease and phosphatase inhibitors (1:100, Bio-
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Rad, USA). For adherent KNS42 cultures, cells were washed twice with
PBS before ice cold RIPA buffer was directly added to the culture flasks,
after which the cells were dislodged using a cell scraper. Cell suspen-
sions were then transferred to pre-cooled microcentrifuge tubes and
centrifuged at 4 °C for 30 min at maximum speed. The protein con-
taining supernatant was transferred to a new tube and kept on ice.
Protein concentrations were determined using a Pierce BCA Protein
Assay Kit (ThermoFisher) as per manufacturers’ instructions. Lysates of
equal protein concentrations were separated using 10% SDS-PAGE,
followed by electrotransfer to PVDF membranes using the Trans-Blot®
Turbo™ transfer system (all from Bio-Rad). The membranes were then
blocked with 5% non-fat dry milk (in 20 mM Tris, 137 mM NaCl, 0.1%
Tween) for 1 h at room temperature before incubation overnight at 4 °C
with either rabbit anti-PARP1 antibody (1:500, #9542, Cell Signaling
Technology, USA), rabbit anti-PAR antibody (1:500, #4336-BPC-100,
Trevigen, USA), or mouse anti-p-actin antibody (1:5000, #A5441,
Sigma-Aldrich). Membranes were then washed and incubated with an
appropriate swine anti-rabbit or rabbit anti-mouse horseradish peroxi-
dase (HRP) conjugated secondary antibody (1:500, #P021702-2 or
#P016102-2, 1gG, Agilent Dako, USA) for 1 h at room temperature.
Protein bands were detected using enhanced chemiluminescence (Bio-
Rad) and expression was quantified using ImageJ [49].

2.8. BBBO by FUS and olaparib pK values

The procedure for image-guided MB mediated FUS-BBBO using an
in-house stereotactic platform has been previously described in detail
[50]. To manage acute perioperative pain, mice (n = 25) were admin-
istered with 0.05 mg/kg buprenorphine via i.p. injection 15 min before
anaesthesia with isoflurane. Once sedated, a 26-gauge catheter (Neo-
flon, Bectom Dickinson, Sweden) was placed in the lateral tail vein and
flushed with heparin to prevent blood coagulation. Mice were then
mounted on a custom-made platform and secured in place with ear bars.
X-ray imaging for transducer guiding/targeting was performed with the
In-Vivo Xtreme™ optical imaging system (Bruker, Germany). Mice were
then placed onto the stereotactic platform and a hydrophone (Precision
Acoustics, United Kingdom) was positioned behind the left ear of the
animal to monitor scattered cavitation signal. A connection with an
ultrasonic mono-element focused transducer was made with ultrasound
gel. MBs (60 pl, SonoVue, Bracco, Amsterdam) [51] were administered
through the tail vein catheter, and FUS was initiated at 1 MHz, with 1.6
Hz pulse repetition frequency (PRF) and 400 kPa pressure, in a hexag-
onal pattern of 10 millisecond tone bursts, with a second boli of MBs
administered at 60 seconds (s) from the start of FUS-BBBO (total dura-
tion of 120 s).

Depending on group, mice underwent FUS-BBBO exposure as
described above before receiving either 10 or 100 mg/kg olaparib
immediately following the procedure via i.p. in 4 sub-injections at 5 min
intervals. Mice were then sacrificed after 15, 30, 45 and 120 min after
drug administration. Before sacrifice, Evans blue was injected i.p. to
assess BBB permeability. Mice were then deeply sedated with ketamine/
sedazine after which blood was collected via cardiac puncture after
which animals were transcardially perfused with 50 ml saline. Brain
tissue, organs, muscle, and blood/plasma were collected and stored at
—80 °C for histological or liquid chromatography-mass spectrometry
(LC-MS/MS) analysis. The experimental design is outlined in Fig. 1 A.

2.9. Survival analysis upon RT and olaparib extravasation in a PDX
model

Inoculation of HSJD-DIPG-007 xenografts have been previously
described [52]. In brief, 24 h before and after intracranial injection,
mice received 0.067 mg/ml carprofen p.o. in drinking water. 30 min
pre-surgery, mice also received a s.c. injection of 5 mg/kg carprofen for
acute perioperative pain management. Mice were then anaesthetised
with isoflurane and fixed in a stereotactic frame. Once immobile, a 5 mm
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Fig. 1. Experimental design of olaparib extravasation via FUS-BBBO and subsequent assessment of treatment efficacy in combination with radiotherapy.
(A) Outline of pharmacokinetic profiling of olaparib following FUS-BBBO. A total of 10 or 100 mg/kg olaparib was administered within 15 min following FUS-BBBO,
after which tissue samples (brain, organs, muscle, blood) were collected at 15-, 30-, 45-, and 120-min post administration to determine olaparib concentration by LC-
MS/MS analysis. (B) Outline of treatment efficacy to determine radiosensitising effects of olaparib in combination with radiotherapy and FUS-BBBO in a DMG PDX
mouse model using 100 mg/kg olaparib per day for 5 days. Tumour growth was monitored with bioluminescent imaging until humane endpoints were reached.

long incision was made along the midline, after which a burr hole was
drilled into the skull 0.8 mm posterior and 1.0 mm lateral to the lambda
using a high-speed drill. A 5 pl Hamilton syringe fitted with a 26-gauge
needle was then used to inject 5 pl of PBS containing 5 x 10° eGFP-lucF-
HSJD-DIPG-007 cells at a depth of 4.5 mm, at a rate of 2 pl/min. After
injection, the needle was kept in place for 7 min before being slowly
extracted as a measure to prevent cells accumulating into the needle
track. The wound was closed using topical skin adhesive (Histoacryl, B.
Brand, Germany), and the animals were transferred under a heating
lamp and allowed to awaken, while signs of distress and post-operative
complications were closely monitored. Mouse weight was monitored 3
times/week, while tumour grafting was confirmed, and progression
monitored, through BLI twice a week until humane euthanasia end-
points were reached. The human euthanasia endpoints were determined
based on 20% weight loss from the beginning of the treatment, 15%
weight loss in two days or showing symptoms related to neurological
deficiencies. One animal in group 2 died prematurely before treatment,
and one animal in group 6 died during FUS-BBBO procedure. Mice were
anaesthetised with isoflurane and injected (i.p.) with 150 mg/kg D-
luciferin before BLI signal detection using the MILABS U-OI system
(MILABS, Netherlands). Three BLI scans were performed at 5, 10 and 15
min after D-luciferin injection (60 s exposure time). BLI data was ana-
lysed using customized software in MATLAB (MATLAB version R2020a)
to determine BLI signal intensity by verification of the highest signal
measured. After death/sacrifice, brains were extracted and fixed in 10%
formalin (Sigma-Aldrich) for histological analysis.

Based on BLI signal, at 21 days after intracranial implantation, mice
were evenly distributed in 6 groups (n = 7): 1) control, 2) olaparib, 3)
RT, 4) FUS-BBBO-+olaparib, 5) FUS + RT, 6) FUS-BBBO-+olaparib-+RT.
Group 1 (control) received 0.9% saline i.p. injections for 5 consecutive
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days. Groups 2, 4, 5, and 6 underwent MB mediated FUS treatment on
days 1 and 4. Groups 3, 5, and 6 underwent daily cranial radiation of 1.8
Gy in a small-animal irradiator (whole head, 200 kV, 4.0 mA, Yxlon
International AS, Denmark) for 5 consecutive days, following identically
adjusted conditions used for in vitro radiation analyses. Groups 2, 4, and
6 received 100 mg/kg olaparib via i.p. injection for 5 consecutive days.
When treatments were combined, olaparib was given immediately after
FUS with 4 sub-injections at 5 min intervals (at time 0, 5, 10 and 15
min). Thirty minutes after FUS and/or 15 min after the last sub-injection
of olaparib, RT was given. The experimental design is outlined in Fig. 1
B.

2.10. Liquid chromatography-mass spectrometry (LC-MS/MS)

Collected blood was centrifuged at 1500 g for 15 min at 4 °C, and the
resulting plasma phase was stored at —20 °C until analysed. Following
exsanguination, whole brain, heart, lung, liver, kidney, spleen and left
hindleg muscle were rapidly removed, weighed, and stored at —80 °C
until processed. Before analysis, tissues were homogenized in an
appropriate volume of control human lithium heparin plasma (Bio-
reclamations LLC, USA) using a FastPrep-24™ 5G Grinder (MP Bio-
medicals, USA) and stored at —20 °C until analysed.

Olaparib concentrations in plasma and tissue homogenates were
analysed wusing a previously reported and validated liquid-
chromatography mass spectrometry (LC-MS/MS) method [53]. Valida-
tion of the assay on mouse tissue was performed by spiking brain ho-
mogenate with olaparib at a final concentration of 400 ng/ml before
analysis on a human lithium heparin plasma calibration curve. The
intra-run accuracy and precision were — 6.8% and 5.2% respectively,
and within the required +£15% according to FDA and EMA guidelines
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[54,55]. For quantification, 10 pl mouse plasma was added to 90 pl 2.11. Histological analysis
lithium heparin plasma. The limit of detection was set to 0.3 ng/ml

(limit of quantification range 1 ng/ml — 5000 ng/ml). Total concentra- To determine histopathological elements, tumour size, location and

tion measured by LC-MS/MS are free and protein-bound fractions of proliferation, haematoxylin and eosin (H&E) and human vimentin

olaparib. staining was performed as previously described [56]. Following
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Fig. 2. PARP1 and PAR expression in glioma and DIPG cell lines. Western blot analysis of KNS42, HSJD-DIPG-007 and HSJD-DIPG-011 cell lines showing
intrinsic expression levels of PARP1 and PAR in untreated, non-irradiated cells (A) and after 6 h treatment with or without 1 or 5 pM olaparib and 1.8 Gy radiation,
showing inhibition of PAR-synthesis upon treatment with olaparib (B). Densitometry data of WB analysis showing PARP1 levels in untreated cells (C) and following
olaparib/radiation treatment (D). Densitometry data of WB analysis showing PAR levels in untreated cells (E) and following olaparib/radiation treatment (F). Data
points are expressed as mean + SD (n = 3), *p < 0.05, **p < 0.01.
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euthanasia and perfusion, brains were excised and fixed in 10% formalin
before embedding in paraffin, after which 4 pm sagittal sections were
made using a microtome (Leica Biosystems) and mounted onto glass
cover slides. Sections were deparaffinised before use and underwent
antigen retrieval in sodium citrate buffer (10 mM, 95-100 °C, 30 min)
before staining for human vimentin. Endogenous peroxidase activity
was quenched by immersing the slides in 3% hydrogen peroxide (in PBS)
for 20 min, followed by two rinses in deionised water and one rinse in
PBS-Tween. Sections were then blocked using antibody diluent clear
(VWRKBD09-125, VWR, USA) for 1 h at room temperature before in-
cubation with rabbit anti-human vimentin [SP20] (1:5, ab27608,
Abcam, England) overnight at 4 °C. Sections were then washed and
incubated with a biotinylated affinity-purified goat anti-rabbit second-
ary antibody (1:500, BA-1000, IgG (H + L), Vector Laboratories, USA)
for 2 h at room temperature. Following secondary antibody incubation,
VECTASTAIN® Elite ABC-HRP Peroxidase (PK-6100, Vector Labora-
tories) was applied for 2 h, followed by a 3 min incubation in 3,3'-dia-
minobenzidine (DAB, K346711-2, Agilent Dako). Sections were then
counterstained with haematoxylin, dehydrated in a graded series of
alcohol, immersed in xylene, and mounted using Permount™ mounting
medium (ThermoFisher).
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2.12. Data processing and statistical analysis

Western blots, cell viability and clonogenic assays were statistically
verified using a two-way ANOVA. Extravasation of olaparib was ana-
lysed using the Mann-Whitney U test. Survival was analysed using a
Kaplan-Meier and Log-rank test. A p-value of <0.05 was considered
statistically significant. The statistical analyses were performed using
GraphPad Prism (version 9, GraphPad Software, LLC, USA).

3. Results
3.1. Invitro radiosensitisation of DMG cells by PARP1 inhibition

Western blot showed that HSJD-DIPG-007 and -011 (DMG) cells
display higher PARP1, but lower PAR activity than KNS42 (glioma) cells
(Fig. 2 A, C, E), which was further increased following 1.8 Gy radiation
(Fig. 2 B, D, F). Radiation alone elevated PARP1 expression by 2.34- and
1.95-fold in HSJD-DIPG-007 and -011, respectively, and 2.55-fold in
KNS42, and was not affected by the addition of olaparib (Fig. 2 C, D).
Radiation alone elevated PAR expression by 7.42- and 6.42-fold the
DMG and 3.04-fold in glioma cells but was significantly inhibited when
combined with olaparib in all three cells lines (Fig. 2 E, F).

Cell exposure to olaparib as a single treatment modality showed that

Fig. 3. Cell viability and clonogenic sur-
vival of DIPG cell lines. Viability of HSJD-
DIPG-007 (A) and HSJD-DIPG-011 (B) cells
72 h following 0-4 Gy radiation alone or in
combination with a 30 min pre-treatment of
0.01-3 pM olaparib, showing a viability
reduction in both cell lines. Significant differ-
ences were found in all treatment groups
(except 0.01 pM) at 1.0 and 2.0 Gy (p < 0.05).
Clonogenic capacities were reduced in HSJD-
DIPG-007 (C) and HSJD-DIPG-011 (D) cells
10-14 days after 0-2 Gy radiation alone or in

DIPG-007

control combination with a 30 min pre-treatment of

—— 0.1uM 0.1-1 pM olaparib. Significant differences
were found at all treatments (except 0.1 pM) in

-+ 0.5uM at 0.5 and 1.0 Gy in HSJD-DIPG-007, and only
1 pM at 0.5 Gy in HSJD-DIPG-011 (p < 0.05). Nor-

malised data points are expressed as mean +

1 1 1 1 SD (n = 3).
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HSJD-DIPG-007 and -011 have similar cell viability sensitivity to ola- 446.75 ng/g (4.55 pM), a Tmax of 30 min, an area under the curve
parib with a 50% inhibitory concentration (ICsp) of 3.4 and 4.1 pM (AUC) of 1833.11 ng.g Lh (4.22 pM.h), and a Ty, of 15.05 min.
respectively (data not shown). Pre-treatment 30 min before 1.8 Gy ra- Pharmacokinetic profiling of olaparib in the pons with FUS-BBBO
diation demonstrated radiosensitising effects of olaparib through a showed a Cmax of 149.38 + 84.19 ng/g (0.34 pM) tissue, a Tmax of
decrease in cell viability compared to control cells, where HSJD-DIPG- 30 min, an AUC of 151.64 ng.g~L.h (0.35 pM.h), and a Ty / of 15.34 min

007 was more sensitive to the combination treatment, while HSJD- (Fig. 4 C, D). When 100 mg/kg of olaparib was administered in com-
DIPG-011 was more affected by radiation alone (Fig. 3 A, B). Clono- bination with FUS-BBBO, compared to 10 mg/kg, an 11.88-fold (54.09
genic capacities were also reduced with the combination treatment in pM) increase in blood concentration was observed, with only a 4.04-fold
both DIPG cell lines (Fig. 3 C, D). increase in the pons (Cmax of 603.2 + 179.68 ng/g tissue, equating to

1.39 uM) (Fig. 4 E, F). Dose-related neurotoxicity of 100 mg/kg olaparib
in combination with FUS-BBBO was not observed within 24 h of

3.2. FUS-BBBO and local olaparib extravasation in the pons o .
administration (data not shown).

Based on radiosensitisation properties of olaparib in vitro, extrava-
sation of 10 mg/kg olaparib after FUS-BBBO was investigated. Stable 3.3. Pharmacokinetics parameters upon FUS-BBBO decreases in vitro

cavitation in the vicinity of the pons was monitored via passive cavita- neurosphere growth

tion detection (fig. S1), with effective BBBO observed through extrava-

sation of Evans blue (Fig. 4 A). A significant increase of olaparib was The pK profiles of olaparib extravasation with FUS-BBBO were used
observed in the pons (5.36-fold) and cerebellum (3.18-fold) 30 min after to mimic conditions in vitro using a neurosphere growth assay. Based on

injection combined with FUS-BBBO, while no elevation was observed in pK profiling (100 mg/kg), a potential in vivo-tissue AUC of 1.41 pM.h
the posterior, middle and anterior cerebrum based on the blood/tissue olaparib (4.04-fold increase of 10 mg/kg AUC) was predicted. To test

ratio at that time point (Fig. 4 B). Based on total concentration, a sig- olaparib potency, AUCs of 1.3 and 2.6 pM.h were investigated at short
nificant difference in the pons and cerebellum after FUS-BBBO was (2 h) or prolonged (72 h) exposure times in combination with RT.
observed, with no apparent increase in other brain regions or tissues Treatment with 9 Gy (5 x 1.8 Gy) radiation alone delayed HSJD-DIPG-

examined (fig. S2 A, B). Pharmacokinetic profiling of olaparib in blood, 007 and -011 neurosphere growth by 14-18 days (Fig. 5 A, B). While no
following administration of 10 mg/kg i.p., showed a Cmax of 1978 + differences were observed in HSJD-DIPG-007, radiation with prolonged
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Fig. 4. FUS-BBBO, local extravasation of olaparib and pK value determination. (A) Evans blue extravasation with or without FUS-BBBO in the pontine region.
(B) Blood/tissue ratios of olaparib administered alone or 30 min after FUS-BBBO showed a significant increase in the pons (5.36-fold) and cerebellum (3.18-fold),
while no significant elevations were observed in the posterior, middle and anterior cerebrum. Measurements at 15-, 30-, 45-, and 120 min post olaparib adminis-
tration (10 mg/kg) following FUS-BBBO revealed a Cmax of 1978.75 + 446.75 ng/g (4.55 pM) olaparib in blood (C) and 149.38 + 84.19 ng/g in the pons (0.34 M)
(D), and a Tmax of 30 min was found in both blood and pons. Following FUS-BBBO and administration of 10 mg/kg or 100 mg/kg of olaparib, an 11.88-fold increase
(23,500 ng/g + 2687, 54.09 pM) in Cmax was observed in blood (E), while a 4.04-fold increase (603 ng/g + 179.68, 1.39 uM) in Cmax was observed in the pons (F).

Data points are expressed as mean + SD. **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 5. Neurosphere radiosensitisation based on in vivo pK values. Daily dose of 1.8 Gy fractionated radiation (9 Gy total) delayed neurosphere growth by 14
days in both HSJD-DIPG-07 (A) and HSJD-DIPG-011 (B). Both short (2 h) and prolonged exposure (72 h) of varying olaparib concentrations extended regrowth delay
in HSJD-DIPG-007 (C) and HSJD-DIPG-011 (D) in a dose/time dependant manner. Neurosphere growth was monitored until 18- or 28-days post radiation/olaparib
treatment until spheres outgrew the imaging field and were too large to assess. Significant differences were found in all treatment groups with RT and olaparib
compared to RT alone after 18 days of treatment for HSJD-DIPG-007 (except for 0.036 uM on day 21, 25 and 28 and 1.36 uM on day 28) and HSJD-DIPG-011 (except
for 0.018 pM on day 18, 0.68 uM on day 18, and 1.36 uM on day 18, 21 and 25) (p < 0.05).

exposure to low olaparib concentrations delayed neurosphere regrowth
more efficiently than short exposure to high concentration in HSJD-
DIPG-011, despite a comparable AUC (Fig. 5 C, D).

3.4. Treatment efficacy upon FUS-BBBO olaparib extravasation and RT
in a PDX model

Next, efficacy of olaparib and radiation was assessed in vivo using a
HSJD-DIPG-007 PDX mouse model, 21 days post intracranial injection.
Although no survival benefit was observed between groups (Fig. 6 A),
local BLI signal in the pons did indicate tumour growth delay in animals
treated with RT, irrespective of any other treatment paradigm (Fig. 6 B,
C). Vimentin staining showed observable differences between groups.
Metastatic formations were present in the olfactory bulbs of 45% of all
animals, while primary pontine tumour growth was delayed in RT, and
interestingly more so in fully (FUS-BBBO/olaparib/RT) treated animals
(Fig. 6 D). No visible histological differences between groups were
observed in olfactory bulbs and pons, based on H&E staining (fig. S3).
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4. Discussion

DMG remains one of the most lethal paediatric tumours, with no
curative efficacy of current treatment options. Previous studies have
shown that PARP inhibition, in combination with radiation, is effica-
cious both in vitro and in vivo [57], and that FUS-BBBO can effectively
disrupt the BBB to facilitate drug delivery [58]. This study’s main goal
was to investigate if enhanced delivery of PARP inhibitors via FUS-BBBO
can, when combined with RT, improve therapeutic response in a DMG
PDX model. We investigated the hypotheses that (I) elevated PARP
expression in DMG cells represents potential therapeutic targets, (II)
FUS-BBBO qualitatively improves the transport of olaparib across the
BBB into the brain parenchyma, (III) in vivo realistic pK values in com-
bination with RT can be mimicked in vitro with a potential therapeutic
benefit, and (IV) olaparib extravasation by FUS-BBBO is potentially
beneficial in xenograft model when combined with RT.

Our in vitro findings in DMG cell lines confirm previously reported
elevated levels of PARP expression [12,15,16], and showed that inhi-
bition of PAR-synthesis by olaparib significantly enhances
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Fig. 6. Survival and tumour growth efficacy upon FUS-BBBO, olaparib and RT. (A) Kaplan-Meier curve showing overall survival following therapy. No sig-
nificant difference between groups was observed. (B) Tumour growth suppression was observed between control, RT only, and full combination (FUS-BBBO/ola-
parib/RT) groups at 33 days post treatment in the pons. (C) BLI monitoring of tumour development revealed disease dissemination in control, radiated, and olaparib
treated animals. (D) Human vimentin positive cells within the pons and olfactory bulbs of animals showing extensive tumour progression. Fully treated mice (FUS-
BBBO/olaparib/RT) had a lower tumour burden within the pons compared to all other groups.

radiosensitisation. To assess tolerability, we used in vivo pK profiling to
establish the bioavailability of olaparib in healthy brain parenchyma
with and without enhanced delivery via FUS-BBBO. Our data indicates
that 100 mg/kg of olaparib is well tolerated in mice, and that FUS-BBBO
promotes an influx of olaparib in the brain without deleterious side ef-
fects, as similarly reported [33,49]. Several research groups have pre-
viously shown that increased local bioavailability of drugs in the
parenchyma can be achieved through FUS-BBBO [35,36,59,60]. In our
study, local FUS-enhanced extravasation accomplished a 5.36-fold in-
crease of olaparib in the pons, based on the blood/tissue ratio. In recent
years, besides olaparib, multiple PARP inhibitors have been developed
of which several have been approved for clinical use [57,61]. Compared
to olaparib, niraparib and pamiparib have improved BBB penetration
properties, while talazoparib has a better binding efficacy [62-64].
However, due to the lack of good comparative studies, it is unknown to
what extent the effectiveness of each PARP inhibitor is. The advantage of
FUS-BBBO is local drug delivery, while a BBB permeable drug extrava-
sates into the whole brain, thus losing its regional specificity and
potentially increasing neurotoxicity.

In vivo bioavailability results were translated for in vitro testing,
where we found that inhibition of PAR-synthesis by olaparib in combi-
nation with RT lead to acute radiosensitisation as well as delayed pro-
liferation post treatment, observed by limited neurosphere re-growth.
Although the degree of PAR-synthesis inhibition can depend on the cell
line, this effect was also observed with olaparib doses well below ICsg
values in both DMG cell lines. From a therapeutic perspective, these
results suggest that this treatment strategy could lead to both a reduction
in required RT dose, as well as delay of tumour growth progression post
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therapy. The observation that neurosphere growth delay was similar
after both 2 h and 72 h incubations with olaparib in the HSJD-DIPG-007
cell line could suggest that there is a therapeutic window of opportunity
within the short period in which FUS-BBBO can be exploited to deliver
drugs to the brain parenchyma.

To qualitatively validate if this observation could be exploited in
vivo, we assessed this treatment combination in a PDX animal model. RT
was applied 30 min after olaparib administration, which corresponds to
the Tmax and Cmax observed upon pK profiling. Although no survival
benefit was observed following treatment, several insights into the po-
tential of this treatment strategy were gained. In both groups where RT
alone was applied, a significant reduction in local tumour growth was
seen, confirming our in vitro observations. When RT was combined with
FUS-BBBO and olaparib, a further reduction in local tumour growth,
albeit non-significant, confirmed that the radiosensitisation effect we
saw in vitro was reproducible in vivo. This shows that the approach of
utilising FUS-BBBO to deliver drugs over a short period of time is
feasible. Subsequently, multiple potential radiosensitizers proven to be
effective in vitro for the treatment of DMG are now also eligible for in vivo
testing.

Although some positive observations were made, several factors
contributed to the lack of therapeutic efficacy in the study. For example,
in the PDX model used, rapid disease progression was observed across all
groups, with most animals surviving only 40 days post treatment due to
severe weight loss, possibly arising from diminished appetite. Indeed, by
33 days post-treatment, widespread disease was observed throughout
the brain, including formation of secondary foci. We found severe me-
tastases formations in the olfactory bulbs of the animals, which could
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explain the equal survival times across all groups, despite substantially
different overall local tumour burden, as a factor of anosmia induced
fasting [65]. Olaparib has also been reported to suppress appetite [44],
which could additionally contribute to reduced food intake in mice with
anosmia. Treatment of animals was initiated 21 days post inoculation of
tumour cells, which could be too late for a local therapeutic intervention
such as FUS-BBBO to have an effect, due to the presence of locally
invasive and metastatic disease [66]. Further studies to assess optimal
treatment initiation time, with consideration of treating metastatic areas
such as the olfactory bulbs using FUS-BBBO, as well as technical factors
such as feasibility in continued FUS-BBBO application, need to be con-
ducted to optimise therapeutic applications of FUS-BBBO in animal
models of DMG.

In conclusion, this study has shown that PARP1 inhibition is a
promising radiosensitisation strategy for DMG. FUS-BBBO could
temporarily enhance olaparib delivery into the brain at clinically rele-
vant values, supported by in vitro growth inhibition of DMG cells
exposed to olaparib and radiation. Further preclinical studies are needed
to determine optimal start of treatment and dosing regimen, as well as
timing of FUS-BBBO with improved survival benefit.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconrel.2023.03.058.
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