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Abstract

Purpose  ABT-888 inhibits poly(ADP-ribose) polymerase
(PARP) and may enhance the efficacy of chemotherapy
and radiation in CNS tumors. We studied the plasma and
cerebrospinal fluid (CSF) pharmacokinetics (PK) of ABT-
888 in a non-human primate (NHP) model that is highly
predictive of human CSF penetration.

Methods ABT-888, 5 mg/kg, was administered orally to
three NHPs. Serial blood and CSF samples were obtained.
Plasma and CSF concentrations of ABT-888 were mea-
sured using LC/MS/MS, and the resulting concentration
versus time data were evaluated using non-compartmental
and compartmental PK methods.

Results The CSF penetration of ABT-888 was 57 &+ 7%
(mean £ SD). The peak ABT-888 concentration in the
plasma was 0.62 £ 0.18 uM. Plasma and CSF AUC,_.,
were 3.7 & 1.7 and 2.1 £ 0.8 uM h. PARP inhibition in
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peripheral blood mononuclear cells was evident 2 h after
ABT-888 administration.

Conclusion The CSF penetration of ABT-888 after oral
administration was 57%. Plasma and CSF concentrations
were in the range that has been shown to inhibit PARP
activity in vivo in humans.
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Introduction

Poly(ADP-ribose) polymerase (PARP) is a family of
enzymes that cleaves nicotinamide adenine dinucleotide
(NAD) to nicotinamide and ADP-ribose. The polymerase
adds long and branched ADP-ribose polymers onto
acceptor proteins, including p53, histones, and DNA repair
proteins [27]. This process, termed poly(ADP-ribo-
syl)ation, leads to unwinding and repair of damaged DNA.
PARP-1 binds to single-stranded DNA breaks induced by
alkylating agents and to double-stranded breaks formed by
ionizing radiation [4, 25]. PARP-2 interacts with PARP-1
and shares common partner proteins [26]. Both PARP
enzymes bind to DNA nicks, rapidly halt transcription, and
recruit and activate DNA repair proteins involved in base
excision repair, non-homologous end joining, and homol-
ogous recombination repair pathways [7, 14, 23, 24, 27].
Although there are currently 19 identified members of the
PARP family, inhibition of both PARP-1 and -2 is suffi-
cient to stall DNA repair [3, 26].

While PARP activity is critical for repairing DNA
damage and maintaining genomic stability in normal cells,
tumor cells may use this mechanism to repair DNA damage
from chemotherapy and radiation and to avoid apoptosis
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[20, 23, 29]. When compared with normal cells, increased
PARP expression and activity has been observed in various
malignancies [2, 5, 13, 15, 28, 31-33], including gliomas
[32] and medulloblastoma (unpublished data).

ABT-888 (Fig. 1) is an orally bioavailable PARP-1 and
-2 inhibitor effective at nanomolar concentrations and has
been shown to potentiate DNA damaging chemotherapy
and radiation [1, 12, 30]. Since PARP overexpression in
central nervous system (CNS) tumors may mediate tumor
resistance to chemotherapy and radiation, we studied the
plasma and cerebrospinal fluid (CSF) pharmacokinetics
(PK) of ABT-888 in a non-human primate (NHP) model
that is highly predictive of CSF penetration of anti-cancer
drugs in humans [18].

Materials and methods
Drug

ABT-888 was supplied by Abbott Laboratories (Abbott
Park, IL) in 500 mg vials. The drug was diluted into 20 ml
vehicle solution (2.1 g sorbitol, 0.1 g citric acid, mono-
hydrate, and purified water) to a final concentration of
5 mg/ml and administered orally.

Animals

Three adult male rhesus monkeys (Maccaca mulatta)
weighing 12.5-15 kg were fed Lab Diet 5045 twice daily
and were group housed in accordance with the Guide for
the Care and Use of Laboratory Animals [21] at Baylor
College of Medicine using a protocol approved by the
Institutional Animal Care and Use Committee. Blood
samples were obtained though a central venous catheter.
CSF samples were obtained from a chronically indwelling
subcutaneously placed Ommaya reservoir attached to a
Pudenz catheter with its tip in the fourth ventricle [18]. The
reservoir was pumped several times before each CSF
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Fig. 1 Chemical structure of ABT-888 (molecular weight 244.29
g/mol)
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sample collection to ensure adequate mixing with ven-
tricular CSF.

Experiments

A single 5 mg/kg dose of ABT-888 was administered
orally to two NHPs and serial blood samples were obtained
at 15, 30, 60, 90 min and 2, 4, 6, 8, and 24 h. These time
points were not adequate for determining the terminal half-
life, so approximately 6 months later, each animal received
another oral dose of ABT-888 and additional sampling
points at 3 and 10 h were added. A third animal was also
studied using the revised sampling schema. Since the first
animal experienced nausea 20 min after ABT-888 admin-
istration, subsequent animals received ondansetron (4 mg
IV) prior to and 8 h after ABT-888 administration. Serial
blood (3 ml) and CSF (0.3 ml) samples were obtained prior
to, at 60 and 90 min, and 2, 3, 4, 6, 8, 10, and 12 h after
drug administration. Plasma was immediately separated
from blood by centrifugation at 4,400 rpm for 10 min at
5°C. Plasma and CSF samples were stored at —80°C until
analysis. Clinical laboratory studies including complete
blood counts, electrolytes, liver function tests, and renal
function tests were obtained at 24 h and weekly for
4 weeks after each ABT-888 administration. Following
ABT-888 administration, animals were monitored daily for
evidence of toxicity including exams at 24 h and weekly
for four consecutive weeks.

Sample analysis
ABT-888 concentrations

Stock solutions of ABT-888 and an internal standard
(Abbott proprietary compound A-092274, concentration
0.55 mcg/ml) were prepared by dissolving each in a mix-
ture of DMSO and 0.1% trifluoroacetic acid. Serial dilu-
tions were prepared in either heparinized monkey plasma
(Lampire Biological Laboratories, Pipersville, PA) or CNS
perfusion fluid (CMA Microdialysis, Chelmsford, PA). To
all plasma samples and standards, 0.2 ml of 0.5 M Na,CO5
was added, followed by 0.9 ml of a 1:1 mixture of ethyl
acetate:hexane. Samples were vortexed for 30 s and cen-
trifuged at 3,000 rpm to separate phases. The organic layer
was removed, evaporated to dryness under nitrogen, and
then reconstituted in 0.3 ml of acetonitrile: 1% (v/v) formic
acid (5:95, v/v). For the CSF samples and standards,
0.02 ml of acetonitrile containing 10% (v/v) DMSO was
added. The samples were vortexed and then 20 pL of
sample was injected for analysis.

ABT-888 and the internal standard were separated
from each other and coextracted contaminants on a
50 x 3 mm Keystone Aquasil 5 um C18 column with an
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acetonitrile:1% formic acid mobile phase (11:89 by vol-
ume) at a flow rate of 0.4 ml/min. Analysis was done on a
Sciex API3000 Biomolecular Mass Analyzer with a turbo-
ionspray interface using Sciex TurboQuan™ software. The
lower limits of detection for ABT-888 were 4 ng/ml
(16 nM) for CSF samples and 6 ng/ml (24 nM) for plasma
samples. Range of linearity for both the plasma and CSF
assay was 4 ng/ml-5 pg/ml (0.016-20.5 uM). Each con-
centration was determined in triplicate. For the plasma
samples, the coefficient of variation (CV) was 1-16% for
concentrations below 0.4 pM and 6-10% above 0.4 pM.
For the CSF samples, the CV was 6-28% for concentra-
tions below 0.4 uM and 8-12% above 0.4 uM.

PARP activity in peripheral blood mononuclear cells

Heparinized peripheral blood (1-1.5 ml) was obtained
from three animals, and peripheral blood mononuclear cells
(PBMCs) were isolated using Lymphoprep solution (Axis-
Shield, Oslo, Norway). PBMCs were obtained before ABT-
888 treatment and at 2 h after ABT-888 administration.
Proteins lysates were prepared according to the manufac-
turer’s directions (HT chemiluminescent PARP/Apoptosis
Assay; Trevigen, Gaithersburg, MD). PARP biolumines-
cent activity was measured using a Luminoscan Ascent
luminometer (ThermoFisher Scientific, Waltham, MA).
The measurements were performed in triplicate and repe-
ated in two independent experiments.

Pharmacokinetic analysis

Non-compartmental methods were used to calculate the
area under the concentration—time curve (AUC), apparent
total body clearance (Cltg/F), and apparent steady-state
volume of distribution (Vdg/F). The AUC,_,, was esti-
mated using the linear trapezoidal method to the last time
point and then extrapolation to infinity based on the last
measured concentration and the terminal rate constant.
Cltg/F was derived by dividing the dose by the AUC_..
Vd/F was calculated using the area under the moment
curve (AUMC) [22]. CSF penetration of ABT-888 was
calculated as AUCSSE/AUCE™®™ . The half-life (r,,,) was
estimated assuming first-order kinetics. Volume of distri-
bution and clearance are reported as apparent parameters
(Vdy/F and Clrg/F where F represents bioavailability).
This nomenclature is commonly used in studies of oral
drugs in which bioavailability is not known or measured.

Additionally, a PK model that could be simultaneously
fit to the plasma and CSF concentration—time data for each
animal was developed using ADAPT II software [10].
Figure 2 shows a schematic of the compartmental model,
which included the following: (1) a time delay for
absorption, (2) first-order absorption kinetics, (3) first-order
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Fig. 2 Schematic of the PK model for ABT-888 in non-human
primates. The PK model for describing the plasma and CSF
disposition of ABT-888 consists of an absorption compartment, a
plasma compartment, and a CSF compartment. The model uses first-
order absorption with a variable minute lag time, linear irreversible
elimination from the plasma compartment, and linear transfer
between plasma and CSF

elimination, (4) equilibrium between the CSF and plasma,
and (5) a CSF volume fixed to 10 ml [27, 28].

Results

Pharmacokinetics parameters after a single 5 mg/kg oral
dose of ABT-888 are presented in Table 1. Peak ABT-888
concentrations in the plasma (Cgm) were 0.62 £+ 0.18 uM
(mean £ SD). Plasma AUC,_,, was 3.7 &= 1.7 uM h and
the fraction of the AUC that was extrapolated to infinity
from the final time point varied from 12 to 21%. The
plasma t;,, was 3.4 £ 0.6 h. The Cltg/F was 6.3 £ 2.4
L/b/kg, and the Vdi/F was 38 £ 8 L/kg. The CSF Ciax,
which was observed between 3 and 6 h after ABT-888
administration, was 0.23 + 0.12 uM. The CSF AUC,_,,
was 2.1 £ 0.8 uM h and the fraction of the AUC that was
extrapolated to infinity from the final time point varied
from 16 to 40%. The CSF penetration of ABT-888 was
57 £ 7%.

The model parameters are shown in Table 2. Disap-
pearance from the plasma was best described by first-order
kinetics. Absorption kinetics were difficult to characterize
because the sampling algorithm was designed to charac-
terize exposure and clearance, and the time delay for
absorption was variable (range 46—165 min). K, and K,
were estimated by fitting the model to the plasma and CSF
concentration versus time data. The clearance from the
CSF was estimated to be 7.1 & 2.6 ml/h. Comparisons of
the measured and modeled plasma and CSF concentration
versus time profiles for the three animals are shown in
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Table 1 Non-compartmental plasma and CSF PK parameters of ABT-888 after a single oral 5 mg/kg dose in non-human primates

Animal  Ch, (uM) AUCH_, (uM h)  Clpp/F (L/W/kg) Vdi/F (Lkkg) £ (h) CSE (uM)  AUCSSE (uM h)  CSF penetration (%)
1 0.45 24 8.5 46 3.7 0.15 1.4 56
2 0.60 3.0 6.7 38 3.1 0.16 2.0 64
3 0.81 5.6 37 29 34 0.37 2.8 51
Mean  0.62 3.7 6.3 38 3.4 0.23 2.1 57
SD 0.18 1.7 24 8 0.6 0.12 0.8 7

All parameters reported to two significant digits

Chax maximum plasma concentration, AUC}._, area under the curve extrapolated to infinity, Clyz/F apparent clearance, Vd,/F apparent volume

CSF
C

CSF

of distribution, /,, plasma half-life, C55% maximum CSF concentration, AUCS., area under the curve extrapolated to infinity, CSF penetration

AUCSSE/ AUCE ., x 100

Table 2 Simultaneous plasma and CSF PK parameters after a single 5 mg/kg dose in non-human primates

Animal 7 (h) K, (h™h V,/F (L/kg) K. (h™h K, (h7H K> (h7h &n () CSF CL (ml/h)
1 0.76 12.5 41.5 0.23 7.0 x 107¢ 0.805 3.0 8.1
2 0.78 53.5 40.0 0.18 47 x 107° 0.420 3.9 42
3 275 442 242 0.16 16.5 x 107° 0.913 43 9.1
Mean 1.43 36.7 35.2 0.19 94 x 107° 0.71 3.7 7.1
SD 1.14 21.5 9.6 0.04 6.3 x 107° 0.26 0.7 2.6

T time-delay for absorption of oral drug, K, absorption rate constant, V;/F model-estimated apparent volume of distribution, K, plasma
elimination rate constant, K;, rate constant for transfer from plasma to CSF, K5, rate constant for transfer from CSF to plasma, > model-

estimated plasma half-life, CSF CL clearance from CSF

Fig. 3a—c. As the figures show, model fits for each animal
were very good. The R” values for the plasma concentra-
tion—time fits ranged from 0.91 to 0.99 and the R? for the
CSF concentration—time fits were 0.95-0.99.

Compared with pre-treatment levels, at 2 h after a single
dose of ABT-888, PARP activity in PBMCs from all three
animals was drastically reduced (67 £ 13%) (Table 3).
Similar to the variable baseline PARP activity that has been
reported in humans (S. Kummar, personal communication),
animal 3 had a much higher pre-treatment PARP level
(2.02 units/mg protein) compared with the other two ani-
mals (0.25 and 0.24 units/mg protein, respectively) but
similarly showed a dramatic reduction in PARP activity
post-treatment.

All animals tolerated ABT-888 quite well. With the
exception of a single episode of emesis that occurred in the
first animal, there was no other observed clinical toxicity.
In addition, no abnormalities in laboratory parameters were
noted in the 4 weeks after ABT-888 dosing.

Discussion
Poly(ADP-ribose) polymerase is a critical enzyme for
activating multiple DNA repair pathways following DNA

damage. Because PARP is over-expressed in various
human tumors, including CNS tumors [32], increases in
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PARP activity and enhanced DNA repair may mediate
tumor resistance to chemotherapy and radiation. Pre-clin-
ical studies have confirmed that PARP inhibition enhances
cytotoxicity to many chemotherapy agents, including
temozolomide [8, 9, 30], topoisomerase I inhibitors irino-
tecan and topotecan [6, 11], and platin compounds [19].
In addition, PARP inhibition potentiates the anti-tumor
effect of chemotherapy for intracranial xenografts,
including CNS tumors [8, 9, 30].

ABT-888 is an orally bioavailable, potent PARP inhib-
itor with K;s of 3.6 and 2.9 nM for PARP-1 and -2 inhi-
bition, respectively [12]. Protein binding values in plasma
(assessed in vitro as % bound at 5 M) for ABT-888 were
moderate in all species, averaging 42% in dog, 41% in
monkey, 43% in mouse, 49% in rat and 51% in human. In
vivo studies demonstrate that ABT-888 potentiates the
anti-tumor activity of temozolomide, cisplatin, carboplatin,
and cyclophosphamide against various human cancer
xenografts [12]. Recent studies also show that ABT-888
potentiates radiation against human colon cancer [12] and
lung cancer xenograft models [1].

Since ABT-888 enhances chemotherapy and radiation
and has been shown in CD-1 mice to preferentially accu-
mulate in intracranial tumors versus normal brain [12], we
studied the plasma and CSF PK of ABT-888 in a NHP
model that previously has been shown to be predictive of
CSF drug penetration in humans [18]. We demonstrated
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Table 3 Inhibition of PARP activity in peripheral blood mononu-
clear cells

Serum PARP activity and % PARP inhibition

Animal  PARP activity (units/mg protein) = SD
Pre-treatment 2 h post-ABT-888 % PARP inhibition
1 0.25 £ 0.01 0.12 + 0.01 52
2 0.24 £ 0.01 0.07 £ 0.02 71
3 2.02 £ 0.08 0.44 £+ 0.02 78

% PARP inhibition = 100 x [(pre-treatment) — (2 h post)]/(pre-
treatment)

that there was substantial ABT-888 present in the CSF
following oral dosing. The serum and CSF ABT-888
exposures in our model approached or exceeded those
exposures required for PARP inhibition in preclinical and
phase O studies [16, 17]. For example, the mean CSF Ci,«
in our NHP model (0.23 &+ 0.12 pM after a single 5 mg/kg
oral dose of ABT-888) was comparable to the concentra-
tions (0.1-0.3 pM) required for ex vivo PARP inhibition in
PBMC:s [17]. Thus, ABT-888 may enhance the cytotoxicity
of agents known to penetrate the blood—brain barrier, such
as temozolomide and topotecan, and have the potential to
minimize leptomeningeal dissemination of malignancies
with a known predilection for such spread.

In a phase 0 study of ABT-888 at the National Cancer
Institute, >90% PARP inhibition was observed in PBMCs
and biopsied tumors after a single oral dose of 25 or 50 mg
of ABT-888 [16, 17]. We also evaluated the extent of
PARP inhibition in the NHP PBMCs following a single
oral dose of ABT-888 (5 mg/kg, equivalent to ~55 mg in
human) and observed that there was a similar degree of
PARP inhibition (range 52-78%) 2 h after ABT-888
administration. Investigation of ABT-888 has moved into
phase I trials in solid tumors in adults in combination with
(1) temozolomide, (2) cyclophosphamide, (3) carboplatin
and paclitaxel, or (4) topotecan (http://www.clinicaltrials.
gov). In our NHP model, the observed mean plasma Ci,,x
(0.62 £ 0.18 uM) is comparable to C,,x observed after
multiple oral dosing in clinical trials (V. Giranda, personal
communication).

In summary, ABT-888 is a potent inhibitor of PARP-1
and -2 that potentiates chemotherapy and radiation against
CNS tumors in animal studies. PK data from our NHP
model shows that, as in rodents, there is substantial CSF
exposure after oral dosing. Our data suggest that ABT-888
concentrations in plasma and CSF are sufficient to ade-
quately inhibit PARP activity of primary or metastatic CNS
or leptomeningeal tumors and therefore may potentiate
anti-tumor effect of chemotherapy and/or radiation. Early
phase clinical trials to evaluate ABT-888 in combination
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with radiation and/or chemotherapy in CNS tumors are
currently in development.
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