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Abstract
Purpose Currently, there are multiple active clinical trials involving poly(ADP-ribose) polymerase (PARP)
inhibitors in the treatment of glioblastoma. The noninvasive quantification of baseline PARP expression
using positron emission tomography (PET) may provide prognostic information and lead to more precise
treatment. Due to the lack of brain-penetrant PARP imaging agents, the reliable and accurate in vivo
quantification of PARP in the brain remains elusive. Herein, we report the synthesis of a brain-penetrant
PARP PET tracer, (R)-2-(2-methyl-1-(methyl-11C)pyrrolidin-2-yl)-1H-benzo[d]imidazole-4-carboxamide
([11C]PyBic), and its preclinical evaluations in a syngeneic RG2 rat glioblastoma model and healthy
nonhuman primates.

Methods We synthesized [11C]PyBic using veliparib as the labeling precursor, performed dynamic PET
scans on RG2 tumor-bearing rats and calculated the distribution volume ratio (DVR) using simplified
reference region method 2 (SRTM2) with the contralateral nontumor brain region as the reference region.
We performed biodistribution studies, western blot, and immunostaining studies to validate the in vivo
PET quantification results. We characterized the brain kinetics and binding specificity of [11C]PyBic in
nonhuman primates on FOCUS220 scanner and calculated the volume of distribution (VT),
nondisplaceable volume of distribution (VND), and nondisplaceable binding potential (BPND) in selected
brain regions.

Results [11C]PyBic was synthesized efficiently in one step, with greater than 97% radiochemical and
chemical purity and molar activity of 148 ± 85 MBq/nmol (n = 6). [11C]PyBic demonstrated PARP-specific
binding in RG2 tumors, with 74% of tracer binding in tumors blocked by preinjected veliparib (i.v., 5
mg/kg). The in vivo PET imaging results were corroborated by ex vivo biodistribution, PARP1
immunohistochemistry and immunoblotting data. Furthermore, brain penetration of [11C]PyBic was
confirmed by quantitative monkey brain PET, which showed high specific uptake (BPND > 3) and low

nonspecific uptake (VND < 3 mL/cm3) in the monkey brain.

Conclusion [11C]PyBic is the first brain-penetrant PARP PET tracer validated in a rat glioblastoma model
and healthy nonhuman primates. The brain kinetics of [11C]PyBic are suitable for noninvasive
quantification of available PARP binding in the brain, which posits [11C]PyBic to have broad applications
in oncology and neuroimaging.

Introduction
The enzyme poly(ADP-ribose) polymerase-1 (PARP1) is one of 17 members in the PARP family and is
involved in the base excision repair (BER) pathway that regulates DNA single-strand break (SSB) repair1, 2.
PARP1 is the most abundant PARP member and accounts for 90% of the NAD + used by the PARP family
to catalyze poly(ADP-ribosylation) on proteins and oligonucleotides. DNA damage activates PARP1
towards addition with ADP-ribose, forming a polymeric, energy rich scaffold of poly(ADP-ribose) (PAR),
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which is an essential energy source in DNA SSB and BER. The process of DNA repair can be interrupted
by PARP inhibition, which leads to the accumulation of DNA SSBs and results in synthetic lethality in
cancer cells with BRCA1/2 mutations3. Thus, PARP inhibitors (PARPis) are actively pursued as treatments
for a variety of cancers, including ovarian, breast and brain tumors. To date, the FDA has approved four
PARPis for the treatment of ovarian cancer and breast cancer, i.e., olaparib (AZD2281), niraparib,
rucaparib and talazoparib.

Malignant gliomas are highly aggressive tumors with poor prognosis, among which glioblastoma (GBM)
is the most aggressive. Even with the intensive regimen of surgical removal followed by
radio/chemotherapy, the 5-year survival rate is only 5% for GBM patients4. The rapid infiltration of tumor
cells into surrounding tissues limits the complete surgical excision of GBM tumors. The complex
neurovascular physiology of the blood–brain barrier (BBB) and blood-tumor barrier (BTB) limits the
penetration and distribution of some therapeutic drugs5. The nature of tumor heterogeneity that
contributes to the development of resistance to therapies and the active efflux of small molecule drugs
are among the major challenges in finding a cure for malignant gliomas6, 7, 8.

PARP1 is overexpressed in GBM, and its levels positively correlated with tumor grades in gliomas, such as
proneural and classical GBM subtypes9. Thus, in vivo assessment of PARP1 expression levels could
assist in the identification of glioma subtypes and provide prognostic value in guiding treatment options.
However, there is currently no reported method to quantify PARP1 expression levels in the brain. PET
imaging allows for noninvasive whole-body quantification of protein expression and has been used to
delineate tumors10, provide functional information11, predict patient response to a targeted therapy,
assess therapeutic effects12, 13, 14, 15, 16, and provide a global and dynamic picture of the disease
biomarkers in primary tumors and metastatic sites17. Therefore, PET imaging with PARP1 radioligands
could allow for the in vivo quantification of PARP1 expression for patient stratification, assessing target
engagement by PARPis, and monitoring treatment effects. Great efforts have been devoted to developing
PARP PET imaging probes using the potent PARPis olaparib and rucaparib and, more recently, talazoparib
as the lead compounds, culminating in the translation of [18F]FTT and [18F]PARPi into human studies
(Fig. 1a)18, 19. However, veliparib has been essentially overlooked as a leading compound for PARP PET
tracer development, despite its more desirable characteristics for brain PET imaging, i.e., high brain
exposure, fast brain kinetics and less P-glycoprotein (P-gp) efflux from the brain20. As a therapeutic drug,
veliparib has been investigated extensively to treat non-small cell lung cancer, BRCA-mutated advanced
breast cancer and ovarian cancer21 22 23 24. In fact, some of the current PARP PET tracers have been
investigated as PET imaging agents in gliomas but suffer from limited brain penetration and liability to
efflux by transporter proteins25, 26. Using veliparib as the lead, we performed computational analysis,
identified and synthesized an N-11C-methylated veliparib derivative, (R)-2-(2-methyl-1-(methyl-
11C)pyrrolidin-2-yl)-1H-benzo[d]imidazole-4-carboxamide ([11C]PyBic), based on its predicted desirable
physicochemical properties as a brain penetrant PET tracer, and evaluated its potential to image and
quantify PARP in GBM and healthy brains. Specifically, we tested the in vivo specific binding signals of
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[11C]PyBic in a rodent GBM model through baseline and blocking studies. Ex vivo metabolite analysis
showed no substantive radiometabolites in healthy rat brains. PET imaging results were corroborated by
ex vivo biodistribution of [11C]PyBic, western blotting and immunohistochemical staining of PARP1 in
selected brain regions and the implanted tumors. Furthermore, we confirmed the BBB penetration of
[11C]PyBic using quantitative nonhuman primate (NHP) brain PET imaging20, 27, 28. Blocking studies with
the structurally analogous veliparib and the structurally distinctive PARPi BGB290 (Pamiparib)29

confirmed PARP-specific tracer uptake in NHP brains.

Materials And Methods
Chemicals

All reagents and solvents were purchased from commercial sources (Sigma-Aldrich, VWR, and Fisher
Scientific) and used without further purification. The tritium-labeled PyBic, [3H]PyBic, was purchased from
Novandi Cehmistry AB (Sweden) as an ethanol solution (37 MBq/mL) with a chemical and radiochemical
purity of 99% and a molar activity of 3.0 TBq/mmol (NC064-04-1). 1H NMR spectra were recorded on an
Agilent 400 or 600 MHz spectrometer with tetramethylsilane as an internal standard. All chemical shifts
(δ) were reported in parts per million (ppm) downfield relative to the chemical shift of tetramethylsilane.
Signals were quoted as s (singlet), d (doublet), dt (double triplets), t (triplet), q (quartet), or m (multiplet).
High-resolution mass spectra (HRMS) were obtained and recorded on a Thermo Scientific LTQ Orbitrap
XL Elite system. The P-gp efflux assay was performed by Eurofins (MO, U.S. using a Caco-2 cell
monolayer at pH 7.4.

Computational study

Docking calculations were performed using the PARP1 cocrystallized structure of olaparib with PDB code
5DS3. The protein binding site was prepared using the protein preparation wizard (Schrodinger, New York)
in Maestro. For better accuracy, water and heteroatoms >5 Å from the active site region were removed.
The ligands were listed with tautomers and stereoisomers for the study; furthermore, geometry-optimized
ligands were prepared using LigPrep wizard (Schrodinger, New York). For the docking calculations,
standard-precision (SP, Schrodinger, New York) was specified for preliminary calculations, and the extra-
precision (XP, Schrodinger, New York) mode was specified for the final calculations. The results were
obtained from the top 70 poses obtained from Glide. Furthermore, the blood brain barrier relevant
parameters, such as MDCK permeability, PSA, and logS, were also calculated based on the QikProp
predictions (Schrodinger, New York).

Synthesis of precursor and reference standard for [11C]PyBic

Tert-butyl (R)-2-(4-carbamoyl-1H-benzo[d]imidazol-2-yl)-2-methylpyrrolidine-1-carboxylate (3)

To a mixture of 2-methylimidazole (1 mmol, 1 equiv) and CDI (1.05 mmol, 1.05 equiv) was added a
solution of (R)-1-(tert-butoxycarbonyl)-2-methylpyrrolidine-2- carboxylic acid (1, 1 mmol, 1 equiv) in NMP
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(1.5 mL). Consumption of the carboxylic acid derivative was monitored using TLC over 2 h. 3-
Carbamoylbenzene-1,2-diaminium chloride (2, 1 mmol, 1.0 equiv) was then added to the reaction mixture.
The resultant solution was stirred at 90 °C for 12 h. Anhydrous sodium acetate (2.2 mmol, 2.2 equiv) and
glacial acetic acid (2.2 mmol, 2.2 equiv) were added to the reaction mixture. The mixture was refluxed for
8 hr. The mixture was cooled to room temperature, poured into brine, and extracted with ethyl acetate (3 x
20 mL). The combined organic extracts were concentrated to a residue and purified by flash
chromatography to obtain 3 (185 mg, 54% yield) as a colorless solid. 1H NMR (400 MHz, MeOH-D4): δ
7.90 (dd, J = 8.0, 1.0 Hz, 1H), 7.63 (d, J = 8 Hz, 1H), 7.32 - 7.27 (m, 1H), 3.81 – 3.74 (m, 1H), 3.65−3.59 (m,
1H), 2.33 – 2.16 (m, 2H), 2.08 – 1.96 (m, 2H), 1.89 (s, 3H), 1.41 (s, 3H), 1.00 (s, 6H); 13C-NMR (100 MHz,
MeOH-D4): δ 169.0, 160.6, 154.1, 141.0, 134.8, 122.4, 121.6, 120.9, 114.7, 79.1, 42.5, 27.3, 26.7, 22.5, 22.0.

(R)-2-(2-Methylpyrrolidin-2-yl)-1H-benzo[d]imidazole-4-carboxamide (4)

Compound 3 (172 mg, 0.5 mmol, 1 equiv) was added to isopropyl alcohol (3 mL). The mixture was stirred
while heating at 65 °C until the compound was dissolved. Concentrated hydrochloric acid (200 µL, 0.25
mmol, 5 equiv) was added to this solution. The temperature was raised to 80 °C and maintained for 4 h.
The mixture was then allowed to cool to room temperature. The precipitate formed was isolated, washed
with i-PrOH (2 mL) and further dried in a vacuum oven at 50 °C to obtain 4 (70 mg, 40% yield) as a yellow
solid. 1H NMR (400 MHz, MeOH-D4) 7.90 (dd, J = 8.0, 1.0 Hz, 1H), 7.63 (d, J = 8 Hz, 1H), 7.32 - 7.27 (m,
1H), 3.68−3.53 (m, 2H), 2.61 – 2.54 (m, 1H), 2.42−2.23 (m, 2H), 2.13−2.03 (m, 2H), 1.93 (s, 3H).

(R)-2-(1,2-dimethylpyrrolidin-2-yl)-1H-benzo[d]imidazole-4-carboxamide (5).

K2CO3 (2.5 equiv) and MeI (1.1 equiv) were added to a 50 mL flask to a solution containing 4 (30 mg) and
DMF (1 mL). The reaction mixture was stirred at 100 °C for 12 h. The mixture was then allowed to cool to
room temperature, poured into water (10 mL) and extracted with ethyl acetate (3 x 5 mL). The combined
organic portions containing 3 were concentrated to a residue. The residue was further purified using silica
gel column chromatography to afford 5 (11 mg, 56% yield) as a colorless solid. 1H NMR (400 MHz,
MeOH-D4) 7.87 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 8 Hz, 1H), 7.28 (t, d = 8.0 Hz, 1H), 3.09 − 3.03 (m, 1H), 2.87

– 2.82 (m, 1H), 2.39−2.32 (m, 1H), 2.24 (s, 3H), 2.07 – 1.93 (m, 3H), 1.58 (s, 3H); 13C-NMR (100 MHz,
MeOH-D4) 169.2, 161.8, 159.7, 122.2, 121.4, 118.2, 115.3, 63.2, 53.3, 39.98, 34.2, 21.4, 17.5. HRMS (ESI)
m/z calculated for C14H19N4O [M+H]: 259.1559. Found: 259.1537.

Radiochemistry

Solid-phase extraction (SPE) Sep-Pak cartridges were purchased from Waters Associates (Milford, MA,
USA). The HPLC system used for purification of crude product included a Shimadzu LC-20A pump, a
Knauer K200 UV detector, and a Bioscan γ-flow detector, with a Luna C18(2) semipreparative column. The
HPLC system used for quality control tests was composed of a Shimadzu LC-20A pump, a Shimadzu
SPD-M20A PDA or SPD-20A UV detector, and a Bioscan γ-flow detector, with a Gemini NX column eluting
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with a mobile phase of 20% CH3CN and 80% 0.1% triethyl amine (TEA) buffer solution (pH 11.75) at a
flow rate of 2 mL/min.

[11C]CO2 was produced through the 14N(p,α)11C nuclear reaction by bombardment of a high pressure
target containing a mixture of nitrogen and oxygen (0.5%–1%) with a 16.8-MeV proton beam that was
produced by the PET Trace cyclotron (GE Healthcare) cyclotron. [11C]MeI was synthesized by the gas-
phase method from [11C]CO2 using the FXMeI module (GE Healthcare) by initially converting [11C]CO2 to

[11C]-methane, followed by the reaction of [11C]-methane with iodine at 720 °C to produce [11C]MeI.

Experimental procedure for the radiochemical synthesis of [11C]PyBic

After trapping [11C]MeI into a reaction vial containing K2CO3 (2.5 equiv.) and precursor 4 (1.5 mg) in DMF
(0.3 mL), the reaction mixture was heated at 100 °C for 10 min. Subsequently, the mixture was quenched
with 1.5 mL of 20 mM NH3(HCO3) buffer (pH = 8.8) and MeCN in an 80:20 (v/v) ratio as the HPLC eluent.
The mixture was eluted with the HPLC mobile phase at a flow rate of 5 mL/min. The product portion was
collected using a semiPrep-HPLC setup using a Phenomenex Luna C-18 HPLC column (10 μm, 10 mm ×
250 mm) with a retention time of approximately 20 min. The product, which was collected into 50 mL of
water, was then trapped on a C18 light SepPak cartridge (Waters). The cartridge was washed with 10 mL
of water. The cartridge was eluted with 1 mL of ethanol and 3 mL of saline, and the radioactive material
was finally collected in a dose vial precharged with 7 ml of saline and 8.4% USP sodium bicarbonate
solution.

Measurement of lipophilicity (log D7.4)

Log D7.4 was measured and calculated as the ratio of decay-corrected radioactivity concentrations in 1-
octanol and phosphate-buffered saline (PBS, pH = 7.4, Dulbecco). Six consecutive equilibrations of
[11C]PyBic in 1-octanol and phosphate-buffered saline (PBS, pH = 7.4, Dulbecco) were performed until a
constant value of log D7.4 was obtained.

Saturation binding assay using [3H]PyBic in rat hippocampus and NHP brain tissue

The saturation binding assay was performed at Gifford Bioscience (UK). The hippocampus was
dissected from the rat brain. The cerebellum, brain stem, frontal cortex, hippocampus, and occipital cortex
were dissected from the monkey brain. The dissected brain tissues were homogenized in ice-cold buffer
(50 mM Tris; 5 mM MgCl2; 5 mM EDTA; protease inhibitor cocktail). After a low-speed spin (100 x g) to
remove tissue pieces, the supernatant was transferred to a fresh tube and centrifuged at 17,000 x g for 10
minutes at 4 °C to pellet the membranes. The pellet was resuspended in fresh buffer and centrifuged a
second time. The pellet from the second spin was resuspended in buffer (50 mM Tris, 5 mM MgCl2, 0.1
mM EDTA) containing 10% sucrose as a cryoprotectant, divided into aliquots, frozen, and stored at -80 °C.
A sample of the washed membrane preparation was analyzed for protein content using the Pierce® BCA
assay.



Page 8/33

Radioligand binding assays were carried out in 96-well plates in a final volume of 250 µL per well. Then,
150 µL membrane, 50 µL cold compound in buffer (or buffer alone) and 50 µL radioligand in buffer were
added to each well. The plate was incubated at 30 °C for 90 minutes with gentle agitation. The incubation
was stopped by vacuum filtration onto presoaked (incubation buffer) GF/C filters using a 96-well
FilterMate™ harvester, followed by five washes with ice-cold wash buffer. Filters were then dried under a
warm air stream and sealed in polyethylene, a scintillation cocktail was added, and the radioactivity was
counted in a Wallac® TriLux 1450 MicroBeta counter. For each concentration of drug, nonspecific binding
was subtracted from total binding to give specific binding. Data were fitted using the nonlinear curve
fitting routines in Prism® (GraphPad Software Inc.) to determine Kd. and Bmax.

Animal model

All animal procedures were approved by the Yale University Institutional Animal Care and Use
Committee. The syngeneic orthotopic RG2 tumor model was established using male F344 rats (200-220
grams, 10-12 weeks old) following published protocols62. In short, RG2 cells (ATCC, Manassas, VA) were
grown under standard cell culture conditions in T-75 flasks. Cells (~10,000) were suspended in sterile
phosphate-buffered saline and injected into the striatum in the right hemisphere of Fischer 344 rats using
a Hamilton syringe and a stereotactic device (David Kopf Instruments, Tujunga, CA). RG2 tumor growth
was monitored by contrast-enhanced MR (CEMR) imaging at 10-14 days postimplantation of tumor cells.

MR imaging

RG2-bearing rats were scanned on an 11.7 T Magnex magnet (Magnex Scientific Ltd.) interfaced to a
Bruker Avance III HD spectrometer running on ParaVision 6 (Bruker Instruments). Rats were anesthetized
with isoflurane using a 70/30% N2O/O2 mixture as the carrier gas delivered via a nose cone. Animals
were positioned prone in a heated holder to maintain body temperature at 37°C. Before positioning in the
scanner, animals were injected subcutaneously with a bolus of 200 µL T1 contrast agent gadopentetate
dimeglumine (Magnevist®, Bayer). For MRI acquisition, a 20 mm 1H surface coil was used, positioned
directly above the animal’s head. After scout images were acquired to confirm positioning, T1-weighted
MR images were acquired using a multislice spin-echo pulse sequence with a repetition time of 1000 ms,
echo time of 6.4 ms, isotropic resolution of 250 µm and 4 averages.

After automatic contrast adjustment of the MR images, tumor segmentation was performed using an
intensity threshold and manual segmentation tools to outline the contrast-enhancing region in each slice
of the MR image stack, and the segmentation results were exported.

PET imaging experiments in glioblastoma rats

First, 4 RG2-bearing rats were randomly selected for a 0-90 min scan (baseline, n=2; blocking, n=2). Then,
5 other RG2-bearing rats underwent a 0-60 min scan (baseline, n=3; blocking, n=2) on FOCUS-220
scanners (Siemens Medical Solutions, Knoxville, TN, USA). [11C]PyBic (23 ± 6 MBq, 400  mL) was injected
intravenously in the tail vein for both baseline and blocking scans. For blocking studies, the blocking
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agent veliparib (ABT-888, 5 mg/kg) was administered IV 10 min prior to the radiotracer injection. The
blocking dose was prepared by dissolving 5 mg of veliparib in a solution of 1 mL of EtOH and saline in a
1:9 ratio. After the emission scan, a 9-min transmission scan was obtained for attenuation correction.

Images were reconstructed with the 3D ordered subset expectation maximization method (OSEM3D; 2
iterations, 16 subsets) with a maximum a posteriori algorithm (MAP; 25 iterations) with corrections for
decay, attenuation, scatter, normalization, and randoms. The 60- and 90-min dynamic scans were
reconstructed to 20 and 26 frames, respectively: 6x30 s, 1x45 s, 2x60 s, 1x90 s, 1x120 s, 1x210 s, and
10x300 s for 60-min scans or 15x300 s for 90-min scans.

An averaged PET image from 0 to 60 min for each measurement (mean of all frames) was coregistered
to the T2 weighted image in the Waxholm Space rat brain atlas63 with 6-degree-of-freedom linear
registration using an in-house manual registration tool. ROIs were extracted from the atlas, and regional
time-activity curves (TACs) were obtained by applying template ROIs to the PET images. Analysis
included the following ROIs: cerebellum, hippocampus, neocortex, thalamus, stratum, and brain stem
(BS). Tumor and contralateral nontumor ROIs were manually drawn on the individual 0-60/90 min
summed PET images by referring to each individual contrast-enhanced MRI.

Quantitative analysis for rodent PET

The simplified reference tissue model 2 (SRTM2) [18] was used to estimate the distribution volume ratio
(DVR) using the contralateral as a reference region. The first 60 min dynamic scan data were used in the
kinetic modeling analysis, generating similar DVR to using the 90 min dynamic scan data
(Supplementary Figure 3).

PET imaging in rhesus monkeys

Two rhesus monkeys (Macaca mulatta) were used in the study. For Monkey 1, a 120-min long dynamic
PET scan (one baseline and one blocking scan with veliparib) was carried out. For Monkey 2, a total of 2
baseline scans (test, retest), 2 blocking scans with veliparib (2.5 mg/kg) and BGB290 (0.5 mg/kg), and
one P-gp inhibitor tariquidar (1.4 mg/kg) were carried out on a FOCUS220 scanner.

PET imaging reconstruction was performed using similar procedures as described previously64. To define
the regions of interest (ROIs), MR images were acquired using a Siemens 3T Trio scanner and
coregistered to an inhouse-generated monkey brain atlas and the PET images. The PET emission data
were reconstructed using a Fourier rebinning and filtered back projection algorithm with a Shepp-Logan
filter. SUV TACs were generated for the brain stem, cerebellum, frontal cortex, occipital cortex and globus
pallidus.

Ex vivo biodistribution experiments

Seven RG2-bearing rats were used in the ex vivo biodistribution analysis. Briefly, [11C]PyBic (15.8 ± 5.0
MBq) were injected as a bolus in the presence (blocking, n=3) or absence of veliparib (baseline, n = 4, 5
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mg/kg, i.v.). Animals were euthanized at 60 min post injection of the radiotracer. Blood and preselected
organs, such as the olfactory, cerebellum, brain stem, tumor, muscle, spleen, kidney, liver, lung, and
hippocampus, were collected, weighed, and counted in an automatic Wizard γ counter
(PerkinElmer). Radioactivity concentrations were normalized against weight, decay-corrected, and
expressed as percentage of injected dose per gram tissue (%ID/g) or SUV.

Western blotting

Western blotting was performed on normal brain and tumor tissues from RG2 rats that were lysed in
protein lysis buffer (1% SDS, 10% glycerol, in 25 mM Tris-HCl, pH 6.8) supplemented with proteinase
inhibitors (cOmplete™, Cat# 11836170001, Sigma) and phosphatase inhibitors (PhosSTOP™, Cat #
4906845001, Sigma). Three micrograms of protein was separated using WES capillary electrophoresis
(ProteinSimple) and incubated with rabbit polyclonal anti-PARP1 antibody (Proteintech, Cat# 13371-1-AP)
in antibody dilution buffer provided with the WES machine. Compass software provided
by ProteinSimple was used to analyze the western blot results. The absolute chemiluminescent signal
values of the area under the specific peak curve generated by Compass were used to quantify the protein
expression level.

Immunohistochemistry

Sagittal-cut rat brains with RG2 tumors were paraffin-embedded and cut into 10-micron sections and
deparaffinized and rehydrated for immunohistochemistry staining of PARP1 using
the abovementioned antibody. Slides were blocked with 2% normal goat serum for 1 hour, incubated with
anti-PARP1 antibody (1:200) overnight at 4°C, and incubated with biotin-conjugated secondary antibody
for 1 hour, followed by streptavidin-horseradish peroxidase and substrate application according to the
manufacturer’s instructions (Vector Labs). Vectashield with DAPI was used for nuclear counterstaining,
and sections were scanned using Aperio AT2 at 20x with a minimum of 5 focus points verified prior to
automated scanning in Yale Pathology Tissue Services. Images were obtained using Aperio ImageScope
(v12.4.3.5008).

Metabolite analysis

Two different metabolite studies, first with tumor-bearing rats and later with a nonhuman primate, were
performed. The activity of the blood sample was measured. The plasma fraction was collected by
centrifugation of the blood. For rats, the plasma was mixed with a urea solution and further diluted with a
0.2 mL (80:20) mixture of ammonium formate aqueous solution (0.1 M) and MeCN and run under the
same solution as the mobile phase at 1 mL/min in a Gemini HPLC column (NX, 5m). For NHP plasma
metabolite analysis, the NHP plasma was diluted with an HPLC mobile phase comprising an 85:15 ratio
of ammonium formate aqueous solution (0.1 M) and MeCN and run in a Gemini NX column at a 1.2
mL/min flow rate.

Kinetic Modeling
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Volume of distribution (VT, mL·cm−3) values were derived through 1-tissue (1T) compartment, 2TCM, and

MA1 kinetic modeling as described before65. Nondisplaceable binding potential (BPND) values were
calculated from VT values based on the formula BPND = (VT − VND)/VND. Target occupancy and VND were
calculated using the Lassen plot.

Statistical analysis

Unpaired and two-sided Student t tests were performed using GraphPad Prism. All data are presented
as the mean ± SEM unless described otherwise. In vivo and in vitro experiments were repeated at
least 2 times/experiment with the “n” number detailed in the corresponding figure legends. Statistical
significance was defined as P < 0.05.

Results
Computational studies

We performed computational studies to analyze the physicochemical properties of PyBic in comparison
with veliparib. From the docking study, we found that the secondary interactions of PyBic with PARP1
were consistent with those of veliparib. Then, we calculated the physicochemical and pharmacological
parameters, i.e., LogP, MDCK permeability, PSA, LogS, and XP scores, to predict the brain permeability and
binding affinity of PyBic (Table 1)20, 27, 30. The calculated XP score (-7.866) was slightly higher than that
of veliparib (-7.976), which was consistent with their reported IC50 values (6 nM and 5.2 nM for PyBic and

veliparib, respectively)31, 32. With the extra methyl group, PyBic was predicted to possess higher
lipophilicity (LogP), lower polar surface area (PSA), and improved membrane permeability (MDCK
permeability) than veliparib. Furthermore, we removed a hydron bond donor by N-methylating pyrrolidine,
presumably reducing its liability to P-gp efflux33. The changes in physicochemical properties suggested
improved BBB penetration for PyBic over veliparib. Therefore, we decided to pursue radiolabeling and in
vitro and in vivo evaluations of PyBic as our lead brain-penetrant PARP PET tracer.

Chemistry and radiochemistry

We reasoned that [11C]PyBic could be obtained via a chemoselective N-methylation reaction using
[11C]MeI and veliparib as the labeling precursor. Veliparib (4) and the PyBic standard (5) were synthesized
following the reported procedure with slight modifications (Supplementary Figure 1a)34. The reference
standard (5) was synthesized from precursor 4 using either methyl iodide (MeI) under basic conditions in
56% yield or paraformaldehyde in 77% yield.

 [11C]PyBic was synthesized in 43 ± 10% decay-corrected radiochemical yields after formulation (962 to
1554 MBq, n = 8, Supplementary Table 1, Supplementary Fig. 1b). The identity of the purified radiotracer
was inferred from the coelution of the radiotracer with PyBic standard compound 5 on radio-HPLC
(Supplementary Fig. 1c). Formulated [11C]PyBic was obtained with greater than 97% radiochemical purity
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(RCP) and a molar activity of 148 ± 85 MBq/nmol (n = 6). The whole production process, starting from
the trapping of [11C]MeI, including the synthesis, purification and formulation, lasted approximately 60
minutes.

LogD measurement

The LogD7.4 of [11C]PyBic was determined to be 1.76 ± 0.05 (n = 5), which is higher than the calculated

LogD value (1.18) but still within the optimal range for BBB penetration35.

[11C]PyBic PET imaging in RG2-bearing rat brains

To explore the feasibility of using [11C]PyBic in rat brain PET imaging, we obtained tritium-labeled PyBic,
aka [3H]PyBic (Supplementary Fig. 2a) for saturation binding assays using rat hippocampal
homogenates. The KD and Bmax values in the rat hippocampus were 0.46 nM and 50 fmol/mg (protein),
respectively. Assuming the protein content of rat brain tissue is 9.1% and the brain tissue density is 1
g/mL, the calculated Bmax was 4.6 nM and the Bmax to KD ratio was 10, suggesting the feasibility of

imaging PARP1 in the rat brain using [11C]PyBic (Supplementary Fig. 2b).

To evaluate [11C]PyBic in RG2 tumor-bearing rats (n = 16), we first randomly selected 12 RG2 tumor-
bearing rats for tumor assessment using contrast-enhanced MR (CEMR). The RG2 tumor size ranged
from 6.5 to 180.6 mm3 at 10-14 days postimplantation of tumor cells, and the average size was 54.6 ±
56.0 mm3 (mean ± SD). After confirming tumor formation in the rat brains, we carried out [11C]PyBic PET
imaging in 9 randomly selected rats for either a 0-90 min or a 0-60 min scan. The administered dose
of [11C]PyBic was equivalent to 0.4 ± 0.12 μg/kg of cold mass of PyBic. In baseline scans (n = 5), the
standardized uptake value (SUV) images summed from 30 to 60 min postinjection (p.i.) showed high
contrast between the tumor region and the contralateral nontumor brain region, as outlined in Fig. 2a,
which was markedly higher than that in the blocking scans (n = 4), in which veliparib (5 mg/kg, i.v.) was
administered before tracer injections (Fig. 2b). The tumor uptake plateaued within 30 min p.i., with a
baseline tumor SUV of 1.0 ± 0.22 (mean ± SD) averaged from 30 min to 60 min p.i. The contralateral
nontumor brain region showed much lower tracer uptake, with an average SUV of 0.39 ± 0.04 (mean ± SD,
Fig. 2c). All the selected normal brain regions showed significantly lower tracer uptake than the tumors (p
< 0.05, Fig. 2c, Supplementary Fig. 3). With the preinjected PARP1/2 inhibitor veliparib (5 mg/kg, i.v. ), the
tumor SUV exceeded 1 within 10 min p.i. and then decreased to 0.39 ± 0.10 (mean ± SD) after 40 min p.i.
(Fig. 2d). Veliparib provided 61% blockade of tracer binding based on the SUV (30-60 min) data (p =
0.0003, t test, Fig. 2c-d). Injection of the P-gp inhibitor verapamil did not change SUVs compared to
baseline injections in healthy rats (supplementary Figure 4), indicating that [11C]PyBic is not a substrate
of P-gp. This is consistent with our in vitro Caco-2 cell monolayer permeability test results, which showed
an efflux ratio of 0.52 for PyBic.

[11C]PyBic PET quantitative analysis in RG2 rats
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For the quantitative PET analysis, we calculated the regional distribution volume ratio (DVR) using the
simplified reference tissue method 2 (SRTM2) with the contralateral nontumor region of interest (ROI)
defined as shown in Figure 2a/b as the reference region. The contralateral nontumor ROI was chosen as
the reference region because it was the brain region with the lowest tracer uptake and was the least
influenced by preinjected veliparib as the blocking drug (Supplementary Figure 4). Using the pilot 90-min
scan data (n = 4), we observed a great linear correlation between DVR (0-60 min) and DVR (0-90 min)
(Supplementary Figure 5). Thus, DVR derived using 0-60 min data is sufficient for [11C]PyBic quantitative
analyses, and we used DVRs from 0-60 min scan (n = 9) in the following analysis. In the baseline scans,
the highest tracer uptake was in the tumor (DVR: 3.33 ± 0.40, n = 5). The average tumor DVR was
decreased by 51% in blocking scans (1.62 ± 0.16, n = 4, p = 0.049, Figure 2e). There were smaller but
statistically significant 28% and 30% differences in DVR between baseline and blocking scans in
neocortex and cerebellum, respectively, indicating that there is PARP-specific uptake in these brain
regions. However, it does not exclude the possibility that [11C]PyBic and veliparib diffuse into healthy
brain regions through the leaky BBB around the RG2 tumor. The DVRs of the other brain regions did not
show significant differences between baseline and blocking scans, indicating similar PARP1 expression
levels in these brain regions and the contralateral cortex.

[11C]PyBic metabolism study in rats

We examined the radiometabolites in rat plasma and brain (n = 4) at 60 mins p.i. of [11C]PyBic. The
parent fraction of [11C]PyBic at 60 min p.i. was 31% and 90% in the plasma and brain, respectively. We
detected two major radiometabolite peaks with HPLC retention times of approximately 3.5 min and 6.5
min, while the retention time of the parent tracer was approximately 5 min (Figure 2f).

Ex vivo biodistribution study

To validate the PET imaging results and determine the extent of nonspecific binding, biodistribution
studies of [11C]PyBic in RG2 rats were performed at 60 min p.i. with (blocking, n = 3) or without
preinjected veliparib (baseline, n = 4). We expect to see complete PARP1/2 blockade at the i.v. dose of 5
mg/kg, as the estimated Cmax, plasma (1.64 µM) is 328-fold of the IC50 of veliparib and the estimated Cmax,

brain (0.42 µM) is 84-fold of the IC50 of veliparib36. The biodistribution data showed that [11C]PyBic had
the highest uptake in the tumor (0.85 ± 0.3%ID/g, n = 4) and spleen (2.85 ± 0.3%ID/g, n = 4). The uptake
of [11C]PyBic was reduced by 75% (n = 4, p = 0.021) and 74% (n = 4, p = 0.0004) in the tumor and spleen,
respectively, by veliparib preadministration (Figure 3a). The mean tumor uptake as represented by SUV
(1.97± 0.68, n = 4) derived from the biodistribution data was nearly twice the mean tumor PET SUV
(Supplemental Fig. 6). The difference between PET and biodistribution data is likely due to partial volume
effects associated with small animal PET imaging. Interestingly, the tissue-to-plasma ratios
for [11C]PyBic at 60 min p.i. under the blocking condition are comparable to those of [3H]veliparib under
similar blocking conditions (veliparib, 5 mg/kg, i.v.) for the spleen, kidney, liver, and lung, indicating
similar levels of nonspecific binding for these two tracers in these selected tissues. However, [11C]PyBic
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exhibits a lower nonspecific signal in muscle and relatively higher nonspecific signals in the brain than
[3H]veliparib (Supplemental Table 2)37. The mean tissue-to-plasma ratios for [11C]PyBic in selected rat
tissues were as follows: brain (0.9), kidney (5.3), liver (4.7), lungs (2.4), spleen (4.0), muscle (2.2) at 60
min p.i. under blocking conditions with preinjected veliparib (5 mg/kg, i.v. ).

Using data from the biodistribution study, we compared the tracer uptake in tumors normalized by
different brain regions, muscle, and blood and found that tumor-to-blood ratios showed the greatest
difference between baseline and blocking groups (8.39 ± 2.10, n = 4; 1.05 ± 0.29, n = 3, for baseline and
blocking groups, respectively, p = 0.032, Figure 3b), indicating ubiquitous baseline PARP expression in
rodent brain and muscle. Compared with using other brain regions as the reference region, the tumor-to-
contralateral cortex (tumor/cortex) ratios of the baseline and blocking groups had the greatest statistical
significance (6.2 ± 2.1; 1.5 ± 0.6, for baseline and blocking studies, respectively, p = 0.017, Figure 3b),
supporting the use of the contralateral nontumor cortex region as the reference region in the PET data
analysis. We also plotted the difference in tissue-to-blood ratios between baseline and blocking studies
against the tissue-to-blood ratios at baseline for the spleen, tumor, olfactory bulb, cerebellum, and
neocortex, which showed excellent linearity and fit (Y = 0.89 * X - 0.51, R2 = 0.9996, Figure 3c), indicating
high PARP-specific tracer uptake in these tissues38, 39, 40. The baseline PET DVR values of the tumor,
contralateral nontumor cortex, hippocampus, brain stem and cerebellum correlated well with the
biodistribution data (Y = 2.547*X-1.911, R2 = 0.9, Figure 3d), which supported the use of SRTM2 for the
quantitative analysis of PET imaging data in RG2 rats. PET DVR values were lower than the
biodistribution data, indicating underestimation of the ratios in the PET results, likely due to partial
volume effects in the tumor.

PARP1 expression correlates with in vivo [11C]PyBic uptake

Immunohistochemical (IHC) staining of PARP1 in RG2-bearing rat brains indicated that PARP1 expression
in tumor tissues was noticeably higher than that in normal brain tissue (Figure 4a). The expression of
PARP1 was heterogeneous across the tumor tissues, with the tumor border exhibiting the highest PARP1
expression (Figure 4b). Using capillary electrophoresis western blotting (WES), we compared the
expression of PARP1 in the cortex, olfactory bulb, brain stem, cerebellum, hippocampus, and tumor.
Consistent with the in vivo PET imaging, ex vivo biodistribution, and in vitro IHC results, tumor tissues
expressed significantly higher levels of PARP1 compared to the cortex (p = 0.0036), brain stem (p =
0.0041), and hippocampus (p = 0.0013) (Figure 4c-d, Supplementary Figure 7), with the lowest levels
found in the brain stem and hippocampus. We further carried out linear correlational analyses between
WES, biodistribution and PET imaging and found a positive linear correlation between WES and
biodistribution data (Y = 406275*X + 118898, R2 = 0.88, Figure 4e), as well as between WES and PET data
(Y = 143581*X - 13574, R2 = 0.84, Figure 4f).

In vivo NHP PET imaging study with [11C]PyBic
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To facilitate clinical translation and confirm the brain penetration of [11C]PyBic in larger animals with
intact BBB, we performed PET imaging studies in healthy NHPs, with the collection of arterial blood for
metabolism analysis and generation of arterial input function (AIF). [11C]PyBic (194 MBq, mean, n = 2)
was injected into one healthy rhesus monkey (Monkey 1) with or without veliparib (2.5 mg/kg, i.v. and
scanned for 2 hours. A second monkey (Monkey 2) was injected with [11C]PyBic (256 MBq ± 83 MBq, n =
5) and scanned twice under baseline conditions for a test-retest comparison, once with preinjected
veliparib (2.5 mg/kg, i.v. ), once with preinjected BGB290 (PARPi, 0.5 mg/kg, i.v. ), and once with the
infusion of the P-gp inhibitor tariquidar (1 mg/kg, i.v. over 30 min) to study the effect of P-gp inhibition on
the brain uptake of [11C]PyBic. Summed baseline SUV images from the early time (10-20 min p.i.) and
late time windows (60-90 min p.i.) showed fast tracer entrance into the brain and sustained retention in
all brain regions (Figure 5a), consistent with the ubiquitous expression pattern of PARP1 in the monkey
brain41. The test and retest studies in the same animal showed nearly perfect overlap of the AIF
(Supplementary Figure 8a). In the blocking scan, the early SUV (10-20 min) was higher than the baseline
SUV, which was due to the increased tracer plasma concentration caused by the blockade of peripheral
PARP1/2 binding by veliparib (Supplementary Figure 8b). Similarly, BGB290, a structurally different
PARP1/2 inhibitor, also increased plasma and brain SUVs in the earlier period compared to baseline
(Supplementary Figure 8c). Injection of the P-gp inhibitor tariquidar did not change the AIF compared to
the baseline study (Supplementary Figure 8d). The late-time SUV (60-90 min) images of the blocking scans
showed consistently low and nearly homogeneous tracer distribution in all brain regions, indicating
effective blockade by veliparib and BGB290 at the injected doses. From the baseline time-activity curves
(TACs), the cerebellum had the highest uptake, followed by the occipital cortex, frontal cortex and globus
pallidus, showing the lowest tracer uptake, while in the blocking scans, the tracer washed out of the brain
quickly, with reduced contrast among brain regions at later imaging windows due to the effective
blockade of PARP binding sites in all brain regions (Figure 5b-c).

[11C]PyBic metabolism study in NHP

Similar to the rat metabolism study, we observed the same two major radiometabolite peaks from the
radio-HPLC chromatograms, indicating cross-species conservation in the metabolism profiles
of [11C]PyBic. The metabolism rate of this tracer was moderate in NHPs, with plasma parent fractions of
73% and 52% at 15 min and 90 min p.i., respectively (Figure 5d). We do not expect the radiometabolites to
be brain penetrant, at least not to an extent enough to interfere with the quantification of PARP1 in the
brain, based on the rat brain homogenate radio-HPLC data (Figure 2f).

Brain PET kinetic modeling in NHPs

To estimate the regional distribution volume (VT) and the ratio of tracer concentration in the brain to that
in plasma at equilibrium, we compared the use of the 1-tissue compartment model (1TCM), 2-tissue
compartment model (2TCM) and multilinear analysis (MA1) method. Both the 1TCM and MA1 methods
produced good fits with the TACs, with 1TCM producing more reliable brain regional VT values, which are
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consistent with the MA1 VT values (supplementary Figure 9), while the 2TCM produced VT with large
standard errors in several brain regions. We thus used VT from 1TCM in the following analysis. Based on
the Lassen plot analysis, both the structurally analogous veliparib and the structurally dissimilar PARPi
BGB290 blocked more than 90% of the binding of [11C]PyBic in the monkey brains (Figure 6), indicating
the high in vivo binding specificity of [11C]PyBic. The mean nondisplaceable volume of distribution (VND)

of [11C]PyBic was 1.81 mL/cm3. The VT values from 1TCM in the monkey baseline scan ranged from 7.3

mL/cm3 for the amygdala to 15.5 mL/cm3 for the occipital cortex (Table 2), while the VT values for the

monkey blocking scan ranged from 2.1 mL/cm3 to 2.7 mL/cm3. Both K1 and VT calculated using 1T
models were similar between the test and retest baseline as well as with the P-gp inhibition scan using
tariquidar as the P-gp inhibitor (Supplementary Table 3).

Using the average VND from three blocking scans, we obtained the nondisplaceable binding potential
(BPND) (Supplementary Table 4) for the brain regions of the two monkeys. We found that the brainstem
had the lowest BPND, while the frontal cortex and occipital cortex had relatively higher BPND.

Discussion
In this study, we developed and evaluated a novel brain-penetrant PARP radiotracer, [11C]PyBic, for PET
imaging and in vivo quantification of PARP in the healthy brain and RG2 rat glioblastoma model. PET
imaging results showed higher tracer uptake in the orthotopic RG2 glioblastoma relative to the rest of the
rat brain. The quantification of PARP1 using molecular biological methods and biodistribution analysis
confirmed the PET imaging results. The uptake of [11C]PyBic is significantly reduced by the PARP1/2
inhibitor veliparib in both PET imaging and biodistribution analysis, indicating the in vivo binding
specificity of the radiotracer. The high brain-to-plasma ratio in healthy NHPs demonstrated the high brain
permeability and specific binding of [11C]PyBic in NHPs, supporting its use as a brain PARP PET imaging
probe.

Several PARPi-derived PET radiotracers have been developed for PARP imaging. Tu et al. reported the first
PET tracer [11C]PJ34 intended for imaging PARP in a streptozotocin-induced type I diabetes-related
necrosis model, where they found a higher uptake of [11C]PJ34 in both the pancreas and liver42. Two 18F-
labeled analogs of olaparib, [18F]FBO and [18F]PARP-Fl, have been used to image rodent models of
ovarian cancer, pancreatic cancer, and glioma43 44. PET studies on the rucaparib/AG14699-derivative
[18F]FluorThanatrace ([18F]FTT) demonstrated high tracer uptake in a xenograft model of human breast
cancer45. The first clinical PARP PET imaging study using [18F]FTT in ovarian cancer patients
(NCT02469129) indicated a positive correlation between tumor SUVs and PARP1 expression levels46. In
addition, a study using [18F]FTT showed the highest tracer uptake in the spleen, pancreas, and liver in
healthy human volunteers and the tumor regions of pancreatic ductal adenocarcinoma, biphenotypic
hepatocellular carcinoma and cholangiocarcinoma among the 8 different malignant tumors examined46.
Recently, Carney et al. explored the drug engagement of different PARPis in small-cell lung cancer patient-
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derived xenografts (PDX) using [18F]PARPi and the fluorescent probe PARPi-FL, which have important
implications in PARPi drug development, treatment planning and monitoring in the clinic47. [18F]PARPi
has been evaluated in GBM patients recently, but its brain imaging characteristics have not yet been
studied in healthy animals or humans19. Adam et al. reported a PET imaging probe ([18F]SuPAR), a
radiofluorinated NAD + analog that can be recognized by PARP and incorporated into the long-branched
PAR for measuring PARP activity. With [18F]SuPAR, they were able to map the dose- and time-dependent
activation of PARP following radio/chemotherapy in breast and cervical cancer xenograft models48.

Both olaparib and rucaparib have relatively high PARP trapping capability, which makes them good
candidates as cancer therapeutics. However, neither of them nor their analogs have been shown to
achieve desirable brain penetration as PET imaging agents due to their liability to active drug efflux25, 26.
Compared to olaparib and rucaparib, veliparib (ABT-888) has a relatively lower PARP trapping capability49

and is reported to be a weak P-gp substrate, which makes it appealing as a lead compound for
developing brain PET imaging agents with fast and reversible brain kinetics. Encouraged by our in silico
prediction results, we synthesized an N-methylated derivative of veliparib, PyBic, on the premise that the
removal of the N-H hydrogen-bond donor would further decrease its susceptibility to active efflux at the
BBB33 and that the slightly increased hydrophobicity would improve its cell membrane permeability and
BBB penetration.

We tested the imaging characteristics of [11C]PyBic in a syngeneic rat model of glioblastoma. PARP1 is
constitutively expressed in most tissue types, and it has been found to be upregulated in many different
malignant cells, including brain tumors50. To test the in vivo binding specificity of this tracer and explore
its brain penetration at the same time, we chose the syngeneic RG2 rat model, where RG2 glioblastoma
cells were orthotopically injected into the right striatum of Fischer 344 (F344) rats, as the
chemotherapeutic refractory RG2 rat brain tumor model has been used in the evaluation of PARPi’s
therapeutic effects51.

Due to the difficulties in obtaining arterial blood for arterial input function generation in rats, we opted to
use the simplified reference tissue method 2 (SRTM2) for quantitative imaging analysis. Except for
tumors, all brain regions showed similarly low tracer uptake, reflecting a relatively low level of PARP1
expression in normal rat brain tissue. As shown in supplementary Fig. 4, there was no significant
difference in the contralateral nontumor cortex SUV between baseline and blocking scans, while in both
the cerebellum and neocortex, the blocking effect was more prominent. We thus chose the contralateral
nontumoral cortex as the reference region to estimate the regional DVR52, 53. In addition to RG2 tumors,
only the cerebellum and neocortex showed significant blocking effects based on the DVR results (Fig. 2e,
p = 0.0003, 0.0179, for cerebellum and neocortex, respectively). Importantly, our biodistribution results
correlated well with the PET DVR, corroborating the SRTM2 analysis results. Our western blotting and
immunohistochemical staining results indicate that PARP1 expression at the tumor site is higher than
that in normal brain tissue, which is consistent with the biodistribution and PET imaging results.
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We calculated the tissue-to-blood ratios using the biodistribution data at 60 min p.i. and plotted the
difference in the baseline and blocking tissue-to-blood activity ratios against the baseline tissue-to-blood
ratios to estimate the PARP occupancy by the pre-administered veliparib. We obtained a nearly perfect
linear correlation with an R square of 0.9996 and a slope of 0.89, indicating that approximately 89%
PAPR is occupied by the pre-administered veliparib at 5 mg/kg (Fig. 3c). This finding indicates highly
PARP-specific uptake of [11C]PyBic in RG2 tumors, rat brains and spleens.

Our gadolinium contrast-enhanced MR (CEMR) imaging indicated that the BBB surrounding the RG2
tumors was compromised (Fig. 2). Thus, the PARP-specific uptake of [11C]PyBic in the RG2 rat brains
does not exclude the possibility that the tracer is entering the brain through the damaged BBB and/or the
BTB around the tumors. To confirm and quantify the extent of brain penetration of [11C]PyBic, we imaged
two healthy NHPs after intravenous bolus injections of [11C]PyBic. To our satisfaction, we observed quick
uptake of [11C]PyBic in the NHP brain, plateauing within 30 min p.i., with baseline SUVs ranging from 0.66
(in the globus pallidus) to 0.97 (in the cerebellum) (Fig. 5a-b). Furthermore, we performed blocking scans
with preinjected veliparib or BGB290, both of which decreased tracer uptake to nonspecific levels in the
whole brain, indicating that [11C]PyBic uptake in monkey brains is indeed PARP-specific.

We collected arterial blood samples and analyzed the metabolism profiles of [11C]PyBic in rats and NHPs
and found two major metabolite peaks of [11C]PyBic in both species (Fig. 2f, 5d). Based on the
metabolism profile of veliparib54 55 56, we speculated that the oxidization product (compound 6) of
methylpyrrolidine is the major radiometabolite. Based on the effective blocking by veliparib in the rodent
and NHP PET imaging and the fact that we only detected a minimum amount of radiometabolites in the
rat brain homogenates (Fig. 2f), we do not expect the radiometabolites to interfere with the interpretation
of the brain PET imaging results.

Compared to other PARP1/2 inhibitors, such as olaparib, talazoparib, and rucaparib, veliparib has a lower
PARP trapping capability, implicating a faster Koff rate than other PARP1/2 inhibitors, a desirable feature

for quantitative brain PET imaging. Although [18F]PARPi has been used in GBM patients to delineate
tumors57, a highly brain-penetrant PET tracer such as [11C]PyBic is desirable for reliable PARP
quantification and is potentially applicable in lower grade gliomas and brain metastases with intact or
heterogeneous BBB integrity.

Because the other PARP PET tracers under development suffer from being P-gp substrates, we examined
the effect of P-gp inhibition on the brain uptake and kinetics of [11C]PyBic in rats and NHPs. Our
preliminary PET imaging experiment using the P-gp inhibitor verapamil (1 mg/kg, i.v., 10 min before
radiotracer injection) did not show altered [11C]PyBic uptake in healthy rat brains (Supplementary Fig. 5),
indicating that [11C]PyBic is unlike a P-gp substrate. Consistently, our preliminary P-gp inhibition study in
NHP showed no influence of the P-gp inhibitor tariquidar on the VT and K1 values for [11C]PyBic in NHP
brain PET (Supplementary Table 3). These imaging results are consistent with the low efflux ratio (0.52)
of PyBic determined by the in vitro Caco membrane assay.
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Conclusions
In summary, we developed and evaluated the first brain-penetrant PARP PET tracer, [11C]PyBic, using the
RG2 rat glioma model and healthy nonhuman primates for PARP PET imaging. This PET imaging method
is expected to help stratify patients with differential PARP expression and select those who are most
likely to benefit from PARPi treatment, thus impacting effective cancer treatment. Furthermore, because
PARP1 is associated with the pathogenesis of Alzheimer’s disease (AD), Parkinson’s disease (PD), and
other central nervous system (CNS) diseases58, 59, 60, 61, it is expected to have a broader impact in the
investigations of PARP status in these CNS diseases, which, hopefully, could lead to an improved
understanding of these diseases and open novel therapeutic avenues.
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Tables
Table 1. Binding affinity and physicochemical properties of PyBic and veliparib.


 IC50 LogP MDCK PSA LogS XP

PyBic 6 nM 1.18 91.6 77.3 -2.21 -7.866

Veliparib PARP1: 5.2 nM

PARP2: 2.9 nM

0.58 60.57 86.7 -1.693 -7.976

Optimal range33 < 10 nM 1 - 3 25 - 500 < 90 -6.05 - 0.5 


 

Table 2. Volume of distribution (VT) values (mL/cm3) of [11C]PyBic in two nonhuman primates (NHPs)
under baseline conditions or with preinjected Veliparib, BGB290, or tariquidar.


 Monkey 1 Monkey 2

Brain region Baseline Blocking Baseline Blocking P-gp inhibition

Veliparib Test Retest Veliparib BGB290 Tariquidar

brainstem 11.0 2.1 8.4 9.1 1.6 1.5 8.0

caudate 10.8 2.4 14.7 9.4 2.2 2.4 8.4

cerebellum 17.6 2.3 14.9 14.0 2.0 1.8 12.4

cingulate 11.9 2.6 14.6 14.0 2.9 3.2 12.4

frontal cortex 12.9 2.4 19.7 18.2 2.8 3.0 14.6

insula 12.3 2.6 11.2 12.7 2.4 2.9 10.9

occipital cortex 15.5 2.2 16.3 15.8 2.0 2.2 13.5

pons 11.6 2.2 8.0 9.9 1.6 1.6 8.9

putamen 13.8 2.5 9.5 11.9 2.1 2.4 10.4

temporal cortex 12.9 2.3 14.7 13.8 2.3 2.6 12.0

thalamus 11.2 2.4 6.9 7.7 1.8 2.2 7.8

Figures
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Figure 1

(a) PARP PET tracers derived from the PARP1/2 inhibitors olaparib and rucaparib. (b) Radiochemical
synthesis of [11C]PyBic.
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Figure 2

[11C]PyBic PET imaging in RG2 glioblastoma-bearing rats and quantitative data analysis results.
Representative horizontal summed PET standard uptake value (SUV) images from 30-60 min p.i. and the
corresponding contrast-enhanced MR (CEMR) images for baseline (a) and blocking scans (b), with hand-
drawn regions of interest (ROIs) for tumor and contralateral nontumor regions. (c-d) SUV time-activity
curves (TACs) of the RG2 tumor and selected brain subregions, including the contralateral nontumor
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cortex (nontumor), neocortex, thalamus, hippocampus, brain stem, and cerebellum, under baseline (c, n =
5) and blocking (d, n = 4) conditions. (e) The regional distribution volume ratios (DVRs) of [11C]PyBic in
selected brain subregions and tumors, calculated using the simplified reference tissue method 2 (SRTM2)
with the contralateral nontumor region as the pseudo reference region. The DVRs of the tumor (p =
0.0087), cerebellum (p = 0.0003), and neocortex (p = 0.0179) showed statistically significant differences
between baseline and blocking scans. (f) Radiometabolite analysis of [11C]PyBic in rat plasma and brain
homogenate at 60 min p.i.

Figure 3

(a) Biodistribution analysis of baseline and blocking (veliparib, 5 mg/kg) at 60 min p.i. of [11C]PyBic,
expressed as %ID/g (n = 4 for baseline; n = 3 for blocking), with tumor and spleen showing statistically
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significant differences at baseline and blocking studies. (b) The ratio of tracer uptake in tumor to
different tissues and blood, showing that the tumor-to-contralateral cortex (tumor/cortex) ratios at
baseline study and blocking study are most significantly different (p = 0.017), supporting the use of
contralateral nontumor region as the reference region in the SRTM2 analysis. (c) Linear correlational
analysis of the difference between the tissue-to-blood ratios at baseline and blocking studies and
baseline tissue-to-blood ratios. Dots on the graph represent the mean values of each analyzed brain
region or tissue, i.e., the olfactory bulb, cerebellum, tumor, contralateral nontumor cortex (nontumor), and
spleen. (d) Linear correlational analysis of the results of baseline SRTM2 DVR and biodistribution data on
tracer uptake in the cerebellum, nontumor, tumor, and brain stem, normalized by nontumor tracer uptake.
Dots on the graph represent each individual tissue of cerebellum, tumor, contralateral nontumor cortex
(nontumor), and brain stem from three different rats. For the statistical analysis using a t test, p < 0.05
was considered significantly different.
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Figure 4

Immunohistochemical (IHC) staining and western blotting of PARP1 and correlation analysis with
biodistribution and PET results. (a) Representative IHC staining of PARP1 in RG2 tumor-bearing rats. (b)
PARP1 IHC in tumor tissue and adjacent normal tissue. (c-d) Representative western blotting of PARP1 in
selected brain subregions, including the cortex, olfactory bulb, brain stem, cerebellum, hippocampus, and
tumor, using a capillary electrophoresis WES system (ProteinSimple). (c) Histogram graph of PARP1
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expression. The 116 kD band was detected by the PARP1-specific antibody. (d) Classic western blotting
image of PARP1 and expression quantification. N = 3-4, multiple t test, p < 0.05 is considered significantly
different. (e) Correlation of baseline biodistribution and WES on the olfactory bulb, stem, cerebellum,
hippocampus, and tumor. (f) Correlation of baseline PET DVR and PARP1 WES in the tumor, cerebellum,
cortex, brain stem, and hippocampus. For graphs e and f, dots on the graph represent the group mean,
with n = 3-5 per group.
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Figure 5

[11C]PyBic PET imaging and metabolism study in Monkey 1. (a) MRI of monkey brain (left column) and
summed SUV PET images of [11C]PyBic from early (2nd and 3rd columns, 10-20 mins) and late (4th and
5th columns, 60-90 mins) scan windows. The brain regional SUVs ranged from 0.5 to 1.5, with cerebellum
being the highest, followed by occipital cortex, frontal cortex and globus pallidus showing the lowest
tracer uptake. (b-c) Representative time active curves (TACs) of different brain regions at baseline scan
(b) and blocking scan (c). (d) Radio-HPLC chromatograms of plasma samples taken at different time
points and the blood standard. (e) Metabolism-corrected arterial blood input functions of a baseline scan
(in maroon) and a blocking scan (in blue) in the same monkey.
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Figure 6

In vivo target occupancy assays shown by Lassen plots of VT derived from 1 tissue compartment (1TC)
modeling in two different monkeys. (a) Lassen plot of VT (baseline) vs the difference in VT (baseline) and
VT (blocking) with veliparib as a blocking drug in Monkey1. (b) Lassen plot of VT (baseline) vs the
difference in VT (baseline) and VT (blocking) with veliparib as a blocking drug in Monkey 2. (c) Lassen
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plot of VT (baseline) vs the difference in VT (baseline) and VT (blocking) with BGB290 as a blocking drug
in Monkey 2. The x-intercept is the estimated nondisplaceable volume distribution (VND), and the slope is
the target occupancy.
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