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Neurosurgical application of olaparib from a thermo-responsive
paste potentiates DNA damage to prolong survival in

malignant glioma
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BACKGROUND: There is increased pan-cancer specific interest in repurposing the poly adenosine diphosphate-ribose polymerase-
1 (PARP-1) inhibitor, olaparib, for newly diagnosed or recurrent isocitrate dehydrogenase wild type glioblastoma. We explore
whether intra-cavity delivery of olaparib confers a survival benefit in a pre-clinical high-grade glioma model.

METHODS: Primary tumor RNA sequencing data was used to determine PARP-1 as a target in the glioblastoma infiltrative margin. We
assessed radiosensitization conferred by olaparib alone and concomitant to genotoxic insults in vitro using clonal growth assays, cell
cycle analysis and immunocytochemistry, and in vivo upon post-surgical delivery from a temperature-sensitive polymeric paste.
RESULTS: RNA-sequencing confirmed PARP-1 as a viable therapy target in glioblastoma infiltrative disease. Acute exposure of glioma
cells to olaparib impaired proliferation and induced late-stage apoptosis associated with DNA damage in vitro, potentiated by
radiation. Using high-grade glioma orthotopic allografts, a long-term overall survival benefit was observed upon interstitial olaparib
delivery concomitant with radiotherapy, compared to systemic olaparib and standard glioblastoma treatment. Combined delivery of
olaparib with either temozolomide or etoposide increased long-term survival, suggestive of olaparib functioning as DNA damage
sensitizer.

CONCLUSIONS: Collectively, our data support a rationale for localized olaparib delivery concomitant with the current clinical regimen

for malignant glioma treatment.
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BACKGROUND

The World Health Organization classified grade 4 gliomas
represent the most malignant and genetically heterogeneous
group of de novo brain tumors. The most common sub-type is
grade 4 isocitrate dehydrogenase wild type (IDH-WT) glioblastoma
(GBM) with an age standardized global incidence of 4.6/100,000/
year [1]. Despite DNA damaging radio-chemotherapy post-
surgery, mean survival rates remain dismal at ~10-15 months
from IDH-WT GBM diagnosis. Current 5-year survival rates are 22%
(patients aged 20-44), 9% (patients aged 45-54) and 6% (patients
aged 55-64), with limited survival increase over several decades
[2-4]. Disappointingly, no new pharmacotherapies have been
shown to prolong overall survival in a phase lll randomized trial to
treat IDH-WT GBM since the introduction of temozolomide (TMZ)
in 2005 [5], and therefore the promise of efficacious drug

repurposing has not been realized clinically. Furthermore, despite
surgery remaining frontline therapy for most patients, no post-
surgical interstitial drug delivery technologies have been clinically
adopted since carmustine-loaded Gliadel® wafers two decades
ago [6-12].

The nuclear protein poly (ADP-ribose) polymerase-1 (PARP-1) is
well characterized for pleiotropic functions in diverse pathophy-
siological processes such as DNA repair, transcription, apoptosis,
and inflammation [13], and is overexpressed in many cancers [14].
The orally administered bioavailable small molecule inhibitor of
PARP-1, olaparib (OLA), is effective as a single agent against
tumors characterized by defects in homologous recombination
DNA repair [15, 16] and is approved (as Lynparza) by both the
Food and Drug Administration and European Medicines Agency
for maintenance treatment of BRCA-mutated advanced ovarian
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cancer [17], HER2-negative high-risk early breast cancer [18],
newly diagnosed advanced pancreatic cancer [19], and recurrent
prostate cancer [20]. Accordingly, there is considerable current
interest in assessing OLA as a sensitizer to the DNA damaging
agents routinely used to treat IDH-WT GBM [21-23]. Despite poor
intact blood-brain-barrier penetration of OLA in a non-diseased
model, a phase | clinical trial (OPARATIC) detected systemically
delivered OLA in GBM core and margin regions at ~500nM
concentration, with OLA well tolerated when combined with the
standard treatment of TMZ alkylating agent [24]. A phase I/lla
study to evaluate OLA as a radiosensitizer in unresectable or
partially resectable GBM is currently ongoing [25]. Furthermore,
preclinical data indicates that the radiosensitizing effects of PARP
inhibitors such as OLA are dose-dependent [26] and thus it would
likely be beneficial to expose tumor cells to higher concentrations
of OLA than can be achieved by systemic treatment.

Whilst focused ultrasound-mediated delivery of OLA was
recently reported to confer radiosensitization in a diffuse midline
glioma model [27], and nanoparticles encapsulated with the PARP
inhibitor talazoparib was shown to induce tumor regression and
reduce leptomeningeal spread in a preclinical metastatic model of
medulloblastoma [28], there have been no reported studies
assessing localized OLA delivery in a cortical high grade glioma
model. We previously developed an interstitial drug delivery
system applied to the tumor resection cavity, consisting of
biodegradable polymer microparticles made from blends of
poly(DL-lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol)
(PEG). The PLGA/PEG delivery system is applied intra-operatively
as a paste that molds to the resection cavity lining and sinters
(through fusing of microparticles through heat and pressure) at
body temperature as the microparticles fuse, retaining close
apposition to the cavity lining [29]. We reported a significant long-
term survival benefit compared to clinical standard treatment, in
high-grade glioma rat orthotopic allografts treated with combined
TMZ and the topoisomerase Il inhibitor, etoposide (ETOP) (not
clinically approved for GBM), delivered by PLGA/PEG paste after
surgery, an effect further potentiated by concomitant radio-
therapy [30]. Moreover, we have recently demonstrated feasibility
of local administration of OLA from a drug delivery system and
confirmed brain parenchyma OLA penetration ex vivo [31-33].
Here, we sought to complement currently progressing GBM
clinical trials of systemic OLA administration, by evaluating intra-
cavity delivery of high concentrations of OLA against GBM
standard therapies of radiation and TMZ. We test an overarching
hypothesis that interstitially delivered OLA-mediated radio- and/or
DNA damage-sensitization confers a significant survival benefit
compared to standard clinical treatment, and to systemically
delivered OLA.

METHODS

Transcriptomics data analyzes

Using the R2: Genomics Analysis and Visualization Platform, PARP-1
median gene expression (log2) was retrieved from two normal brain
cohorts, and three IDH-1 WT primary GBM cohorts (n =20, n=70 and
n = 74) containing both MGMT methylated and unmethylated tumors.

Tumor cell culture

U251 (GBM) and 9 L (rat gliosarcoma grade 4) cell lines were propagated in
Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-Aldrich) containing
1 g/L glucose, which was supplemented with 10% fetal bovine serum (FBS)
(GE Healthcare) and 1% L-glutamine (Sigma-Aldrich). Both cell lines were
mycoplasma-free. U251 was STR genotyped (Eurofins) to confirm absence
of cross-contamination.

Clonogenic assay
9L cells at a seeding density of 5.0 x 10 cells/well, was used to determine
clonogenic potential, prior to treatment with either 3 uM OLA, 3 Gy XRT or

a combination of OLA/XRT, and incubated for 7 days. Crystal violet
(Sigma-Aldrich, St. Louis, MO, USA) was used to stain fixed cells, prior to
light microscopy imaging. Data was obtained with three biological
replicates per experiment.

Annexin staining

Flow cytometry was used to measure early- (AnnexinV positive) and late-
stage (AnnexinV-Propidium lodide (PI) positive) apoptotic cells after 96 h
from initial treatment, with mean proportion (%) of cells calculated from
three independent repeats. 9L and U251 cells at a seeding density of 5.0
x10% cells/well, were treated with either 2uM OLA, 10Gy XRT, a
combination of OLA/XRT, 500 uM TMZ, a combination of OLA/XRT/TMZ,
500 nM ETOP, or a combination of OLA/XRT/ETOP. Cells were enzymatically
dissociated using trypsin, washed with PBS, and incubated with AnnexinV
Ab and PI (Invitrogen, Carlsbad, CA, USA) prior to analyzes. An untreated
control was included for comparison.

Immunocytochemistry

Cells were assessed by immunofluorescence after 96h from initial
treatment. U251 and 9L cells were seeded at a density of 1.0 x 10* cells/
well, and treated with OLA 2 uM, TMZ 500 uM, ETOP 500 nM, combination
OLA/XRT, combination OLA/XRT/TMZ, and combination OLA/XRT/ETOP. To
detect nuclear expression of yH2AX, fixed cells were incubated with
primary antibody (anti-phospho-Histone H2A.X (Ser139) 1:500, Merk-
Millipore, Catalog No. 05-636) 96 h after treatment, and counterstained
with a secondary antibody (Jackson Laboratory, Bar Harbor, ME, USA), and
DAPI (Invitrogen, Carlsbad, CA, USA). Slides were prepared with mounting
medium (Dako, Santa Clara, CA, USA) and imaged with a Zeiss microscope.

Formulation of PLGA/PEG microparticle matrices
Temperature-sensitive polymer particles were manufactured from blends
of 53kDa Pp LGA (85:15 DLG 4CA; Evonik Industries) and PEG400
(Sigma-Aldrich) as described previously [29]. Briefly, a mixture of
93.5%:6.5% PLGA/PEG (w/v) was blended at 80-90°C using a hotplate.
To obtain 100 to 200 mm particle size fractions, cooled polymer was finely
ground into particles and sieved.

Olaparib in vitro release from PLGA/PEG

300 mg of PLGA/PEG microparticles were mixed with 236 pL PBS contain-
ing 3 mg of OLA at room temperature. The paste was then applied into six
polytetrafluoroethylene cylindrical molds (4 x6 mm) and incubated for
30 min at 37 °C. In vitro drug release was conducted using six independent
repeats (polymer matrix molds). To monitor in vitro release, the six molds
were placed in 5 mL of PBS and incubated at 37 °C. At given time intervals,
PBS was removed, retained, and replaced with a fresh aliquot. The retained
fractions were assayed using HPLC for quantification of OLA release.

High-performance liquid chromatography

OLA quantification was conducted on an Agilent Technologies 1200 Series
HPLC system using an ACE 5 C;g column (250 X 4.6 mm plus an ACE 5 C;g
10x3mm guard column) maintained at 25°C. A mobile phase of
ammonium acetate (10 mM, pH= 4)/acetonitrile (55/45 v/v) was used at
a flow rate of 1 mL/min for 6 min and the eluent was monitored at 254 nm.
A standard curve over the range 0.05-50 pg/mL OLA in matched matrix
was prepared.

Animals

F344 immunocompetent female rats (6-7 months old) weighing 160-200
grams were maintained in well-ventilated cages (Harlan Bioproducts)
within a barriered unit. All cages were illuminated by fluorescent lights set
to a 12-hour light-dark cycle (7am-7pm), as per U.S. Public Health Service
Policy on Humane Care and Use of Laboratory Animals guidelines. All
animals were treated in accordance with the policies and guidelines of the
Johns Hopkins University Animal Care and Use Committee.

Orthotopic allografts

9L high-grade glioma tumor was first surgically excised from subcuta-
neous flanks of carrier animals after humane sacrifice (intraperitoneal
overdose of 200mg/kg sodium pentobarbital) and sliced into 2mm?3
allografts. Prior to intracranial implants, rats were anesthetized with an
intraperitoneal injection of 3mlL/kg of a stock solution containing
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ketamine hydrochloride, 75mg/mL (Ketathesia, Butler Animal Health
Supply), 7.5 mg/mL xylazine (Lloyd Laboratories) and 14.25% ethyl alcohol
in 0.9% NaCl. Ethanol and prepodyne was applied to the shaved surgical
area and a burr-hole 3 mm in diameter placed in the left parietal bone after
midline scalp incision, with its center 5mm posterior and 3 mm lateral to
bregma. A 2 mm? allograft was then placed in a small region of resected
cortex following incision through the dura and cortex, and the wound
sealed using sterile autoclips. After 5 days to permit tumor uptake and
growth, the incision was re-opened, and a fine suction tip and biopsy
punch used to surgically resect tumor to the tumor-parenchyma interface,
thereby mimicking the GBM clinical scenario.

In vivo efficacy

For in vivo studies, animals were weighed daily to infer appetite loss, and
overall survival of treatment versus control arms analyzed using the
Kaplan-Meier estimator. Randomization: Animals were assigned ran-
domly (coin-flip) to treatment or control arms (1:1 ratio) for the efficacy
study, and data collected per arm. Blinding: The allocation of animal
groups was blinded to care staff where possible, to ensure animal
husbandry was invariable for all experimental animals. Sample size: A
sample size of n=7 per treatment arm was determined by the
Wilcoxon-Mann-Whitney test as appropriate for in vivo efficacy assess-
ment. This was based on 80% power (5% significance; two-sided difference
of means), where a standardized effect size (signal/noise ratio of 1.6) was
estimated from our previous tolerability studies comparing each individual
treatment arm for localized delivery of TMZ and ETOP, versus surgery only
control [30]. Rules for stopping data collection: Animal weight loss/food
avoidance and/or neurological deficit were deemed end-points due to
treatment-related adverse effects, at which stage, animals were humanely
euthanized. Data inclusion/exclusion criteria: Inclusion criterion for the
in vivo study was an animal weight range of 160-200 grams. Exclusion
criterion was adverse complications due to surgery. Selection of
endpoints: Long-term survivorship was deemed 120 days post-
treatment. Oral TMZ was administered to animals at 50 mg/kg/day for
5 days (days 5-9) and XRT administered as an external beam single dose of
10 Gy immediately after surgery, to mimic the full complement of GBM
therapy [2]. Rats were randomized into one of the following control or
treatment arms with n =7 per arms: (Control arms) surgery alone; surgery
+ intraperitoneal OLA (50 mg/kg daily for 5 days) + XRT; surgery + XRT +
oral TMZ by gavage (clinical standard-of-care); (Treatment arms) surgery +
PLGA/PEG loaded with 10% w/w OLA; surgery + PLGA/PEG loaded with
20% w/w OLA; surgery + PLGA/PEG loaded with 10% w/w OLA + XRT;
surgery + PLGA/PEG loaded with 20% w/w OLA + XRT; surgery + PLGA/
PEG loaded with 10% w/w OLA / 20% w/w TMZ + XRT; surgery + PLGA/
PEG loaded with 20% w/w OLA / 20% w/w TMZ + XRT; surgery + PLGA/
PEG loaded with 10% w/w OLA / 50% w/w ETOP + XRT; surgery + PLGA/
PEG loaded with 20% w/w OLA / 50% w/w ETOP + XRT. Animals were
evaluated post-operatively daily for up to 120 days (whereby LTS was
established) and monitored for signs of appetite loss and neurological
deficit. Overall survival was determined, animals euthanized, and post-
sacrificial brains stored in formalin for histological analyzes.

Histological analyzes

Thin tissue sections were prepared from fixed (4% paraformaldehyde)
whole rat brains. The surgical resection boundary was first identified, and a
series of 5um sections cut proximal from this site. After overnight
incubation at 37°C, xylene was used to deparaffinize slides, prior to
hydration washes using ethanol at decreasing concentrations. Harris
hematoxylin (Surgipath, UK) was used for counterstaining and slides which
were finally dehydrated and mounted on a slide scanner for microscopy.

Statistical analyzes

Statistical analyzes were performed using GraphPad Prism Software
(Version 9.0, GraphPad Software, San Diego, CA, USA). One-way ANOVA
was used to compare PARP-1 gene expression across normal brain and
GBM transcriptomic datasets, and between GBM intratumor regions,
including 5ALA/FACS positive and negative subpopulations. For survival
studies, survival was analyzed using the Kaplan-Meier estimator. Each
group was compared to the control groups, and to each of the other
treatment arms to study the effect of each single treatment and therapy
combinations. Ninety-five confidence intervals were chosen, and asymme-
trical confidence intervals were included. Multiple comparisons were
performed, and statistical significance was established using Log-rank
(Mantel-Cox) test analysis. p-values of <0.05 were chosen for significance.
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RESULTS

Olaparib target gene expression in primary GBM

At the outset, to clinically validate PARP-1 as a viable therapeutic
target for IDH-1 WT GBM, we compared gene expression of PARP-
1 across publicly accessible transcriptomic datasets. PARP-1
median gene expression (log2) was retrieved from two normal
brain cohorts (n=172 and n=44) and three IDH-1 WT GBM
cohorts (n = 20, n =70 and n = 74) including two stratified by O°-
methylguanine-DNA-methyltransferase (MGMT) promoter methy-
lation status where available. PARP-1 expression was significantly
higher (p < 0.01) in primary GBM, relative to normal brain (Fig. 1a).
Kaplan-Meier survival analyzes on The Cancer Genome Atlas
(TCGA) IDH-1 WT GBM (n=76) based upon PARP-1 gene
expression revealed no significant difference between high- and
low-expression cohorts (log rank p-value 0.636) (Fig. 1b).

Next, we sought to specifically ensure OLA-mediated PARP-1
inhibition represents a clinically accurate treatment strategy for
localized, interstitial delivery targeting post-surgical residual GBM.
We previously reported distinct transcriptomic profiles (RNAseq)
of primary GBM infiltrative margin relative to intratumor regions
based on 5-aminolevulinic acid (5ALA)-mediated fluorescence
sorting [34, 35]. We retrieved this dataset and confirmed no
significant difference in PARP-1 mean gene expression between
the clinically relevant 5ALA positive invasive GBM sub-popula-
tion(s), and all intra-tumor regions and 5ALA negative sub-
population(s) (p-value 0.58) (Fig. 1c). As 5ALA positive infiltrative
margin GBM represents a sub-population(s) in closest proximity to
residual disease spared by surgery, this finding justifies a rationale
to repurpose OLA for localized interstitial administration.

High-grade glioma sensitivity to olaparib and radiation

in vitro

For in vitro molecular analyzes, we focused on 9 L cells to permit
direct comparison with 9 L allografts intended for in vivo efficacy
evaluation, and one GBM cell line (U251) as an exemplar. 9L
cells were first assessed in vitro upon exposure to OLA,
radiotherapy (XRT), or a combination of OLA and XRT, to enable
decoupling of radiosensitization and anti-proliferative effects
conferred by OLA. Although OLA (3 uM) alone induced a marked
impairment of 9 L clonogenic growth after 7 days, a combination
of OLA and 3Gy XRT induced a significant reduction of
clonogenic growth (mean number of colonies, 91.6+10.9),
relative to OLA alone (127.6 +£8.3), XRT alone (170.3+9.4), or
untreated control (265.6 £5.6) (p<0.05, p<0.001, p<0.001,
respectively; Fig. 1d).

Olaparib confers high-grade glioma sensitivity to DNA
damage in vitro

To elucidate whether OLA sensitizes high-grade glioma cells to
radiation alone, or more broadly to DNA damaging insults (TMZ or
ETOP), flow cytometry was used to quantify proportions of early
(AnnexinV +) and late (AnnexinV+ Propidium lodide (Pl) +)
apoptotic/necrotic cells. The total counts of single-positive
(AnnexinV*PI) and double-positive (AnnexinV'PI*) cells were
measured. In all cell lines tested, distinct populations of
AnnexinV'PI" and AnnexinV'PI* cells were observed following
72 hours of treatment. For both U251 GBM and 9 L rat gliosarcoma
cells, the mean proportion of early apoptotic cells in OLA/XRT/TMZ
(U251: 455%+1.0; 9L: 29.6+1.2) and OLA/XRT/ETOP (U251:
3593%+0.6; 9L: 7.4%+0.5) combinations, was significantly
greater relative to OLA/XRT (U251: 19.5% £+ 1.20; 9L: 2.3% £+ 1.2)
(Fig. 1e, f). For both U251 and 9L cells, the proportion of late
apoptotic cells in OLA/XRT/TMZ (U251:31.6% + 2.3; 9 L: 9.8% + 0.4)
was significantly greater relative to OLA/XRT (U251: 20.4% + 4.2;
9L: 3.9% £ 0.4). Whilst the proportion of late apoptotic cells in
OLA/XRT/ETOP (6.7% + 0.5) was significantly greater than in OLA/
ETOP (3.3% %0.3) alone in 9L cells, there was no significant
difference observed in U251 cells (Fig. 1g, h).
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Fig. 1 PARP-1 inhibition is a clinically relevant target in primary GBM and confers high-grade glioma sensitivity to DNA damage. a Using
the R2: Genomics Analysis and Visualization Platform, PARP-1 median gene expression (log2) was retrieved from two normal brain cohorts
(n=172 and n=44; green bar plots), and three IDH-1 WT GBM cohorts (n =20, n=70 and n=74; blue bar plots and where ‘u" and ‘m’
designates unmethylated and methylated MGMT promoter respectively). One-way ANOVA (F statistic - 27.83; p-value <0.01) indicates
variance in PARP-1 expression across groups, with higher expression in primary GBM, relative to normal brain (median gene expression range
of 8.31-8.73 for normal brain regions, 8.91-9.52 for IDH-1 WT GBM). b Kaplan-Meier survival analyzes on TCGA (n = 76) IDH-1 WT GBM, based
upon PARP-1 gene expression, showing no significant difference between high and low expression cohorts (log rank p-value 0.636). ¢ PARP-1
gene expression (reads per kilobase million; RPKM) respectively across intra-tumor GBM biopsies (core, peripheral rim, unsorted invasive
margin) and fluorescence-activated cell sorted invasive margin tumor (FACS pos.) and non-tumor (FACS neg.) based upon 5ALA fluorescence.
No significant difference in PARP-1 mean expression was observed between the clinically relevant FACS/5ALA positive invasive GBM sub-
population(s), and all intra-tumor regions and FACS/5ALA negative sub-population(s) (One-way ANOVA p-value 0.58, f-ratio 2.44). d 9L
clonogenic potential is significantly reduced after 7 days of exposure to a combination of 3 uM OLA and 3 Gy XRT, relative to control or each
treatment alone. e-h The proportion of single-positive (AnnV™-PI') and double-positive (AnnV*-PI™) cells significantly increased when either
U251 human GBM or 9L rat gliosarcoma cells were exposed to a combination of OLA/XRT/TMZ and OLA/XRT/ETOP, relative to vehicle-only
control, each treatment alone, or a combination of OLA/XRT (****p < 0.0001; ***p = 0.0001, **p = 0.001, *p = 0.01 (with the exception of a non-
significant difference between OLA/XRT/ETOP vs. OLA/XRT or ETOP alone in U251 cells for the AnnV*-PI+ fraction).

Olaparib induces cell cycle alterations in high-grade glioma either alone, or in combination with XRT, XRT/TMZ or XRT/ETOP,
in vitro significantly decreased the proportion of cells in G1 phase in both
We further assessed cell-cycle changes following OLA and U251 (Fig. 2a, ) and 9L (Figs. 2b, d) cells. This was concomitant
combination treatments using flow cytometry with Pl staining in with an increase in proportion of cells in G2/M phase treated with
9L and U251 cells. Cells were treated with OLA and either TMZ or OLA alone, in combination with XRT and in combination with XRT/
ETOP, radiated after 24 h and sampled after 72 h. OLA (2 uM), ETOP in both U251 (Fig. 2a, c) and 9L (Figs. 2b, d) cells, but not in
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Fig. 2 Cell cycle alterations in glioma cells induced by olaparib exposure in vitro. U251 and 9L high-grade glioma cells were exposed to
OLA as single agent, combined with XRT, or combined with XRT and DNA damaging agents TMZ or ETOP. Cells were treated with drug
compounds 24 h post-seeding, XRT administered 48 h post-seeding, and cell cycle analyzes conducted 72 h post-seeding. OLA alone, or in
combination with XRT, XRT/TMZ or XRT/ETOP, significantly decreased the proportion of G1 cells for U251 (a, c) and 9 L treatment (b, d) relative
to vehicle-only control cells (CTR). The G2/M peak was significantly decreased in both U251 and 9L cells upon OLA/XRT/TMZ exposure and
increased upon either OLA/XRT or OLA/XRT/ETOP exposure relative to control cells. A significant increase in the sub-Gy/G; fraction was
detected only after OLA/XRT/TMZ or OLA/XRT/ETOP treatment for both U251 and 9L cells (¢, d). ****p < 0.0001; ***p = 0.0001, **p = 0.001.

combination with XRT/TMZ. Of note, a substantial increase in the
sub-G1 fraction was detected only in cells treated with a
combination of OLA/XRT/TMZ and OLA/XRT/ETOP (Fig. 2c, d).
These results confirmed that a decrease in metabolic viability and
impairment of clonogenic growth observed in 9L and U251 cells
may be partly mediated by cell-cycle perturbations, whereby OLA-
mediated combined DNA damage- and radio-sensitization is more
pronounced than OLA-mediated radiosensitization alone.

Olaparib in combination with radiation and TMZ-mediated
genotoxic insult induces DNA damage in high-grade glioma
in vitro

To determine if OLA sensitizes glioma cells to DNA damage, we
measured yH2AX phosphorylation in nuclear foci as a proxy for DNA
double strand breaks [36] via immunofluorescence in cells treated
with OLA and combination treatments as per cell cycle analyzes.
Elevated yH2AX expression was observed upon combined OLA/
XRT/TMZ 4-days post-treatment in both U251 and 9 L cells, relative
to OLA/XRT (Fig. 3a, b). OLA/XRT/TMZ treatment conferred a
significant increase in yH2AX expression relative to OLA/XRT in both
in vitro models (Fig. 3¢, d), whereas OLA/XRT/ETOP treatment
conferred a marked, but non-significant increase in U251 and 9L
cells, relative to OLA/XRT (Fig. 3¢, d). Protein blots detected elevated
phospho-yH2AX expression in 9L cells treated with OLA alone or
OLA/XRT, consistent with immunofluorescence data (Fig. 3d)
(relative to XRT alone and vehicle-only control), and cleaved
PARP-1 only in cells treated with OLA alone or OLA/XRT (Fig. S1).

Olaparib potentiates DNA damaging interventions to confer a
survival benefit in vivo

To first confirm that PLGA/PEG is a suitable drug delivery system
capable of administering OLA, we showed that PLGA/PEG
microparticles which were mixed with 500 mg OLA and a PBS
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carrier (1.0: 0.8 (w/v) polymer: PBS), retained sintering ability at
37 °C to form polymeric matrices. This demonstrates that the OLA-
loaded PLGA/PEG formulation can self-assemble at body tem-
perature. In vitro, 33% of loaded OLA was released from PLGA/PEG
matrices on day 1, 60% cumulatively released by day 3, continuing
to 73% released by day 16 (Fig. 4a, b). High performance liquid
chromatography (HPLC) chromatograms show no variance in the
retention time of OLA standards and OLA in release media,
indicating stability of OLA in PLGA/PEG matrices (Fig. S2).

To assess safety and efficacy of intra-cavity delivery of OLA, we
utilized 9L orthotopic allografts, an aggressive immunocompetent
model previously the basis of preclinical development of Gliadel®
wafers[37, 38]. Orthotopic tumors (2mm? allografts) were first
surgically resected to create a tumor cavity. PLGA/PEG paste loaded
with OLA was applied to the post-surgical tumor cavity (5 days post
9L allograft implantation) ensuring close apposition to the cavity
lining. Seven animals per treatment arm and inclusion of
concomitant XRT and oral TMZ as an IDH-WT GBM standard
chemotherapy and radiation control arm, ensured statistical
significance within a clinically relevant powered therapy study.
Long-term survivors (LTS) were designated as those animals still alive
at Day 120 post-treatment, as previously reported by us [39, 40].

No significant difference in overall survival was observed
between animals treated with surgery alone and animals treated
with either surgery followed by systemic OLA and XRT, or post-
surgical localized delivery of OLA alone at either 10% or 20% w/w
PLGA/PEG: OLA. Only the GBM clinical Stupp protocol conferred a
significant survival advantage relative to surgery alone (p < 0.001),
albeit with no LTS (Fig. 4c). In marked contrast, animals treated
with post-surgical localized delivery of OLA at either drug dose
concomitant with XRT, conferred a significant survival advantage
relative to surgery alone, with 2/7 (28%) representing LTS in both
treatment arms (p < 0.0001 for all comparisons).
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agents, OLA combined with XRT, or OLA combined with XRT and TMZ or ETOP. Cells were treated with drug compounds 24 h post-seeding,
XRT administered 48 h post-seeding, and yH2AX immunofluorescence analyzes conducted 72 h post-seeding (a, b). A significantly higher
number of nuclear yH2AX-positive foci was observed after combined OLA/XRT/TMZ in both U251 and 9 L cells relative to OLA/XRT (*p = 0.01).
A marked, but non-significant increase in yH2AX-positive foci was observed after combined OLA/XRT/ETOP treatment in U251 and 9L cells,
relative to OLA/XRT (¢, d). CTCF, corrected total cell fluorescence; Blue — DAPI, Red — yH2AX; CTR, vehicle-only control. Primary antibody - anti-
phospho-histone H2A.X (Ser139) 1:500 (Merk-Millipore), secondary antibody conjugated to Alexa fluor 594, absorbance/emission 590/617; counterstain

— Hoechst 33342 absorbance/emission 345/478; scale bar, 100um.

We next determined whether delivery of DNA damage agents
TMZ or ETOP (at doses previously shown by us to be efficacious)
significantly enhanced OLA-mediated XRT sensitization. Data
indicated that survival was further potentiated by combining
localized post-surgical combined delivery of OLA/TMZ concomi-
tant with XRT, with 4/7 (57%) and 3/7 (43%) LTS for 10% or 20% w/
w PLGA/PEG: OLA, respectively. Similarly, post-surgical combined
OLA/ETOP concomitant with o XRT conferred significant efficacy
with 4/7 (57%) and 5/7 (71%) LTS for 10% or 20% w/w PLGA/PEG:
OLA respectively (Fig. 4c). Data is shown separately to highlight
comparison between post-surgical OLA/TMZ or OLA/ETOP con-
comitant with XRT, relative to clinical Stupp protocol (Fig. 4d).
OLA/TMZ or OLA/ETOP combinations in the absence of con-
comitant XRT was not assessed, as standard clinical treatment
includes XRT.

To confirm that the observed survival bsenefit in PLGA/PEG/OLA
concomitant with XRT or DNA damaging agent treatment groups
was directly attributable to efficacious interstitial delivery,
histological assessment of surgical resection margins and neigh-
boring parenchyma were conducted on rat brains post-sacrifice.
Whole-brain histological analyzes ensured that any distal tumor
recurrence within the contra-lateral hemisphere could be
detected. Animals treated either with surgery alone (Day 16)
(Fig. S3A), surgery followed by systemic (intraperitoneal) delivery
of OLA concomitant with XRT (thus mimicking current phase I
OLA clinical trials) (Day 22), treated with GBM standard treatment
(surgery, oral TMZ and concomitant XRT) (Day 33), or treated with
post-surgical delivery of PLGA/PEG/OLA (10-20% w/w) (Day 15),
showed extensive tumor recurrence and dense cellularity within

and beyond the surgical cavity (Fig. S3B and Fig. 5a-c). Of note, an
animal treated with post-surgical delivery of PLGA/PEG/OLA (10%
w/w) concomitant with XRT (Day 22) which required euthanasia
due to adverse effects, was predictably associated with extensive
tumor recurrence (Fig. S3C). In marked contrast, animals identified
as LTS, treated with post-surgical delivery of PLGA/PEG/OLA (10-
20% w/w) concomitant with XRT (Day 22 and Day 120) (Fig. S3D
and Fig. 5d), showed no visible recurrent tumor within the surgical
resection site and brain parenchyma beyond. Histological
evidence of efficacy for LTS animals was also confirmed for
post-surgical delivery of PLGA/PEG/OLA/TMZ (10-20% w/w for
OLA; 20% w/w for TMZ) concomitant with XRT (Day 120) (Fig. S3E
and Fig. 5e), and PLGA/PEG/OLA/ETOP (20% w/w and 50% w/w
respectively) (Day 15) (Fig. 5f), with brains showing no visible
recurrent tumor within the surgical resection site, adjacent brain
parenchyma, or in the contralateral hemisphere.

DISCUSSION

Standard post-surgical administration of TMZ monotherapy with
concomitant XRT is moderately effective as DNA damaging
therapy for IDH-WT GBM ( ~ 2-month survival benefit) [2, 41] over
XRT alone, but in most cases does not result in a durable response.
Preclinical/clinical development and translation of inhibitors to
potentiate this DNA damage is therefore a crucial unmet clinical
need. The protein family of PARPs constitute multidomain proteins
which are associated with critical cellular homeostatic functions
(e.g., DNA damage repair, protein aggregation, endoplasmic
reticulum stress) [13]. Tumor cells which are incapable of efficient
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Fig. 4 In vivo efficacy of PLGA/PEG-mediated interstitial delivery of olaparib as mono or combination therapy in orthotopic malignant
glioma allografts. Exponential plateau fitted in vitro cumulative % (a) and amount (mg) (b) release of OLA from PLGA/PEG matrices loaded
with 500 mg of drug. The release study was performed in PBS (pH = 7.4) at 37 °C and OLA quantified by HPLC over a 21-day period. Error bars
indicate the standard deviation from six independent matrices. ¢ Kaplan-Meier overall survival plots of randomized F344 rats implanted with
9L allografts and treated 5-days post allograft implant as follows (n =7 per arm): (Control arms) surgery alone; surgery + intraperitoneal (IP)
OLA (50 mg/kg daily for 5 days) + XRT; surgery + XRT + oral TMZ by gavage (50 mg/kg daily for 5 days) (clinical standard-of-care); (Treatment
arms) surgery + PLGA/PEG loaded with 10% w/w OLA; surgery + PLGA/PEG loaded with 20% w/w OLA; surgery + PLGA/PEG loaded with 10%
w/w OLA + XRT; surgery + PLGA/PEG loaded with 20% w/w OLA + XRT; surgery + PLGA/PEG loaded with 10% w/w OLA / 20% w/w TMZ + XRT;
surgery + PLGA/PEG loaded with 20% w/w OLA / 20% w/w TMZ + XRT; surgery + PLGA/PEG loaded with 10% w/w OLA / 50% w/w ETOP + XRT;
surgery + PLGA/PEG loaded with 20% w/w OLA / 50% w/w ETOP + XRT. d Depiction of comparisons only between post-surgical combination
treatment groups followed by XRT, relative to clinical standard chemotherapy and XRT, demonstrating a significant long-term survival benefit.
XRT administered at 10 Gy, 5 days after polymer/drug implant. Animals still alive after 120 days post-surgery and polymer implant were

designated LTS. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

double strand repair are particularly sensitive to PARP inhibitor-
associated prevention of single DNA strand breaks repair, which
destabilizes DNA, resulting in double strand breaks [42, 43]. As
such, there has been considerable interest in PARP inhibition by
OLA as a treatment strategy for solid tumors [15-20, 42-44]
including IDH-WT GBM [21-25, 45, 46]. Systemically delivered oral
OLA has been shown clinically to be well tolerated in newly
diagnosed and relapsed GBM with detectable drug penetration in
tumor core and margin [21, 24], and systemic OLA delivery
recently shown to be enhanced using focused ultrasound in a
diffuse midline glioma model [27]. However, there have been no
studies to assess localized, interstitial OLA delivery for high-grade
glioma (nor any solid tumor).

The lack of sufficient objective response from molecular
targeted therapeutics at phase Il clinical trials predicated on
IDH-WT GBM genomic data [47-51], is in considerable part due to
a neglect of intra-tumor heterogeneity [52-57]. Our RNAseq data
on the GBM infiltrative margin based on 5ALA fluorescence-based
isolation, offers a clinical validation of the OLA drug target (i.e.,
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PARP-1) at the outset for preclinical drug delivery efficacy
assessment, as PARP-1 mRNA expression was detected in
infiltrative GBM cells at comparable levels to intra-tumor regions.
It is therefore reasonable to suggest that infiltrative disease
remaining post-surgery may also express similar PARP-1 levels.
Our overall findings support the hypothesis that localized, post-
surgical OLA delivery, mediates both radio- and DNA damage-
sensitization. Furthermore, OLA-mediated combined sensitization
to radiation and genotoxic agents confers greater efficacy than
radiation alone. That OLA alone impairs clonogenic growth of
high-grade glioma cells in vitro but is inferior to standard
treatment when locally administered in vivo, is likely due to
intracellular uptake of high drug concentration by tumor cultures,
relative to drug concentration which reaches infiltrative disease
in vivo. This interpretation is supported by in vitro uptake and
associated cytotoxicity in triple-negative breast cancer and
cervical cancer cells upon exposure to OLA alone [43, 58].

Our observation of increased sub-G1 fractions is consistent with
a hypothesis stating that by inhibiting repair of single-strand DNA
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Fig. 5 Whole-brain histological confirmation of efficacy upon PLGA/PEG-mediated interstitial delivery of olaparib to orthotopic 9L
gliosarcomas. Animals treated with (a) Surgery/intraperitoneal OLA/XRT (Day 22), (b) surgery/oral TMZ/XRT (Day 33) and (c) surgery/ OLA 20%
w/w (Day 15), show recurrent tumor extent and cellular dense regions (denoted by *) within the tumor resection cavity (delineated by
arrowhead) with visible infiltration of adjacent brain parenchyma. Animals treated with (d) surgery/OLA 20% w/w/XRT (Day 120), (e) surgery/
OLA 20% w/w/TMZ 20% w/w/XRT (Day 120) and (f) surgery/OLA 20% w/w/ETOP 50% w/w/XRT (Day 15), show glial scar formation but with no
visible recurrent tumor cells within the surgical resection site (denoted by arrowhead) and brain parenchyma beyond. All images were taken
at x40. Scale bar a-h = 2.5 mm. ‘Days’ = number of days post-polymer implant; oral TMZ administered at 50 mg/kg/day for 5 days (Days 5-9);
radiotherapy (XRT) administered as an external beam single dose of 10 Gy directly post-surgery.

breaks, OLA enhances the lethality of genotoxic treatments such
as XRT, ETOP and TMZ. As a combination of OLA/XRT results in G1/
S decrease and G2/M increase (consistent with mitotic cell death
in response to unrepaired double strand breaks) but is not
associated with apoptosis as determined by a sub-G1 fraction, this
indicates that OLA-mediated DNA damage agent sensitization is
more marked than radiosensitization. In support of this notion, a
significant increase in phosphorylated yH2AX (evidence of
unrepaired DNA damage) was observed in high-grade glioma
cells treated with OLA/XRT/TMZ relative to OLA/XRT. This has
implications for concomitant therapy whereby GBM patients
receiving multimodal standard Stupp protocol [2] may be more
likely to be responsive.

Overall survival and LTS upon interstitial polymeric delivery of
BCNU/carmustine in a 9L preclinical model was previously
reported as accurately predictive of efficacy in a clinical trial for
Gliadel®, thus validating 9L as a testbed for realistic clinical
translation [10, 37, 59, 60]. Although interpretation is confined to
one allograft model, our observation of no survival benefit
conferred by post-surgical systemic OLA delivery concomitant
with XRT in 9L-bearing animals, relative to surgery alone
treatment, cautions against a supposition that current phase I/l
OLA trials for GBM [25, 45] will yield an objective clinical response.
Similarly, polymeric interstitial delivery of OLA post-surgery was
inferior to GBM standard therapy, indicating insufficient OLA

concentrations to confer single-agent anti-cancer effects, as
observed in metabolic assays using 9L cells in vitro. In contrast,
overall survival benefit and an associated LTS of 28% conferred by
interstitial OLA delivery in combination with XRT (relative to
surgery alone), demonstrates the localized OLA concentrations
were sufficient to induce radiosensitization. Moreover, as this
effect was potentiated by combined OLA/TMZ or OLA/ETOP
concomitant with XRT (as determined by LTS of 43-71%), our
findings indicate that DNA damaging agents significantly enhance
localized OLA-mediated XRT sensitization, the precise mechanisms
for which remain unclear in this experimental context (Fig. 6) but
are likely to involve the accumulation of unrepaired DNA damage.
We note that interstitial delivery of OLA was comparably
efficacious at 10% or 20% dose when combined with either
TMZ or ETOP, suggesting that 10% OLA is the maximum XRT
sensitization dose in this context, DNA damage effect induced by
TMZ and ETOP is comparable and that DNA damage induced by
XRT is the limiting factor.

Whole brain histological evidence shows that long-term
surviving animals were associated with disease-free brains. This
raises an overarching caveat. Current rodent allograft and
xenograft orthotopic models are likely sub-optimal for recapitulat-
ing the true GBM infiltrative extent which is consistently observed
clinically. Genetically engineered rodent models which better
recapitulate infiltrative GBM, may offer a preclinical testbed
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Fig. 6 Schematic illustration of combination chemotherapy with OLA, ETOP and TMZ, with concomitant radiotherapy, in post-resection
high-grade glioma. The resection cavity is filled with drug-impregnated biodegradable polymeric paste, with subsequent diffusion of OLA,
ETOP and TMZ towards the tumor margins and infiltrating cells. DNA damage through multiple putative mechanisms is achieved in

combination with radiotherapy.

predictive of phase II/lll objective response in GBM clinical trials.
Nevertheless, Gliadel® remains an exemplar of efficacious inter-
stitial delivery, with a median survival increase of ~2 months
relative to placebo-treated patients in an initial clinical trial [8],
with recent reporting of 3-year (~40% of patients) and 2-year
(~30% of patients) overall survival [9, 60]. It is important to note
that no molecular targeted therapeutic predicated on patient-
tailored genomic data has demonstrated efficacy in phase llI
clinical trials for GBM. Since 9 L allograft tumors recur rapidly post-
standard therapy (surgery, TMZ and XRT), we may infer from our
experimental data, that localized delivery of OLA +TMZ/ETOP
concomitant with radiation, is sufficient to efficaciously target
residual infiltrative disease. Furthermore, our observed LTS is
comparable to LTS for both localized BCNU/carmustine in 9L
allografts (which formed the preclinical basis for the clinical
translation of Gliadel®), and to LTS of BCNU/TMZ-treated 9L
allografts [38, 61]. As most IDH-WT GBM patients (excluding a
minority of patients who will receive biopsy surgery only) will
undergo resective surgery as initial intervention, localized drug
delivery will remain a viable option to initiate oncological
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treatment post-surgery. The survival benefit to Gliadel’-adminis-
tered GBM patients encourages consideration of PLGA/PEG
polymeric delivery of OLA. For clinical trial readiness, our PLGA/
PEG/OLA formulation requires manufacturing of a prototype
suitable for application to a human GBM resection cavity, for
which a dual-syringe system is envisaged.

DATA AVAILABILITY

Raw RNA-seq data for spatially distinct unsorted GBM regions and 5ALA fluorescence
activated cell sorted cells have been deposited at the ArrayExpress with accession
number: EMTAB-8743. All other data are available in the main text or supplementary
materials.

REFERENCES

1. Horbinski C, Berger T, Packer RJ, Wen PY. Clinical implications of the 2021 edition
of the WHO classification of central nervous system tumours. Nat Rev Neurol.
2022;18.

2. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJB, et al.
Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N.
Engl J Med. 2005;352:987-96.



R. Serra et al.

10

20.

21.

22.

23.

24,

25.

26.

. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, et al.

Effects of radiotherapy with concomitant and adjuvant temozolomide versus
radiotherapy alone on survival in glioblastoma in a randomised phase Il study:
5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009;10:459-66.

. Ostrom QT, Cioffi G, Gittleman H, Patil N, Waite K, Kruchko C, et al. CBTRUS

statistical report: primary brain and other central nervous system tumors diag-
nosed in the United States in 2012-2016. Neuro Oncol. 2019;21:V1-100.

. Stupp R, Lukas RV, Hegi ME. Improving survival in molecularly selected glio-

blastoma. Lancet. 2019;393:615-7.

. Brem H, Piantadosi S, Burger PC, Walker M, Selker R, Vick NA, et al. Placebo-

controlled trial of safety and efficacy of intraoperative controlled delivery by
biodegradable polymers of chemotherapy for recurrent gliomas. the polymer-
brain tumor treatment Group. Lancet. 1995;345:1008-12.

. Attenello FJ, Mukherjee D, Datoo G, McGirt MJ, Bohan E, Weingart JD, et al. Use of

Gliadel (BCNU) wafer in the surgical treatment of malignant glioma: a 10-year
institutional experience. Ann Surg Oncol. 2008;15:2887-93.

. Westphal M, Hilt DC, Bortey E, Delavault P, Olivares R, Warnke PC, et al. A phase 3

trial of local chemotherapy with biodegradable carmustine (BCNU) wafers
(Gliadel wafers) in patients with primary malignant glioma. Neuro Oncol.
2003;5:79-88.

. luchi T, Inoue A, Hirose Y, Morioka M, Horiguchi K, Natsume A, et al. Long-term

effectiveness of Gliadel implant for malignant glioma and prognostic factors for
survival: 3-year results of a postmarketing surveillance in Japan. Neurooncol Adv.
2022;4.

. Xing WK, Shao C, Qi ZY, Yang C, Wang Z. The role of Gliadel wafers in the

treatment of newly diagnosed GBM: a meta-analysis. Drug Des Devel Ther.
2015;9:3341-8.

. Roux A, Caire F, Guyotat J, Menei P, Metellus P, Pallud J. Carmustine wafer

implantation for high-grade gliomas: Evidence-based safety efficacy and practical
recommendations from the Neuro-oncology Club of the French Society of
Neurosurgery. Neurochirurgie. 2017;63:433-43.

. lus T, Cesselli D, Isola M, Toniato G, Pauletto G, Sciacca G, et al. Combining Clinical

and Molecular Data to Predict the Benefits of Carmustine Wafers in Newly
Diagnosed High-Grade Gliomas. Curr Treat Options Neurol. 2018;20.

. Bai P. Biology of poly(ADP-Ribose) polymerases: the factotums of cell main-

tenance. Mol Cell. 2015;58:947-58.

. Masutani M, Fujimori H. Poly(ADP-ribosyl)ation in carcinogenesis. Mol Asp Med.

2013;34:1202-16.

. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E, et al. Specific

killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) poly-
merase. Nature. 2005;434:913-7.

. Farmer H, McCabe H, Lord CJ, Tutt AHJ, Johnson DA, Richardson TB, et al. Tar-

geting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature. 2005;434:917-21.

. Disilvestro P, Banerjee S, Colombo N, Scambia G, Kim BG, Oaknin A, et al. Overall

survival with maintenance olaparib at a 7-year follow-up in patients with newly
diagnosed advanced ovarian cancer and a BRCA mutation: the SOLO1/GOG 3004
trial. J Clin Oncol. 2023;41:609-17.

. Robson M, Im SA, Senkus E, Xu B, Domchek SM, Masuda N, et al. Olaparib for

metastatic breast cancer in patients with a germline BRCA mutation. N. Engl J
Med. 2017;377:523-33.

. Golan T, Hammel P, Reni M, Van Cutsem E, Macarulla T, Hall MJ, et al. Main-

tenance olaparib for germline BRCA-mutated metastatic pancreatic cancer. N.
Engl J Med. 2019;381:317-27.

de Bono J, Mateo J, Fizazi K, Saad F, Shore N, Sandhu S, et al. Olaparib for metastatic
castration-resistant prostate cancer. N. Engl J Med. 2020;382:2091-102.

Fulton B, Short SC, James A, Nowicki S, McBain C, Jefferies S, et al. PARADIGM-2:
two parallel phase | studies of olaparib and radiotherapy or olaparib and radio-
therapy plus temozolomide in patients with newly diagnosed glioblastoma, with
treatment stratified by MGMT status. Clin Transl Radiat Oncol. 2018;8:12-6.
Ghorai A, Mahaddalkar T, Thorat R, Dutt S. Sustained inhibition of PARP-1 activity
delays glioblastoma recurrence by enhancing radiation-induced senescence.
Cancer Lett. 2020;490:44-53.

Sim H wen, Galanis E, Khasraw M. PARP Inhibitors in Glioma: A Review of Ther-
apeutic Opportunities. Cancers (Basel). 2022;1-16.

Hanna C, Kurian KM, Williams K, Watts C, Jackson A, Carruthers R, et al. Phar-
macokinetics, safety, and tolerability of olaparib and temozolomide for recurrent
glioblastoma: results of the phase | OPARATIC trial. Neuro Oncol.
2020;22:1840-50.

Lesueur P, Lequesne J, Grellard JM, Dugué A, Coquan E, Brachet PE, et al. Phase I/
lla study of concomitant radiotherapy with olaparib and temozolomide in
unresectable or partially resectable glioblastoma: OLA-TMZ-RTE-01 trial protocol.
BMC Cancer. 2019;19.

Verhagen CVM, De Haan R, Hageman F, Oostendorp TPD, Carli ALE, O'Connor MJ,
et al. Extent of radiosensitization by the PARP inhibitor olaparib depends on its

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

dose, the radiation dose and the integrity of the homologous recombination
pathway of tumor cells. Radiother Oncol. 2015;116:358-65.

't Hart E, Bianco J, Bruin MAC, Derieppe M, Besse HC, Berkhout K, et al. Radio-
sensitisation by olaparib through focused ultrasound delivery in a diffuse midline
glioma model. J Controlled Release. 2023;357:287-98.

Khang M, Lee JH, Lee T, Suh HW, Lee S, Cavaliere A, et al. Intrathecal delivery of
nanoparticle PARP inhibitor to the cerebrospinal fluid for the treatment of
metastatic medulloblastoma. Sci Transl Med. 2023;15.

Rahman C V., Smith SJ, Morgan PS, Langmack KA, Clarke PA, Ritchie AA, et al.
Adjuvant chemotherapy for brain tumors delivered via a novel intra-cavity
moldable polymer matrix. PLoS One. 2013;8.

Smith SJ, Tyler BM, Gould T, Veal GJ, Gorelick N, Rowlinson J, et al. Overall survival
in malignant glioma is significantly prolonged by neurosurgical delivery of eto-
poside and temozolomide from a thermo-responsive biodegradable paste. Clin
Cancer Res. 2019;25:5094-106.

McCrorie P, Mistry J, Taresco V, Lovato T, Fay M, Ward |, et al. Etoposide and
olaparib polymer-coated nanoparticles within a bioadhesive sprayable hydrogel
for post-surgical localised delivery to brain tumours. European Journal of Phar-
maceutics and Biopharmaceutics. 2020;157.

Muresan P, McCrorie P, Smith F, Vasey C, Taresco V, Scurr DJ, et al. Development
of nanoparticle loaded microneedles for drug delivery to a brain tumour resec-
tion site. Eur J Pharm Biopharm. 2023;182:53-61.

McCrorie P, Rowlinson J, Scurr DJ, Marlow M, Rahman R. Detection of Label-Free
Drugs within Brain Tissue Using Orbitrap Secondary lon Mass Spectrometry as a
Complement to Neuro-Oncological Drug Delivery. Pharmaceutics. 2022;14.
Smith SJ, Rowlinson J, Estevez-Cebrero M, Onion D, Ritchie A, Clarke P, et al.
Metabolism-based isolation of invasive glioblastoma cells with specific gene
signatures and tumorigenic potential. Neurooncol Adv. 2020;2.

Andrieux G, Das T, Griffin M, Straehle J, Paine SML, Beck J, et al. Spatially resolved
transcriptomic profiles reveal unique defining molecular features of infiltrative
5ALA-metabolizing cells associated with glioblastoma recurrence. Genome Med.
2023;15:48.

Mah LJ, El-Osta A, Karagiannis TC. gammaH2AX: a sensitive molecular marker of
DNA damage and repair. Leukemia. 2010;24:679-86.

Sipos EP, Tyler B, Piantadosi S, Burger PC, Brem H. Optimizing interstitial delivery
of BCNU from controlled release polymers for the treatment of brain tumors.
Cancer Chemother Pharm. 1997;39:383-9.

Shapira-Furman T, Serra R, Gorelick N, Doglioli M, Tagliaferri V, Cecia A, et al.
Biodegradable wafers releasing Temozolomide and Carmustine for the treatment
of brain cancer. J Controlled Release. 2019;295:93-101.

Wicks RT, Azadi J, Mangraviti A, Zhang |, Hwang L, Joshi A, et al. Local delivery of
cancer-cell glycolytic inhibitors in high-grade glioma. Neuro Oncol.
2015;17:70-80.

Brem S, Tyler B, Li K, Pradilla G, Legnani F, Caplan J, et al. Local delivery of
temozolomide by biodegradable polymers is superior to oral administration in a
rodent glioma model. Cancer Chemother Pharm. 2007;60:643-50.

Tan AC, Ashley DM, Lépez GY, Malinzak M, Friedman HS, Khasraw M. Manage-
ment of glioblastoma: State of the art and future directions. CA Cancer J Clin.
2020;70:299-312.

Dedes KJ, Wilkerson PM, Wetterskog D, Weigelt B, Ashworth A, Reis-Filho JS.
Synthetic lethality of PARP inhibition in cancers lacking BRCA1 and BRCA2
mutations. Cell Cycle. 2011;10:1192-9.

Bianchi A, Lopez S, Altwerger G, Bellone S, Bonazzoli E, Zammataro L, et al. PARP-
1 activity (PAR) determines the sensitivity of cervical cancer to olaparib. Gynecol
Oncol. 2019;155:144-50.

Kang YH, Yi MJ, Kim MJ, Park MT, Bae S, Kang CM, et al. Caspase-independent cell
death by arsenic trioxide in human cervical cancer cells: reactive oxygen species-
mediated poly(ADP-ribose) polymerase-1 activation signals apoptosis-inducing
factor release from mitochondria. Cancer Res. 2004;64:8960-7.

Fanucci K, Pilat MJ, Shyr D, Shyr Y, Boerner S, Li J, et al. Multicenter phase Il trial of
the PARP inhibitor olaparib in recurrent IDH1- and IDH2-mutant glioma. Cancer
Res Commun. 2023;3:192-201.

Hwang K, Lee JH, Kim SH, Go KO, Ji SY, Han JH, et al. The combination PARP
inhibitor olaparib with temozolomide in an experimental glioblastoma model.
Vivo (Brooklyn). 2021;35:2015-23.

Wang Y, Chen W, Shi 'Y, Yan C, Kong Z, Wang Y, et al. Imposing Phase Il and Phase
Il Clinical Trials of Targeted Drugs for Glioblastoma: Current Status and Progress.
Front Oncol. 2021;11.

Stupp R, Hegi ME, Gorlia T, Erridge SC, Perry J, Hong YK, et al. Cilengitide
combined with standard treatment for patients with newly diagnosed glio-
blastoma with methylated MGMT promoter (CENTRIC EORTC 26071-22072
study): a multicentre, randomised, open-label, phase 3 trial. Lancet Oncol.
2014;15:1100-8.

Westphal M, Heese O, Steinbach JP, Schnell O, Schackert G, Mehdorn M, et al. A
randomised, open label phase Il trial with nimotuzumab, an anti-epidermal

British Journal of Cancer



growth factor receptor monoclonal antibody in the treatment of newly diag-
nosed adult glioblastoma. Eur J Cancer. 2015;51:522-32.

50. Batchelor TT, Mulholland P, Neyns B, Nabors LB, Campone M, Wick A, et al. Phase
Il randomized trial comparing the efficacy of cediranib as monotherapy, and in
combination with lomustine, versus lomustine alone in patients with recurrent
glioblastoma. J Clin Oncol. 2013;31:3212-8.

51. Weller M, Butowski N, Tran DD, Recht LD, Lim M, Hirte H, et al. Rindopepimut with
temozolomide for patients with newly diagnosed, EGFRvlll-expressing glio-
blastoma (ACT IV): a randomised, double-blind, international phase 3 trial. Lancet
Oncol. 2017;18:1373-85.

52. Lemée JM, Clavreul A, Menei P. Intratumoral heterogeneity in glioblastoma: don’t
forget the peritumoral brain zone. Neuro Oncol. 2015;17:nov119.

53. Piccirillo SGM, Spiteri I. Intratumor heterogeneity and transcriptional profiling in
glioblastoma: translational opportunities. Future Neurol. 2015;10:369-81.

54. Szerlip NJ, Pedraza A, Chakravarty D, Azim M, McGuire J, Fang Y, et al. Intratu-
moral heterogeneity of receptor tyrosine kinases EGFR and PDGFRA amplification
in glioblastoma defines subpopulations with distinct growth factor response.
Proc Natl Acad Sci USA. 2012;109:3041-6.

55. Meyer M, Reimand J, Lan X, Head R, Zhu X, Kushida M, et al. Single cell-derived
clonal analysis of human glioblastoma links functional and genomic hetero-
geneity. Proc Natl Acad Sci USA. 2015;1-6.

56. Patel AP, Tirosh |, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al. Single-
cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma.
Science. 2014;344:1396-401.

57. Sottoriva A, Spiteri |, Piccirillo SGM, Touloumis A, Collins VP, Marioni JC, et al.
Intratumor heterogeneity in human glioblastoma reflects cancer evolutionary
dynamics. Proc Natl Acad Sci USA. 2013;110:4009-14.

58. Hu H, Zhang Y, Ji W, Mei H, Wu T, He Z, et al. Hyaluronic acid-coated and olaparib-
loaded PEI - PLGA nanoparticles for the targeted therapy of triple negative breast
cancer. J Microencapsul. 2022;39:25-36.

59. Valtonen S, Timonen U, Toivanen P, Kalimo H, Kivipelto L, Heiskanen O, et al.
Interstitial chemotherapy with carmustine-loaded polymers for high-grade glio-
mas: a randomized double-blind study. Neurosurgery. 1997;41:44-9.

60. Chowdhary SA, Ryken T, Newton HB. Survival outcomes and safety of carmustine
wafers in the treatment of high-grade gliomas: a meta-analysis. J Neurooncol.
2015;122:367-82.

61. Tamargo RJ, Myseros JS, Epstein JI, Yang MB, Brem H. Interstitial chemotherapy of
the 9L gliosarcoma: controlled release polymers for drug delivery in the brain.
Cancer Research. 1993; 329-33.

AUTHOR CONTRIBUTIONS

Conceptualization: RR, SJS, BMT, RGG. Methodology: RS, JR, NG, CM, PM, SJS, BMT, PB.
Investigation: RS, JR, NG, CM, PM, SJS, BMT, GJV. Funding acquisition: RR, SJS, BMT.
Project administration: RS, RR, SJS, BMT, HB. Supervision: RR, BMT. Writing - original
draft: RS, RR, BMT. Writing - review & editing: RS, RR, SJS, CM, PM, GJV, AJC, KMS, CA,
HB, RGG, BMT, IS.

FUNDING
University of Nottingham 4-star Accelerator Award; grant A2RVZG (SJS, RR). Sam
White Legacy; grant 264823 (RR, SJS). Khatib Brain Tumor Research Fund (HB, BT).

British Journal of Cancer

R. Serra et al.

COMPETING INTERESTS

Dr Henry Brem is a paid consultant to Insightec and chairperson of the company’s
Medical Advisory Board. Insightec is developing focused ultrasound treatments for
brain tumors. This arrangement has been reviewed and approved by the Johns
Hopkins University in accordance with its conflict-of-interest policies. Dr Brem
receives research funding from NIH, Johns Hopkins University, Khatib Foundation,
NICO Myriad Corporation, and philanthropy. He is a consultant for Accelerating
Combination Therapies, Insightec, Candel Therapeutics, Inc,, Catalio Nexus Fund II,
LLC, LikeMinds, Inc*, Galen Robotics, Inc.* CraniUS*, and Nurami Medical*. Betty Tyler
has research funding from NIH and is a co-owner for Accelerating Combination
Therapies*. Ashvattha Therapeutics Inc. has also licensed one of her patents and she
is a stockholder for Peabody Pharmaceuticals (*includes equity or options).

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

All animals (live vertebrates) were treated in accordance with the policies and
guidelines of the Johns Hopkins University (JHU) Animal Care and Use Program.
Experimental protocols were Approved by the JHU Animal Care and Use Committee.
All cages were illuminated by fluorescent lights set to a 12-hour light-dark cycle
(7am-7pm), as per U.S. Public Health Service Policy on Humane Care and Use of
Laboratory Animals guidelines.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541416-024-02878-2.

Correspondence and requests for materials should be addressed to Betty M. Tyler or
Ruman Rahman.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

11


https://doi.org/10.1038/s41416-024-02878-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Neurosurgical application of olaparib from a thermo-responsive paste potentiates DNA damage to prolong survival in malignant glioma
	Background
	Methods
	Transcriptomics data analyzes
	Tumor cell culture
	Clonogenic assay
	Annexin staining
	Immunocytochemistry
	Formulation of PLGA/PEG microparticle matrices
	Olaparib in vitro release from PLGA/PEG
	High-performance liquid chromatography
	Animals
	Orthotopic allografts
	In vivo efficacy
	Histological analyzes
	Statistical analyzes

	Results
	Olaparib target gene expression in primary GBM
	High-grade glioma sensitivity to olaparib and radiation in vitro
	Olaparib confers high-grade glioma sensitivity to DNA damage in vitro
	Olaparib induces cell cycle alterations in high-grade glioma in vitro
	Olaparib in combination with radiation and TMZ-mediated genotoxic insult induces DNA damage in high-grade glioma in vitro
	Olaparib potentiates DNA damaging interventions to confer a survival benefit in vivo

	Discussion
	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




