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The DNA repair enzyme poly(ADP-ribose) polymerase 1 (PARP-1)
is overexpressed in glioblastoma, with overall low expression in
healthy brain tissue. Paired with the availability of specific small
molecule inhibitors, PARP-1 is a near-ideal target to develop novel
radiotherapeutics to induce DNA damage and apoptosis in cancer
cells, while sparing healthy brain tissue. Methods: We synthesized
an '3'l-labeled PARP-1 therapeutic and investigated its pharma-
cology in vitro and in vivo. A subcutaneous tumor model was used
to quantify retention times and therapeutic efficacy. A potential
clinical scenario, intratumoral convection-enhanced delivery,
was mimicked using an orthotopic glioblastoma model combined
with an implanted osmotic pump system to study local adminis-
tration of '3'I-PARPi (PARPi is PARP inhibitor). Results: '3I-
PARPi is a 1(2H)-phthalazinone, similar in structure to the Food
and Drug Administration—-approved PARP inhibitor AZD-2281.
In vitro studies have shown that '3'I-PARPi and AZD-2281 share
similar pharmacologic profiles. 3'I-PARPi delivered 134.1 cGy/
MBgq intratumoral injected activity. Doses to nontarget tissues,
including liver and kidney, were significantly lower. Radiation dam-
age and cell death in treated tumors were shown by p53 activation
in U87-MG cells transfected with a p53-bioluminescent reporter.
Treated mice showed significantly longer survival than mice re-
ceiving vehicle (29 vs. 22 d, P < 0.005) in a subcutaneous model.
Convection-enhanced delivery demonstrated efficient retention of
1311-PARPI in orthotopic brain tumors, while quickly clearing from
healthy brain tissue. Conclusion: Our results demonstrate 131|-
PARPi’s high potential as a therapeutic and highlight PARP’s rel-
evance as a target for radionuclide therapy. Radiation plays an
integral role in brain tumor therapy, and radiolabeled PARP ther-
apeutics could ultimately lead to improvements in the standard of
care.
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Glioblastoma is the most common primary brain tumor in
adults, with more than 12,000 diagnoses per year (/). Current stan-
dard treatment consists of maximal surgical resection followed by
chemotherapy (temozolomide) and external beam radiation. This,
however, only minimally extends median survival (2), and most
patients develop recurrent tumors within months (3,4). The diffuse
growth pattern is the fundamental reason why surgical resection and
external beam radiotherapy are insufficient, because highly dispersed
glioblastoma cells would require larger tumor margins to be treated
and resected, which can result in unacceptably high healthy tissue
loss and significant morbidities. A selective cellular-based approach
would provide significant advantages over conventional therapy.

Recently, progress has been made toward the delivery of targeted
therapeutics to central nervous system tumors, especially using
convection enhanced delivery (CED) (5,6). This strategy uses cathe-
ters to infuse therapeutics directly into the affected brain tissue, where
they are distributed by convective rather than diffusive properties.
This approach offers considerable advantages for delivery and tissue
penetrance of therapeutic antibodies, virus vectors, and cell-based
therapeutics. Using this technology, even radiolabeled antibodies,
which normally have limited tissue penetration, can be delivered
(7), potentially improving therapeutic efficacy. Nevertheless, because
of the heterogeneous nature of the disease (8), further enhancement of
delivery and tissue penetration is necessary, which could be achieved
through CED of targeted small-molecule radiotherapeutics.

One target for use in CED and targeted radiation therapy is poly
(ADP-ribose) polymerase (PARP-1). PARP-1 is a fundamentally
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important member of the cellular DNA repair machinery that
highly proliferative cancer cells rely on to maintain genomic
integrity through an accelerated cell cycle (9). PARP-1 expression
was reported in the nucleoli of neurons, oligodentritic cells, and
astrocytes as well as the Purkinje cell layer in the cerebellum and
the dentate gyrus (/0). Nevertheless, it has been shown that ma-
lignant glial growths have elevated PARP-1 expression compared
with healthy pediatric and adult brain tissue (1), forming an ideal
foundation for CED-based therapeutics. Similarly important,
PARP inhibitors not only quickly distribute and bind within
PARP-expressing cells, but also simultaneously washout effec-
tively from healthy tissues, resulting in high target-to-background
contrast (10,12), potentially providing a large treatment window
for CED therapy (7). Recently, advances have been made in
PARP-targeted molecular imaging, and much of this work has
focused on glioblastoma (73, 14) and other central nervous system
tumors (/0). Intuitively, replacing a fluorescent or PET active
imaging tag with a radiotherapeutic isotope would take advantage
of the high specificity exhibited by the PARP-targeted imaging
agents as well as the high PARP expression seen in glioblastoma.
More information on the relevant chemistry and PARP inhibitors
used for imaging are provided in comprehensive reviews (/2,15).
In this study, we use '3'I-PARPI, a small-molecule derived from
an inhibitor screening library (/4), and explore and develop its
value as a CED agent for glioblastoma therapy. We found that the
binding profile of '3'I-PARPi matches that of other PARP inhib-
itors and imaging agents. In a mouse model of glioblastoma, we
investigate the pharmacokinetics of '3'I-PARPi and estimate the
delivered radiotherapeutic doses. We show that p53 expression
was activated by '3'I-PARPi and that both single and fractionated
doses extend the overall survival of tumor-bearing mice. In an
orthotopic model of glioblastoma, we corroborate that high levels
of 3I-PARPi accumulate via CED, whereas healthy brain tissue
only retains the small molecule at low levels. Taken together, our
results show that 13![-PARPi is a promising radiotherapeutic small
molecule and could potentially improve glioblastoma therapy.

MATERIALS AND METHODS

General

Unless specified otherwise, all reagents were purchased from
Sigma-Aldrich and used as received. '3'I-Na in 0.1N NaOH with a
specific activity more than 4,600 TBg/g was purchased from Nordion.
4-(4-fluoro-3-(4-(3-iodobenzoyl)piperazine- 1-carbonyl)benzyl)phtha-
lazin-1(2H)-one was synthesized as described previously (/4). Ola-
parib (AZD-2281) was purchased from LC Laboratories. PARPi-FL
was synthesized as previously described (/6,17). Water (>18.2
MQcm™! at 25°C) was obtained from an Alpha-Q Ultrapure water
system (Millipore) and acetonitrile (AcN) as well as ethanol (EtOH)
were of high-performance liquid chromatography (HPLC) grade pu-
rity. Sterile 0.9% saline solution (Hospira) was used for all in vivo
injections. HPLC purification and analysis were performed on a Shi-
madzu UFLC HPLC system equipped with a DGU-20A degasser, a
SPD-M20A UV detector, a LC-20AB pump system, and a CBM-20A
Communication BUS module. A LabLogic Scan-RAM radio-thin-
layer chromatography/HPLC detector was used to detect activity.
HPLC solvents (buffer A: water, buffer B: AcN) were filtered before
use. HPLC analysis and purification were performed on a reversed-
phase C18 Waters Atlantis T3 column (C18-RP, 5 pwm, 6 mm, 250
mm). Purification of the iodinated benzoic acid was performed with
method 1 (flow rate: 1 mL/min; gradient: 20 min 5%-95% B; 25 min
100% B; 26 min 100%-5% B); quality control analysis was performed
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with method 1. Purification of the final product was performed on a
C6 Waters Spherisorb column (C6, 5 pwm, 4.6 mm X 250 mm) with
method 2 (flow rate: 1.5 mL/min; isocratic: 0-30 min 35% B). SPECT
imaging was performed on a NanoSPECT/CT from Mediso Medical
Imaging Systems. PET imaging experiments were conducted on a
Focus 120 MicroPET (Concorde Microsystems). Digital phosphor
autoradiography was obtained using a Typhoon FLA 7000 laser scan-
ner from GE Healthcare. y-counting and biodistributions were per-
formed using a WIZARD? automatic y-counter (PerkinElmer).

Synthesis of 127I-PARPi

4-(4-fluoro-3-(piperazine-1-carbonyl)benzyl)phthalazin-1(2H)-one
(20 mg, 54.5 pmol) was dissolved in 1 mL of AcN and added to
10 mg (41.3 pmol) of 3-iodobenzoic acid, followed by 25 mg
(66 pmol) of N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU) and 20 pL (145.5 pwmol) of EtzN. The
reaction mixture was stirred for 30 min and purified by HPLC (method
2) to yield the title compound (13.4 mg, 22.3 pwmol, 67%). 'H-NMR
(CDCl3) 6 = 10.48 (s, 1H), 8.40-8.39 (m, 1H), 7.74-7.66 (m, SH),
7.27-7.26 (d, 2H), 7.09-7.07 (d, 2H), 4.22 (s, 2H), 3.73-3.14 (m, 8H).
LC-ESI-MS (+) m/z = 597.1 [M+H*]*. HRMS-ESI [M-H*] " m/z
calculated for [Cy7HFIN4O3]7595.0642, found 595.0640.

Synthesis of 18F-PARPi

ISF-PARPi was synthesized as described by Carney et al. (I8).
Briefly, a QMA cartridge containing cyclotron-produced '8F-fluoride
(n.c.a.) was eluted with a solution containing 9 mg of Kryptofix [2.2.2]
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[ 8.8.8]hexacosane), 0.08 mL
of 0.15 M K,COs3, and 1.92 mL of AcN into a 5-mL reaction vial. Then,
ethyl 4-nitrobenzoate (500 g in 100 L of dimthyl sulfoxide [DMSO])
was added to the azeotropically dried '8F~ and heated to 150°C (15 min).
After this time, 50 pL of 1M NaOH were added followed by HCI (1M,
50 wL) 1 min later. Then, 2 mg of 4-(4-fluoro-3-(piperazine-1-carbonyl)
benzyl)phthalazin-1(2H)-one (in 100 p.L of DMSO) were added followed
by 10 mg of HBTU in 100 nL of DMSO. Finally, 20 pL of Et;N were
added and the reaction mixture was further diluted with 400 pL of AcN
and 1 mL of H,O. The crude mixture was purified by HPLC. The decay-
corrected radiochemical yield for the final step was 38.4 = 2.5% with
a molar activity (MA) of 35.9 = 15.2 GB/wumol. The purified final
compound was formulated with 10% EtOH/0.9% NaCl 0.9%.

Synthesis of 1311-PARPi

I3II_.PARPi was obtained in a manner similar to synthetic proce-
dures reported before (/4). First, 13!I-NHS-benzoate was obtained by
adding N-succinimidyl-4-(tributylstannyl) benzoate (30 g, 5.9 pmol)
in 30 pL of AcN to a solution containing methanol (40 wL), chlora-
mine T (6 pg, 30 nmol), acetic acid (2 pL), and '3'I-Nal in NaOH
0.1 M (185-370 MBq [5-10 mCi]). After the reaction solution was
driven for 15 min at room temperature, the reaction was purified by
HLPC (method 1), and '3!'I-NHS-benzoate collected at 15.1 min. The
collected purified fraction was concentrated to dryness in vacuum,
reconstituted in a solution of 80 L of AcN, and added to a solution
of 4-(4-fluoro-3-(piperazine-1-carbonyl)benzyl)phthalazin-1(2H)-one
(0.3 mg, 0.9 pmol) in 20 nL. of DMSO and HBTU (0.3 mg, 0.8 pmol)
in 20 pL of DMSO; 10 pL of 2,6-lutidine were further added and the
reaction mixture stirred in an Eppendorf ThermoMixer overnight at
65°C (500 rpm). The following day, the reaction mixture was injected
and purified by HPLC (method 2) and the final '3'I-PARPi was col-
lected at room temperature for 13.1 min (radiochemical yield > 70%;
radiochemical purity > 99%) and concentrated to dryness under
vacuum. '3!'I-PARPi was formulated with 30% PEG300/70% saline
(0.9% NaCl) for both in vitro and in vivo assays (MA = 1.5 = 0.3
GBg/pmol). Coelution with nonradioactive '>’I-PARPi reference
compound confirmed the identity of the radiotherapeutic.
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PARP Inhibitor Binding Assays

Assay was performed by BPS Bioscience. DMSO solutions (100 M)
of each inhibitor were provided at a 100 nM, 50 nM, or 10 nM
concentration. Measurements for each enzyme combined with each
inhibitor were performed in triplicate in accordance with the BPS
assay kit protocol (/9). Luminescence was measured using a BioTek
Synergy 2 microplate reader. Data were reported by BPS as percentage
enzyme activity. Triplicates were combined to get a mean = SD, which
was then grouped and plotted onto a heat map using GraphPad Prism 7
(GraphPad Software).

Cell Culture

The human glioblastoma cell line U251 MG was kindly provided
by the Laboratory of Dr. Ronald Blasberg (Memorial Sloan Kettering
Cancer Center [MSKCC]). Cell lines were grown in Eagle’s minimal
essential medium (MEM), 10% (vol/vol) heat-inactivated fetal bovine
serum, penicillin 100 IU,, and streptomycin (100 pg/mL), purchased
from the culture medium preparation facility at MSKCC.

Transduction Procedure of U87 Cell Line

U87 human glioblastoma cells were grown in MEM with 10% fetal
calf serum. The retroviral transient producer cell line H29 was
maintained in Dulbecco MEM supplemented with 10% fetal calf
serum, puromycin (2 pg/mL), and tetracycline (1 pwg/mL), transfected
with Cis-p53/tdTomato-CBRluc-Neo and incubated for 48 h. The U87
cells were transduced with the Cis-p53/tdTomato-CBRluc-Neo later
using H29-produced virus by incubating 30% confluent tumor cell
culture with retroviral vector-containing medium for 48 h. Transduced
U87-p53/tdTomato-CBRIuc-Neo cells (short: U87-p53) were selected
by culturing in MEM, supplemented with 10% fetal calf serum and
G418 sulfate (0.5 mg/mL) (Corning, catalog no. 30-234-CR). Several
fluorescence-activated cell sorting (FACS) sorting procedures were
performed to enrich cells with a low background of p53 activity.
Selected cells were additionally transduced with a second constitu-
tively expressed SFG-Turquoise/rsRluc virus as described above.

Cell-Internalization, Targeting Specificity, and Binding
Properties

U251 MG cells were adhered overnight in 6-well plates (1 million
cells/well) and washed twice with phosphate-buffered saline (PBS)
prior to addition of '3'I-PARPi (222 kBg/well, 0.15 nmol) at 37°C for
0, 15, 30, 45, 60, 120, and 240 min in MEM to allow for binding.
Binding specificity was challenged with a 50-fold excess of olaparib
(3.26 pg, 7.5 nmol). Next, at each time point, cells were first washed
twice with PBS 1x and then lysed by incubation with 1 M NaOH
(10 min at 37°C). Finally, the resulting lysate in each well was col-
lected and the radioactivity measured in an automated -y-counter.
Targeting specificity was assessed by a competitive binding assay
between '27I-PARPi and PARPi-FL. U251 MG cells (50,000 cells/
well) were plated 48 h before the experiment. On the day of the
experiment, binding affinity was determined by coincubating the
plated cells (37°C, 40 min) with serial dilutions of '?’I-PARPi, rang-
ing from O to 10 uM and 0.5 M PARPi-FL. After this time, cells
were washed twice with PBS 1x, fixed, and counterstained with
Hoechst DNA stain. PARPi-FL uptake and blocking effects were ob-
served and measured by confocal microscopy.

Mice

Female athymic nude CrTac:NCr-Fo mice were purchased from
Taconic Laboratories at age 6-8 wk. Xenograft-bearing mice were
used to determine all pharmacokinetics, the binding/imaging proper-
ties, and the treatment efficacy of the radiotherapeutic (i = 98).
During subcutaneous injections, mice were anesthetized using 2%
isoflurane gas in 2 L/min medical air. During orthotopic injec-
tions, mice were anesthetized using a 150 mg/kg ketamine and
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15 mg/kg xylazine cocktail (10 pL/g of body weight). For intrave-
nous injections, the lateral tail vein was used. Mice were warmed
with a heat lamp and placed in a restrainer, and the tail was ster-
ilized with alcohol pads before injection. U251 MG or U87-p53
cells were implanted subcutaneously (5 x 10 cells in 150 pL of 1:1
PBS/Matrigel [BD Biosciences]) into the right shoulder and
allowed to grow for approximately 2 wk until the tumors reached
about 8 mm in diameter (100 = 8 mm). For orthotopic injections,
U251 MG or U87-p53 cells (5 x 10° cells in 2 pL of PBS) were
injected 2 mm lateral and 1 mm anterior to the bregma using a
Stoelting Digital New Standard Stereotaxic Device and a 5-pL
Hamilton syringe and allowed to grow for approximately 3 wk.
All mouse experiments were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee of
MSKCC and followed National Institutes of Health guidelines for an-
imal welfare.

SPECT/CT

SPECT/CT scans were obtained using a small-animal NanoSPECT/
CT from Mediso Medical Imaging Systems. For subcutaneous U251
MG xenografts, 13'I-PARPi (11.1 MBq, 1.5 GBg/pwmol in 20 pL of
30% PEG300 in 0.9% sterile saline) was administered intratumorally
(n = 3). At 0 and 6 h after injection, the mice were anesthetized with
1.5%-2.0% isoflurane (Baxter Healthcare) at 2 mL/min in oxygen,
and SPECT/CT data were acquired for 20 min. For orthotopic U251
MG tumor-bearing mice, '3'I-PARPi (1.9 MBq, 1.5 GBg/pmol in
5 pL of 30% PEG300 in 0.9% sterile saline) was injected intracranially
using the same coordinates as for tumor cell injection (2 mm lateral and
1 mm anterior to the bregma using a Stoelting Digital New Standard
Stereotaxic Device and a 5-nL. Hamilton syringe). At 24 h after injec-
tion, the mice were anesthetized with 1.5%-2.0% isoflurane
(Baxter Healthcare) at 2 mL/min in oxygen, and SPECT/CT data
were collected for 20 min in the head region.

Autoradiography and Hematoxylin and Eosin Staining

Twenty-four hours after intratumoral injection of '3'1-PARPi or
olaparib/!3'I-PARPi in U251 MG subcutaneous xenograft-bearing
mice, mice were sacrificed and tumors were harvested. The col-
lected organs were embedded in Tissue-Tek O.C.T. compound
(Sakura Finetek), flash-frozen in liquid nitrogen, and cut into 20-
pwm sections using a Vibratome UltraPro 5000 Cryostat (Vibra-
tome). A storage phosphor autoradiography plate (BAS-MS2325;
Fiji Photo Film) was exposed to the tissue slices overnight at —20°C and
read the following day. Relative count intensity of the sections in each
image was quantified using ImageJ 1.47u processing software (NIH).
Tumor-to-muscle and brain-to-muscle ratios were calculated using Prism
6.0c (GraphPad Software). Sections were subsequently subjected to
hematoxylin and eosin staining for morphologic evaluation of tissue
pathology.

PET/CT Imaging

Small-animal PET imaging data were recorded on a Focus 120
MicroPET (Concorde Microsystems) and reconstructed using
AsiPro VM MicroPET Analysis software (Siemens Medical Solutions).
I8F-PARPi (5.55 MBq, 35.89 * 15.17 GBg/pmol in 300 pL, 10%
EtOH in 0.9% sterile saline) alone or following an intratumoral in-
jection of '27I-PARPi (10 pg, 16.5 pmol, 20 wL, 30% PEG300/70%
NaCl 0.9% 6 h before '8F-PARPi injection) was injected into U251
MG tumor-bearing mice (n = 3) via the tail vein. At 2 h after
injection, the mice were anesthetized with 1.5%-2.0% isoflurane
(Baxter Healthcare) at 2 mL/min in oxygen, and PET/CT imaging
was performed over 15 min. Images were analyzed using AsiPro VM
software (Concorde Microsystems). Then, mice were sacrificed and key
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organs harvested for quantification and autoradiography/hematoxylin
and eosin staining.

Ex Vivo Biodistribution and Dosimetry (Subcutaneous
Model)

Biodistribution studies were performed in subcutaneous U251
MG xenograft—bearing athymic nude mice (n = 44, 11 randomized
cohorts, 4 mice per cohort). Mice were divided into 2 groups
(blocked and unblocked), and 3'I-PARPi (0.56 MBq, 1.5 GBg/
pmol in 20 pL, 30% PEG300 in 0.9% sterile saline) was adminis-
tered intratumorally. The blocked group was preinjected 30 min
before '3'I-PARPi with olaparib (8.15 pg, 18 nmol in 100 pL,
30% PEG300/70% NaCl 0.9%). Mice were sacrificed by CO, asphyxia-
tion at 1, 3, 6, 12, 24, 48, 72, and 96 h after injection (for 3'I-PARPi—only
groups) and at 1, 6, and 24 h after injections (for blocking experiments
groups), and major organs were collected, weighed, and counted in a
WIZARD? automatic y-counter (PerkinElmer). The '3'I-PARPi up-
take was expressed as a percentage of injected dose per gram (%ID/
g) using the following formula: [(activity in the target organ/g of
tissue)/injected dose] x 100% (Supplemental Figs. 5 and 6; sup-
plemental materials are available at http://jnm.snmjournals.org). The
average of the 4 organ specimens from each time point was fitted to a
biexponential function. The best fit for most organs comprised a 2-
phase exponential clearance model. For 2 organs (the thyroid and
large intestine), there was measured uptake over the first 12 h, and
therefore these organs were fitted to an uptake and clearance expo-
nential model. Cumulative uptake was calculated from the areas under
the tumor uptake curves. Absorbed doses to tumor and all normal organs
were estimated assuming absorbed fractions of 1 for the B-emissions of
1317 and 0 for the penetrating photon emissions and using an equilibrium
dose constant of 0.111 g Gy/MBq h (0.405 g cGy/nCi h). The ratio of
tumor to normal organ dose exceeded 20 for all organs except the thyroid
(Supplemental Fig. 4). The high dose to the thyroid gland was a likely
consequence of the deiodination followed by uptake and then slow clear-
ance (evidence of trapping in the thyroid tissue) (Supplemental Fig. 7).

Bioluminescence

Bioluminescence studies were performed in subcutaneous U87-
p53 xenograft-bearing mice (n = 8, 4 mice per cohort). Mice were
divided into 2 groups (treated and untreated). For treatment, mice
were administered '3'I-PARPi (14.8 MBq, 1.5 = 0.3 GBg/umol in
20 nL, 30% PEG300 in 0.9% sterile saline) intratumorally. The un-
treated group received an intratumoral injection of a 30% PEG300
solution in 0.9% sterile saline (20 pL). Imaging was performed on an
IVIS Spectrum preclinical in vivo imaging system from PerkinElmer
the day before treatment (baseline) and on day 0, 1, and 2 after
treatment. For detection of the constitutively expressed SFG-Tur-
quoise/rsRluc reporter, mice were given a retroorbital injection of
10 pg of coelenterazine h ((2-(4-dehydroxy)coelenterazine from
Biotium) dissolved in 5% ethanol in 0.9% sterile saline solution
and imaged within 22 s of injections. For detection of p53 activation
(Cis-p53/tdTomato-CBRluc-Neo), mice were imaged 20 min after an
intraperitoneal injection of 2 mg of luciferin/100 pL of sterile 0.9%
NaCl solution.

Therapeutic Efficacy

Therapeutic efficacy studies were performed in subcutaneous U87-p53
xenograft-bearing mice (n = 29, 3 randomized groups, 9-10 mice per
cohort). Mice were divided into 3 cohorts (vehicle, nonradioactive/cold
1271-PARP], and 3 X 14.8 MBq of '3'I-PARPi). The cold group received
mass equivalent doses (6 pg) of '?7I-PARPi. Vehicle, '*’I-PARPi, and
3 x BI-PARPi were administered on day 0, 3, and 6 via intratumoral
injections. Body weights were recorded every Monday, Wednesday, and
Friday until tumor burden exceeded the endpoint of 800 mm.
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Additional supporting tables and figures can be found in the supple-
mental materials. All animal experiments were performed in accor-
dance with protocols approved by the Institutional Animal Care and
Use Committee and followed the National Institutes of Health guidelines
for animal welfare.

Orthotopic CED Model

Mice received intracranial injections of U87-p53 cells (5 X 10* cells
in 1.5 pL of PBS). After 3 wk, bioluminescence imaging was used
to determine presence of tumor. Then, we surgically implanted an
ALZET Osmotic Pump into the mice, which slowly delivered an in-
fusion into the brain using the same coordinates as for the tumor cell
injection. Both healthy and diseased mice received an ALZET Os-
motic Pump (Model 1003D) with Brain Infusion Kit 3 containing '3'I-
PARPi (40.7 £ 11.1 MBq in 101 = 8 pL 30% PEG300/70% NaCl
0.9%). Pumps were weighed before and after filling to calculate added
volume, as per the manufacturer’s instruction. After filling pumps
and assembling catheter and cannula, infusion kits were incubated in
0.9 % saline at 37°C overnight to ensure flow was initiated (1.0 pL/h
[£0.15 pnL/h]) and air bubbles were removed. Immediately before im-
plantation, pumps were measured in dose calibrators to measure ac-
tivity in pumps at time of surgery. SPECT/CT images were acquired 1
h after surgery and again at 12 h. Mice were imaged every 24 h for
6 days. After the fifth day, the pumps were surgically removed, and the
remaining dose was measured in dose calibrators to ensure payload
had been delivered. The image volumes were segmented using a com-
bination of manual and semiautomatic segmentation techniques in 3D
Slicer, version 4.6 (www.slicer.org) for quantification of absolute ac-
tivity in different organs at each time point. The presence of activity
levels above background in the SPECT images was not observed
except in the brain/tumor and the osmotic pump.

Dosimetry (CED)

Source/Target Definition. The popular Digimouse atlas (20) was
used as a digital phantom for dosimetry calculations. The atlas was
adapted in the open-source 3-dimensional modeling software Blender
to incorporate models of the osmotic pump, tumor, and thyroid tissues.
The adapted model was tetrahedralized via the Delaunay method in
the mesh generation software Tetgen to construct a 3-dimensional
finite element mesh suitable for implementation in the Particle and
Heavy Ion Transport Simulation (PHITS) Monte Carlo code (21).
Material attributes for each region were assigned as soft tissue, lung,
or bone using standard International Commission on Radiological
Protection reference data for atomic composition and density (www.
physics.nist.gov).

Calculation of Injected Activity. The rate of injection of 13T activity
into the tumor is:

dA;

dt

dA
- d_tp — A, Eq. 1
where, A; = injected activity (nCi), A, = activity in pump (wCi),
\ = radioactive decay constant (h~!), and = time after implantation
(h). Given A, = Ay at t = 0, the cumulative injected activity is obtained
following solution of Equation 1 using an integrating factor or trans-
form methods:

3
A=Ay — JApdf - Ap Eq. 2
0

where, Ao = initially implanted activity (uCi). Ag was determined
by measuring the activity present in the pump in a dose calibrator
immediately prior to implantation. A, at different time points was
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determined from SPECT imaging volume-of-interest analysis. The
resulting time—activity curve was fit as a 1-phase exponential decay;
the fitted curve was then implemented for calculation of the injected
activity via Equation 2 (Supplemental Fig. 10E).

Monte Carlo Simulation. PHITS was used to generate decay events in
each source via rejection sampling; betas and photons were simulated
using a spectrum of beta energies obtained from the RADAR database
(www.doseinfo-radar.com) for 3'I, gamma and x-ray spectra were
obtained from the International Atomic Energy Agency Nuclear Data
Center (www-nds.iaea.org), and a 3-keV energy cutoff was used. The
activity in each source tissue is assumed to be distributed uniformly and
is assigned a random initial direction vector. Total events (1-5 X 10°)
were simulated, resulting in less than 10% relative error in energy deposit
in relevant target tissues. Absorbed doses were output either in units of
Gy or normalized to the injected activity calculated using Equation 2
(Gy/uCi). Three-dimensional dose maps were rendered in Paraview
(Sandia National Laboratory, Kitware Inc., Los Alamos National
Laboratory).

RESULTS

Synthesis, Specificity, and In Vitro Performance of
131)-PARPiI

Several research groups have synthesized PARP-targeted radio-
tracers in the past; some of which were attached to radioiodine
(14,22-24). We showed that one of these tracers, '3!I-PARPi (14),
has a high affinity with a concentration at which 50% of binding
has been inhibited (ICs() in the nanomolar range (11 = 3 nM) and
a logPcyy of 2.3. BI-PARPi was synthesized with a final molar
activity of 1.5 GBg/nmol. Radiochemical purity was 99.1% =
0.9% for all prepared compounds. Pharmacologically, 3'1-PARPi
behaves in a manner similar to the Food and Drug Administration—
approved PARP inhibitor olaparib (Fig. 1; Supplemental Fig. 1;
(25)). We tested the inhibitory activity of 127I-PARPi on a panel of
12 PARP enzymes, including tankyrase 1 and tankyrase 2 (Fig.
1B). We found near-perfect overlap with literature-known val-
ues for 8F-PARPi, PARPi-FL, and olaparib at 100 nM (72).
ISF_PARPi is a PARP-targeted PET imaging agent with an ICs
of 3 nM (Supplemental Fig. 1) (/8). PARPi-FL is a fluorescent

PARP inhibitor with an ICsy value of 12.2 = 1.1 (I7). The 2
dominant targets for '?7I-PARPi were found to be PARP-1 and
PARP-2, just as for '8F-PARPi, PARPi-FL, and olaparib (26).

The in vitro binding specificity and internalization of !3'I-PARPi
was shown by incubating U251-MG cells with 13'I-PARPi in the
presence and absence of 150 pwL of 6.67 wg/WwL olaparib solution
suspended in 25 pL of DMSO, 25 pL of polyethylene glycol
(PEG), and 100 L saline (Fig. 1C). In both cases, binding reached
a plateau at approximately 50 min and was 10-fold higher in cells
exposed to only '3!'[-PARPi than in cells coincubated with olaparib.
Additionally, we showed that the radiotherapeutic binds to its
intended target within the nucleus by incubating U251-MG cells
with serial dilutions of its nonradioactive counterpart, >’I-PARPi,
in the presence of 0.5 wM PARPi-FL. Overall, uptake of PARPi-FL
retained in the nucleus at a concentration of 0.5 wM could be
suppressed by addition of a 20-fold excess of '2’I-PARPi (Sup-
plemental Fig. 2B).

Intratumoral Injection and Tissue Perfusion of '3'|-PARPi
Intratumoral injections were implemented with a clinical CED
model in mind, as well as for the favorable biodistribution (Fig. 2).
To determine how intratumorally injected '3'[-PARPi/!?’I-PARPi
distributes throughout a tumor, we designed an in vivo competitive
binding specificity experiment with '8F-PARPI, a previously de-
scribed PET imaging agent for PARP-1. One cohort of animals
was intratumorally injected with '?7I-PARPi, followed by !3F-
PARPi 30 min later. The second cohort was injected with !8F-
PARPi only (Fig. 2A). We found that intratumoral injection of
127]-PARPi suppressed uptake of '3F-PARPi, indicating that the
small molecule occupies '8F-PARPi binding sites (Figs. 2B and
2C), similar to what we showed in '8F-PARPi/olaparib blocking
experiments previously (/8). Ex vivo quantification at 1 h after
injection of '8F-PARPi demonstrated that uptake dropped by 1.7
+ 0.1 %ID/g (1.9 = 0.3 and 0.18 = 0.07 %ID/g, P < 0.0001)
between mice without and with intratumoral injection of '271-
PARPi (Fig. 2C). When replicated with olaparib and '3'I-PARPi,
brain uptake was low between mice without and with intravenous
injection of olaparib (0.056 = 0.020 and
0.061 = 0.026 %ID/g, respectively) (Sup-
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plemental Figs. 3 and 4). Using autoradi-
ography, we found heterogeneity in the
intratumoral distribution of !3![-PARPi
(Supplemental Fig. 5A). Overall quantifi-
cation, however, corroborated the !SF-
PARPi PET experiments (Fig. 2), and ratios
between animals receiving only !3'I-PARPi
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versus animals receiving a preinjection of
olaparib were 7.8 (144.3 = 32.7 AU and
18.5 = 1.2 AU, P < 0.0001 for mice with-
out and with preinjection of olaparib) (Sup-
plemental Fig. 5B).
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FIGURE 1.

olaparib.
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(A) In vitro studies of PARP inhibitors. Structure of 3'I-PARPi (74). (B) Heat map of
binding characteristics of synthetic inhibitors (at 100 nM) to PARP family enzymes in percentage
enzyme inhibition. (C) Cellular uptake of '3'I-PARPi alone and blocked with mass excess dose of

ing the targeted biomarker. To simulate this
setting, we tested retention of '3'I-PARPi in
2 cohorts of U251-MG subcutaneous xe-
nografts. In 1 cohort, PARP was made unable
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FIGURE 2. '3'|-PARPI binding specificity. (A) Experimental outline

of immuno-PET/CT imaging after injection of nonradioactive version
of 131|-PARPI (1271-PARPI). (B) '"8F-PARPi PET tracer injected intra-
venously 30 min before intratumoral injection of 27I-PARPi. PET scan of
mice 2 h after receiving '8F-PARPi with and without '27I-PARPi before
injection. (C) Ex vivo biodistribution of '8F-PARPi 1 h after injection in
selected tissue. ****P < 0.0001. Error bars represent SD.

to retain the radiotherapeutic through intravenous preinjection of
olaparib. NanoSPECT/CT showed that at 6 h after intratumoral in-
jection of BU-PARPi (11.1 MBg, 20 pL, 30% PEG/0.9% NaCl
solution), the radiotherapeutic was retained in tumors not previ-
ously injected with olaparib, whereas it had almost completely
cleared from the blocked group (Fig. 3A). This observation was
further corroborated by biodistribution experiments with end-
points (each time point n = 4) between 0 and 96 h after in-
jection (Figs. 3B and 3C; Supplemental Figs. 3, 4, and 6). On
the basis of these data, we calculated the activity and dose
retained in different tissues (Supplemental Fig. 7). Intuitively,
the highest dose was delivered to tumor tissue, with a calculated
absorbed dose of 134.1 cGy/MBq. This was followed by the thy-
roid (68.6 cGy/MBq), which metabolizes and stores iodine
(Supplemental Fig. 6; (27)). Besides PARP expression in the
thyroid, storage of metabolized iodine is likely one reason for
this comparatively high calculated dose. This is supported by the
finding that in this setting, physical decay was observed as the
only mode of clearance. However, moving forward, thyroid uptake

1230 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 59 e

can efficiently be blocked by administration of nonradioactive
iodide (28).

Bioluminescence and p53 Response

We designed and transduced a reporter cell line responding to p53
activation, a marker of cell death and radiation damage. The cells
coexpress p53/luciferase, together with constitutively expressing SFG-
Turquoise/rsRluc. These bioluminescent reporters allow p53 expres-
sion to be imaged after injection of luciferase, and cell density to be
imaged after injection of coelenterazine. Using this setup, we used
bioluminescence imaging to determine pS3 expression in relation to
cell density (29). To use this experimental setup for testing whether
I3IL_PARPi retention is sufficient for inducing cell death, mice bearing
subcutaneous transfected U87-pS3 xenografts were injected with
16.3 = 1.5 MBq of 3'I-PARPi or vehicle (Supplemental Fig. 8). Dual
reporter bioluminescence was measured 1 d before, on the day of, and
24 and 48 h after '3'I-PARPi injection. For the control groups, no
statistical differences were observed for any time points, suggesting
that vehicle alone did not induce cell death (Supplemental Fig. 8). For
mice injected with 311-PARPi, however, a statistically significant in-
crease in p53 signal was observed 24 h after administration of '3!1-
PARPi, which persisted at 48 h after injection (P < 0.005 after 24 h
and P < 0.05 after 48 h when compared with day 0).

Therapeutic Efficacy of 131I-PARPi in Mouse Model
of Glioblastoma

We next sought to determine the therapeutic efficacy of '3'I-
PARPiI in a subcutaneous xenograft model of transduced U87-p53.
For this purpose, tumor-bearing mice were randomly assigned to 3
different cohorts (n = 9-10 per cohort): vehicle (30% PEG-300/
PBS), nonradioactive '2’I-PARPi (5.9 pg, 9.9 nmol), or fraction-
ated doses of 3'I-PARPi (3 x 14.8 MBq, 3 x 9.9 nmol). For the
fractionated-dose cohort, vehicle and cold '>I-PARPi intratu-
moral injections were performed on days 0, 3, and 6. Body
weights and tumor volumes were recorded 3 times per week for
the length of the study (Supplemental Fig. 9B); neither cohort
experienced statistically significant weight loss, confirming that
the administered activity did not lead to systemic toxicity (Sup-
plemental Fig. 9B). We performed 2-sample ¢ tests to compare
tumor growth curves under dependent right censoring to account
for sacrifices due to ethical guidelines and applied a correction for
the multiple pairwise group comparisons (Supplemental Fig. 9D)
(30). No statistical difference of tumor volume was observed be-
tween the vehicle cohort and the '?’I-PARPi cohort. The fraction-
ated-dose treatment led to a statistically significant reduction in
tumor volume compared with the vehicle group (P < 0.005). This
is also reflected in the tumor growth rates, which were not differ-
ent at the beginning of the study (week 0) but showed reduced
growth rates in the 2 radiotherapy groups at week 2 compared with
the control group (Fig. 4A). When comparing survival of mice,
statistical significance was found for the treatment group versus
the vehicle (P < 0.005). No statistical difference was found be-
tween the vehicle group and cold '*I-PARPi. Mice receiving
fractionated doses had the longest median survival (29 d). Median
survival for the PBS group and cold '?’I-PARPi group was 22 and
20 d, respectively (Fig. 4B).

Orthotopic Model

Simulating a potential clinical treatment scenario, we tested the
delivery of 3'I-PARPi in an orthotopic U87-p53 mouse model of
glioblastoma paired with an implantable osmotic pump and
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DISCUSSION

There is a critical need for more and
better therapeutic options for patients with
glioblastoma. The past few decades have
seen only modest improvements in treatment

FIGURE 3.

jection of mass excess olaparib (n = 4 per time point).

cannula (Fig. 5A). The osmotic pump mimicked slow, CED-type
delivery of our radiotherapeutic, and we compared the retention of
3II-PARPi in tumor-bearing versus healthy mice (Supplemental
Fig. 10). On the basis of calculations of the administered dose from
SPECT-derived pump activity concentrations versus time, it was
shown that administration of 30.7 MBq (49.2 MBq initially implanted)
resulted in the highest doses in the brain/tumor itself (30.1622 =
0.1946 cGy/MBq ID), induced overwhelmingly by tumor-bound
BIL.PARPi (27.4405 = 0.03784 c¢Gy/MBq ID) versus photon dose
from the pump contents (2.0768 = 0.100 cGy/MBq ID; Supplemen-
tal Fig. 5). Other organs, affected primarily by y-radiation from
the pump contents, received comparatively small doses (Fig. 5B).
Only the left lung, which was in direct proximity to the osmotic
pump activity reservoir, received a somewhat elevated dose

In vivo binding, biodistribution, and pharmacokinetics. (A) SPECT/CT images of
subcutaneously U87-p53-xenografted mice intratumorally injected with (11.1 MBq) '3'I-PARPiI
at time of injection and 6 h after injection. (B) Blocked mice received a systemic blocking dose of
Olaparib 1 h before '3'I-PARPI. 31I-PARPi (14.8 MBq) biodistribution in key organs after intra-
tumoral injection at 1, 6, and 24 h (n = 4 per time point). (C) '3'I-PARPI biodistribution in key
organs at 1, 6, and 24 h postintratumoral injection after systemic blocking via intravenous in-

outcomes (37). Both PARP inhibition therapy
and targeted radionuclide therapy are 2 new
treatment approaches that have indepen-
dently gained widespread attention; both
types of therapy have led to clinical trials,
which are currently ongoing (32). Here,
we fuse these 2 approaches and use PARP
as a target for a newly developed targeted
radiotherapeutic. In this study, we sought to demonstrate a CED
approach to delivering the radiotherapeutic molecule '3!'I-PARPi
in orthotopic glioblastoma models.

In vitro and in vivo studies have shown that '3'[-PARPi is a
potent PARP inhibitor, and that introduction of radioiodine did
not perturb binding specificity. This was also confirmed in a 12-
member cross-family binding assay showing that '3'I-PARPi pos-
sesses a binding profile akin to olaparib and other olaparib-based
imaging agents (Fig. 1). PET imaging with '8F-PARPi demonstrated
that intratumoral administration of the cold iodinated analog '*7I-
PARPi perfused efficiently throughout the tumor (Fig. 2), confirming
that the tissue permeability of the small molecule is high, similar to
what we found for PARPi-FL (33). We also measured the pharmaco-
kinetics of the compound when administered intratumorally and
observed strong retention of activity in the
tumor if PARP is available, but only very

little when PARP binding sites have been
saturated with olaparib. Intuitively, the de-
posited dose is a function of the small
molecule’s tissue half-life, and the differ-
ence between the 2 is a function of target
selectivity (Fig. 3). These data were used
in dosimetric analysis, which showed that
the tumor received 134.1 cGy/MBq while

the major clearance organs, the thyroid
and liver, received doses of 68.4 and 6.2
cGy/MBq, respectively. Using a fluores-

cently transfected cell line capable of
reporting pS3 activation, we saw a statis-
ns tically significant increase in p53 activa-
tion in subcutaneous mouse models
treated with !3'I-PARPi (Supplemental
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FIGURE 4. In vivo therapeutic effect of 131I-PARPi therapy in subcutaneous mouse model. (A)

Difference of tumor growth percentage at beginning of study and at 2 wk. (B) Kaplan—Meier plot
and table of treatment groups with median survival. Nonparametric Student t test was used to
calculate statistics for A. *P < 0.05. Error bars represent SD. P values were calculated by Mantel-

Cox test for B, P = 0.0001.
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Fig. 7). This activation serves as a marker
of radiation damage to cells, further veri-
fying the therapeutic potential of 13'1-
PARPi. We then conducted a survival study
with the subcutaneous mouse model that
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FIGURE 5. In vivo CED in orthotopic glioblastoma mouse model. (A) Three-dimensional Kossatz), the National Science Foundation

model of orthotopic glioblastoma mouse model with CED-mimicking osmotic pump. (B)
SPECT/CT of orthotopic U87-p53 tumors during osmotic pump treatment of '3'I-PARPi at
72 h. (C) Calculated absorbed dose to brain* during treatment. *Brain and tumor have been
considered together as a single organ in organ-level dose calculation.

showed a significant reduction in tumor growth and improvement in
median survival when '3!'I-PARPi was administered intratumorally
as either a single dose of 14.8 MBq or as a fractionated dose of 3 x
14.8 MBq (Fig. 4). Low toxicity, as a function of the mouse’s body
weight, was observed throughout this study.

I3I-PARPi represents a theranostic pair in itself, insofar as it
might be used for SPECT imaging when delivered systemically
in addition to its therapeutic function when delivered intratu-
morally. However, in addition to SPECT, the '8F-labeled analog
I8F-PARPi (/8) can be used for PET imaging, which may be
more suitable for patient stratification and treatment monitor-
ing. Additionally, the fluorescently labeled analog PARPi-FL
(16) might be used for fluorescence-guided resections.

A likely clinical scenario of '3!'I-PARPi treatment involves the
radiotherapeutics’ administration as a CED agent, similar to what
has been shown previously for antibodies (7). 1> I-PARPi has struc-
tural similarity to olaparib, which features a cyclopropamide instead
of the 13!I-labeled meta-iodobenzamide. Olaparib is a substrate of
phosphatidylglycerolphosphate synthase 1, a multidrug efflux trans-
porter (34,35). PGP might therefore be important in mediating '3'1-
PARPi uptake in contrast-enhancing and non—contrast-enhancing
regions of the brain, affecting both uptake and clearance of drug,
but potentially also improving selective uptake. To mimic a poten-
tial clinical CED scenario, mice bearing orthotopic glioblastoma
xenografts were treated with '3'I-PARPi via implanted osmotic
pumps (Fig. 5). Uptake and retention of '3'[-PARPi in these mice
were high, as determined via periodic SPECT/CT measurement for
up to 6 d after implantation. Healthy mice showed no such reten-
tion. Dosimetry was calculated on the basis of the SPECT/CT data,
indicating that 9.1 Gy were delivered to the whole brain of a tumor-
bearing animal, whereas less than 1 Gy was delivered to a healthy
animal. This shows that CED delivers its radiotherapeutic dose in
such a way that PARP-overexpressing cells will retain the activity
while the drug is cleared quickly from healthy brain cells (7).

CONCLUSION

We have identified PARP-1 as a potential anchor for radiothera-
peutic PARP inhibitors in glioblastoma. We explored and validated the
pharmacokinetics and pharmacodynamics of 3!I-PARPi and showed
that animals treated with the radiotherapeutic have a survival benefit,
and healthy brain cells do not retain the radiotherapeutic. Future studies
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