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Abstract

Background—~Poly (ADP-ribose) polymerase (PARP) is essential for recognition and repair
of DNA damage. In preclinical models, PARP inhibitors modulate topoisomerase I inhibitor-
mediated DNA damage. This Phase | study determined the maximum tolerated dose (MTD), dose-
limiting toxicities (DLTs), pharmacokinetics (PK) and pharmacodynamics (PD) of veliparib, an
orally-bioavailable PARP 1/2 inhibitor, in combination with irinotecan.

Methods—Patients with advanced solid tumors were treated with 100 mg/m? irinotecan on
days 1 and 8 of a 21-day cycle. Twice-daily (BID) oral dosing of veliparib (10-50 mg) occurred
days 3-14 (Cycle 1) and days —1-14 (subsequent cycles) followed by a 6-day rest. PK studies
were conducted with both agents alone and in combination. Paired tumor biopsies were obtained
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after irinotecan alone and veliparib/irinotecan to evaluate PARP1/2 inhibition and explore DNA
damage signals (nuclear y-H2AX and pNBS1).

Results—Thirty-five patients were treated. DLTs included fatigue, diarrhea, febrile
neutropenia, and neutropenia. The MTD was 100 mg/m? irinotecan (days 1, 8) combined with
veliparib 40 mg BID (days —1-14) on a 21-day cycle. Of 31 response-evaluable patients there
were 6 (19%) partial responses. Veliparib exhibited linear PK, and there were no apparent PK
interactions between veliparib and irinotecan. At all dose levels, veliparib reduced tumor
poly(ADP-ribose) (PAR) content in the presence of irinotecan. Several samples showed increases
in y-H2AX and pNBS1 after veliparib/irinotecan compared to irinotecan alone.

Conclusions—\eliparib can be safely combined with irinotecan at doses that inhibit PARP
catalytic activity. Preliminary antitumor activity justifies further evaluation of the combination.

INTRODUCTION

Poly (adenosine diphosphate-ribose) (PAR) polymerases 1 and 2 (PARP1 and PARP2) are
members of an essential nuclear protein superfamily that play a role in recognition of DNA
damage and facilitation of DNA repair. PARP inhibition has emerged as a promising strategy
as monotherapy for cancers defective in homologous recombination (HR) repair, such as
those arising in BReast CAncer susceptibility gene (BRCA) carriers (1-4), and as chemo-
potentiation for a variety of DNA-damaging agents, including topoisomerase | poisons,
alkylators, platinum-based agents and vy-irradiation (5-12). Recently, it has been shown that
PARP inhibitors possess two activities: (1) inhibition of NAD-+-competitive catalytic activity
of PARP; and (2) ability to trap PARP-DNA complexes. Cytotoxicity of monotherapy in
preclinical models has been correlated with the trapping of PARP-DNA complexes (13).

Several orally-bioavailable small molecule PARP inhibitors are under active clinical
development, including veliparib (ABT-888) (14, 15). Importantly, PARP-DNA complex
trapping is drug-specific, with talazoparib (BMNG673) and olaparib demonstrating a greater
ability than veliparib, while all of the compounds are potent catalytic PARP inhibitors (13,
16). These findings may explain why inhibition of the catalytic activity of PARP, assayed by
tumor content of PAR, was demonstrated at a dose of 25 mg veliparib in a Phase 0 study
(17), whereas doses of 300 mg and above were required for tumor responses in a
monotherapy Phase 1 study of veliparib in BRCA-deficient cancers (18).

Preclinical synergism between PARP inhibition and topoisomerase | poisons has been firmly
established (19-25). The precise mechanism of synergy remains under intense investigation.
In vitro studies combining a PARP inhibitor with camptothecin or the camptothecin
derivative irinotecan have demonstrated variable effects on the onset and magnitude of DNA
damage, the persistence of DNA damage and the time required for cells to accomplish repair
(20, 22). Additionally, whether inhibition of PARP catalytic activity is sufficient, or whether
PARP-DNA trapping is required for potentiation of topoisomerase | inhibitor-mediated DNA
damage remains controversial (26, 27). Nonetheless, /n vivo, the addition of a PARP
inhibitor has resulted in substantial potentiation of the antitumor efficacy of irinotecan and
other topoisomerase | poisons against a variety of human tumor xenografts (19, 21, 22).
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Based on these preclinical data, we conducted a clinical trial of veliparib combined with
irinotecan in patients with advanced solid tumors. The primary objective was to determine
the recommended phase 11 dose (RP2D) by evaluating the feasibility, safety, adverse events
(AEs), dose limiting toxicities (DLTSs), and the maximum tolerated dose (MTD). Secondary
objectives were to characterize the pharmacokinetics (PK) of veliparib and irinotecan, alone
and in combination, and to assess preliminary antitumor activity. Paired tumor biopsies
obtained post-irinotecan and post-veliparib/irinotecan at timepoints established for
quantifying veliparib-mediated reductions in PAR levels were used to confirm inhibition of
PARP catalytic activity (17). Additionally, we studied modulation of irinotecan-induced
DNA damage and repair by veliparib at these timepoints by measuring two key proteins of
the DNA damage response machinery: nuclear phosphorylated histone 2AX (y-H2AX) and
phosphorylated Nijmegan breakage syndrome 1 (pNBS1) (28).

MATERIALS AND METHODS

Patient selection

Eligible patients had histologically or cytologically confirmed metastatic or unresectable
malignancy for which standard curative or palliative measures were nonexistent or
ineffective or for which irinotecan was a viable treatment regimen; Eastern Cooperative
Oncology Group (ECOG) performance status < 2; measurable disease (per RECIST)
accessible for biopsy; and adequate organ and marrow function defined as absolute
neutrophil count > 1,500/uL, platelets >100,000/pL, aspartate aminotransferase and/or
alanine aminotransferase < 2.5 x upper limit of normal (ULN) or <5 x ULN if liver
metastases present; bilirubin < 1.5 x ULN; and creatinine < 1.5 x ULN or calculated or
measured creatinine clearance = 60 mL/min/1.73 m2. Patients homozygous for the
UGT1A1*28 allele (A(TA7)TAA) were ineligible due to the potential increased risk of
toxicity associated with irinotecan (29, 30).

Prior chemotherapy, experimental therapy or radiotherapy to >5% of bone marrow must
have been completed at least 4 weeks prior to treatment initiation. Patients who received
prior radiation to =50% of their total marrow volume were excluded. CYP3A4 isoform-
inducing drugs had to be discontinued at least 2 weeks prior to the first administration of
irinotecan. Patients were also excluded if they had an uncontrolled intercurrent illness, prior
history of seizures (based on the ability of veliparib to lower the seizure threshold), known
active brain metastases, or a requirement for chronic maintenance of growth factor support.

Study treatment and design

Supplementary Figure S1 shows the study design and sample collection time points.
Treatment cycles were 21 days. Irinotecan was administered intravenously at 100 mg/m?
over 90 minutes on Days 1 and 8, a dose and schedule that is tolerable in heavily pre-treated
patients. Blood samples for single-agent irinotecan PK were collected on Cycle 1, Days 1-3
following administration of the first dose. Twice daily (BID) oral administration of veliparib
(Abbvie, Inc.) began on Day 3 of Cycle 1 and continued until Day 14, followed by 6 days of
no treatment (Days 15-20). Four dose levels of veliparib were tested: 10, 20, 40, and 50 mg
BID. A single dose of veliparib was administered on Day 21 (Cycle 2, Day -1, i.e. one day
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prior to Cycle 2 irinotecan), for evaluation of single-agent veliparib PK. BID veliparib
continued in Cycle 2 through Day 14, followed by a 6-day rest. Serial blood samples were
obtained on Cycle 2, Days 8-10 for evaluation of veliparib and irinotecan PK when co-
administered. For subsequent cycles, veliparib was administered BID from Day -1 through
Day 14, followed by a 6-day rest (15 days on treatment/6 days off).

At least three patients received study treatment on each cohort in standard 3+3 fashion.
DLTs were based on toxicities observed during the first cycle. Toxicities were graded using
the NCI Common Terminology Criteria for Adverse Events (CTCAE) version 3.0 until July
31, 2010, after which CTCAE version 4.0 was utilized. DLTs were defined as any grade = 3
non-hematologic toxicity; grade = 3 nausea, vomiting, or diarrhea uncontrolled by
aggressive treatment; grade 4 granulocytopenia lasting = 5 days without hematopoetic
growth factor support; grade 4 thrombocytopenia or febrile neutropenia; inability to begin
Cycle 2 of treatment (at full dose) within 2 weeks of the scheduled date of administration
due to unresolved toxicity; Grade = 2 non-hematological toxicity persisting beyond the first
42 days or the occurrence of Grade 2 toxicities that, in the judgment of the PI, were dose-
limiting. For grade > 3 electrolyte imbalance secondary to another toxicity, grading of the
precipitating toxicity was used for DLT definition.

A new cycle of therapy did not begin until any toxicity recovered to < grade 1, with no more
than a 2-week delay permitted. Patients were also discontinued if there was a > 2 week delay
in reinstitution of veliparib due to drug-related toxicity during a cycle. For a < 2 week delay
or a grade = 3 toxicity related to veliparib, treatment proceeded with a one dose level
reduction. Dose modifications for irinotecan followed those recommended in the package
insert (recommended dose modifications for single-agent schedules) (31). Dose reductions
could occur multiple times to the lowest protocol-specified dose level as long as there was
clinical benefit. Dose re-escalation was not allowed.

Written informed consent was obtained from enrolled patients. Institutional Review Board
approvals of the protocol and consent form were obtained at all sites. Protocol design and
conduct complied with all applicable regulations, guidance, and local polices. The study was
conducted in accordance with the Declaration of Helsinki. The trial (ClinicalTrials.gov
identifier NCT00576654) was conducted under a National Cancer Institute (NCI)-sponsored
Investigational New Drug (IND) application. Veliparib was supplied under a Collaborative
Research and Development Agreement between Abbvie, Inc. and the Division of Cancer
Treatment and Diagnosis, NCI. Irinotecan was obtained commercially.

PK evaluation

Plasma PK of veliparib and irinotecan were assessed for each agent alone and in
combination. For single-agent irinotecan, blood samples were collected at pre-dose and at
0.5, 1.5 (immediately at the end of infusion), 2, 3.5, 5.5, 8.5, 28, and 48 hours (h) following
the start of infusion on Cycle 1, Day 1. For single-agent veliparib, blood samples were
collected at pre-dose and at 0.5, 1, 1.5, 3.5, 5.5, 8.5, 10, and 28 h after oral administration of
a single dose on Cycle 2, Day —1. The PK of veliparib and irinotecan in combination were
evaluated on Cycle 2, Day 8. Serial blood samples were collected at pre-dose and at 0.5, 1,
1.5, 2,3.5,5.5, 8.5, 10 (prior to the administration of the afternoon dose of veliparib), 28 and
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48h following the administration of both drugs on day 8 (prior to veliparib dosing days 9 and
10). Following isolation of plasma by centrifugation, samples were stored at —80°C.

The plasma concentrations of veliparib and its main metabolite (A-925088) were determined
using a validated liquid chromatography with tandem mass spectrometry (LC-MS/MS)
method (32). The plasma concentrations of irinotecan and its major active metabolite SN-38
were determined using a validated high-performance liquid chromatographic method with
fluorescence detection (33) with modifications described in the Supplementary Methods.
The PK parameters of veliparib, irinotecan, and their metabolites, were estimated using non-
compartmental analysis with WinNonlin software (Pharsight).

Analysis of Pharmacodynamic Biomarkers

Tumor sampling was designed to compare the levels of PAR as a PD biomarker of PARP 1/2
catalytic activity after irinotecan alone to those after the veliparib/irinotecan combination.
Patients underwent tumor biopsies on Cycle 1 Day 2, ~28 hours after the start of irinotecan
and again on Cycle 1 Day 9, ~28 hours after the second dose of irinotecan and ~4 hours after
the morning dose of veliparib, a timepoint informed by preclinical studies and confirmed by
the prior Phase 0 trial (17, 34).

Tumor PAR content was quantified using a validated, fit-for-purpose sandwich immunoassay
(1A) of denatured tumor extracts (17, 34) and was performed according to NCI standard
operating procedures (SOPs) detailed in the Supplementary Methods.

Whenever feasible, each biopsy procured a second pass specimen for surveying two nuclear
PD biomarkers of DNA damage and repair (DDR): y-H2AX and pNBS1. Nuclear y-H2AX
was quantified using a validated single-plex immunofluorescence microscopy assay (IFA)
according to NCI-DCTD SOPs detailed in the Supplementary Methods. This assay employs
ImagePro-based image analysis of all viable cell types in the specified number of objectively
selected fields, excluding necrotic areas, and reports the percentage of their total nuclear
area that is covered by the nuclear y-H2AX staining pattern (%NAP, nuclear area positive).
A preclinical fit-for-purpose study demonstrated the utility of this assay for quantifying the
repair response to DNA damage caused by topoisomerase-1 inhibitors, including
camptothecins (35).

The timing of the DDR response relative to reduction in tumor PAR levels in cancer patients
is unknown; therefore, an exploratory multiplex IFA was developed to evaluate a second PD
biomarker, pNBS1, in concert with y-H2AX. After a modified antigen retrieval step
replacing citrate with EDTA in the SOP for the validated y-H2AX IFA (35), both y-H2AX
and pNBS1 biomarkers were evaluated in the same cut paraffin section after sequential
staining on a Bond-max™ Autostainer with antibodies conjugated to different
fluorochromes. Details of this exploratory IFA are in the Supplementary Methods. Following
image capture, Tissue Studio software (Definiens, Carlsbad, CA) was used to quantify
%NAP of y-H2AX only in fields with a high content of viable tumor cells. Assessment of
nuclear pNBS in paired biopsies was qualitative.
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Statistical methods

Descriptive statistics were used to summarize the baseline patient characteristics, treatment-
related adverse events and PK parameters. Confidence interval (Cl) estimates of Grade = 3
toxicity rates and response rates were calculated using Wilson’s method. The comparison of
PK parameters of veliparib or irinotecan between single-agent and combination treatments
was performed using a paired, two-sided Student’s #Test. Associations between changes in
PD markers, PK parameters and measures of clinical outcome were also assessed. We
hypothesized a positive association between increasing veliparib dose and the percent
reduction of PAR. This hypothetical gradient in PAR reduction was investigated with the
exact version of the nonparametric Jonckheere-Terpstra test for ordered alternatives (1-
sided), given the small sample sizes per dose level.

RESULTS

Patient Demographics

Thirty-five consented patients (Table 1) were enrolled between March 2008 and June 2011.
Whenever possible, germline BRCA status documentation (performed by Myriad Genetics,
Inc.) was obtained. All patients received at least one dose of study drug, with a median of 3
(range of 1-28) cycles of veliparib administered. Patients had = 1 line of prior systemic
therapy and had evidence of disease progression at enrollment. Four patients did not
complete a full cycle of treatment and were not evaluable for response or MTD
determination due to financial reasons (1), rapid clinical deterioration (1) or disease
progression (2).

Dose escalation and determination of MTD and RP2D

Toxicity

During dose escalation, 4 DLTs were observed. The first grade 3 toxicity, fatigue, occurred
at the initial dose level (veliparib 10 mg BID). A second DLT of grade 4 neutropenia was
observed at 20 mg BID. Two additional DLTs, one each of grade 3 diarrhea and febrile
neutropenia occurred at 50 mg BID, resulting in expansion of the 40 mg veliparib BID
cohort with eight additional patients. No DLTs were observed in the additional patients;
therefore 40 mg veliparib BID administered on a 15 days on/6 days off schedule combined
with 100 mg/m? irinotecan on days 1 and 8 of a 21-day cycle was established as the MTD
and RP2D.

The combination of veliparib and irinotecan was generally well tolerated (Table 2). The
most common toxicities among the 35 patients treated across all dose levels included
diarrhea (63%; 95% CI 46 — 77%), nausea (60%; 95% CI 44 — 74%), fatigue (60%; 95% ClI
44 — 74%), neutropenia (49%; 95% CIl 33 — 64%), and leukopenia (49%; 95% CI 33 — 64%).
Beyond standard loperamide recommended during irinotecan treatment, 13 patients across
dose levels required additional medications, including diphenoxylate and atropine, tincture
of opium and in one case, octreotide injections surrounding irinotecan doses. In 4 patients
who achieved a partial or mixed response, pegfilgrastim was used after the first cycle in
order to maintain the initial dose of 20 or 40 mg veliparib BID with irinotecan. Thirteen
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patients required dose reductions during their treatment course, for diarrhea (6), dehydration
(3), neutropenia (5), fatigue (2), nausea (3), or a combination of these toxicities. Eleven
patients required dose interruption, most commonly for recovery of neutropenia. One
ovarian cancer patient on the 20 mg BID veliparib dose experienced intolerable diarrhea,
nausea and fatigue with irinotecan, even after two dose reductions within the first 6 cycles.
She was permitted to remain on veliparib alone, and received an additional 11 cycles before
progressive disease was documented.

Pharmacokinetics

Efficacy

PK samples for veliparib and irinotecan were obtained from 26 and 34 patients, respectively.
The PK parameters estimates for veliparib following oral administration (Supplementary
Table S1) were consistent with those reported previously (5, 6, 17). The systemic exposure
(i.e., Cmax and AUC,s) to veliparib or A-925088 increased with dose (Supplementary
Figure S2). There was no appreciable difference in veliparib clearance (median CL/F: 18
versus 15 L/h, 2> 0.05) and the AUC ratio of A-925088 to veliparib (median, 0.21 versus
0.14, P> 0.05) when veliparib was given alone or in combination with irinotecan. The PK
parameters of irinotecan and SN-38 following intravenous infusion (Supplementary Table
S2) were also consistent with those previously reported (36). There was no apparent
difference in the PK parameters of irinotecan and SN-38 when irinotecan was given alone or
in combination with veliparib (Supplementary Table S2). Collectively, these data suggest no
PK interactions between veliparib and irinotecan.

Thirty-one patients were evaluable for response. The maximum percent change in target
lesions among the 28 patients with pre- and on-treatment radiographic assessments is shown
in Figure 1. Six patients experienced a partial response (PR; mean 12.3 cycles; range 6-28
cycles) for a PR rate of 6/31 = 19%; 95% CI 9 — 36%. Three of these were advanced breast
cancer patients, treated at the 10, 20 and 40 mg BID dose levels, for 8, 28 and 6 cycles,
respectively; the patient initiated at the 20 mg BID dose level was a BRCAI carrier who
escalated to 40 mg BID after 13 cycles and remained on study for an additional 15 cycles.
Partial responses also occurred in two colon cancer patients treated at the 20 and 40 mg BID
dose levels for 10 and 9 cycles, respectively. The former patient had received prior
irinotecan. The other two colorectal cancer patients enrolled, one of whom had disease with
microsatellite instability, had both received prior irinotecan and had progressive disease after
2 cycles.

Of the 9 patients with ovarian cancer enrolled to the study, all were BRCA1 or BRCAZ
carriers. The sixth partial response occurred in a BRCAI carrier with platinum-sensitive
ovarian cancer, who had received 3 prior regimens and who was treated at the 20 mg BID
dose level; she received combined irinotecan and veliparib for 6 cycles and veliparib alone
for 11 cycles. A second patient with platinum-sensitive disease had been treated with 11
prior regimens, achieved stable disease (SD) as the best response and received 4 cycles of
combination treatment. The remaining 7 ovarian cancer patients were considered to have
platinum-resistant or refractory disease. Two of these patients experienced disease
progression during the first cycle. The other 5 patients had been treated with 4-8 prior

Clin Cancer Res. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

LoRusso et al.

Page 8

regimens, achieved SD as the best response, and received between 2-10 cycles of the
combination.

One patient with advanced breast cancer on the 40 mg BID dose level had a mixed response
(MR) and received 8 cycles. Thirteen patients met the criteria of SD after two cycles of
treatment (median 2 cycles; range 2—-10 cycles) for an SD rate of 13/31 = 42%; 95% CI 26 —
59%. There were 9 patients progression-free at 4 months (29%; 95% CI 16 — 47%), and 5
patients progression-free at 6 months after start of treatment (16%; 95% CI 7 — 33%).

Pharmacodynamics of catalytic PARP 1/2 inhibition

Paired biopsies were collected from 26 of the 35 patients; of these 26 pairs, 19 were fully
evaluable for quantifying the primary PD endpoint of the PARP1/2 response to veliparib in
the presence of irinotecan, including all eight patients enrolled in the MTD cohort at
veliparib 40 mg BID (Figure 2 and Table 3). The reasons behind the attrition of seven biopsy
pairs were (a) quality control failure in assay performance (5 pairs) with a root cause traced
to a change in the supplier’s method for producing the commercial antibody that was
addressed prior to patient 13 by modifying the assay SOP (see Supplementary Methods), (b)
one pair with insufficient quality in the first biopsy, and (c) one pair in which both biopsies
contained PAR levels below the assay Lower Limit of Quantitation (LLQ).

After thirteen BID doses, veliparib reduced PAR tumor levels in all PD-evaluable patients by
35-99%. The median PAR reduction across the veliparib dose levels of 10, 20, 40, and 50
mg was 69% (range 51-87%), 86% (range 35-96%), 95% (range 67-99%), and 92% (range
85-98%), respectively. This gradient in PAR reduction was statistically significant (p =
0.0184, 1-sided). However, there was no analogous positive association between the degree
of PARP inhibition and best response; several patients with progressive disease as the best
response exhibited > 90% reduction in tumor PAR content after veliparib (see Table 3).
Nonetheless, the results demonstrate the effectiveness of veliparib at inhibiting PARP1/2
catalytic activity within 4 hours of its administration one day after irinotecan treatment.

DNA Damage and Repair Pharmacodynamics

Second pass core specimens from the paired biopsies of 11 patients yielded sufficient tissue
for evaluating two nuclear PD biomarkers of DDR response: y-H2AX and pNBS1.
Modulation of nuclear y-H2AX was initially evaluated using the validated single-plex IFA
(41), and the response of this PD biomarker was low and highly variable (Table 3). In three
sample pairs, the y-H2AX NAP score (% nuclear area positive) increased above basal levels
(i.e., >5% NAP) after veliparib/irinotecan compared with irinotecan alone (patients 2, 13 and
34). These patients had increases in NAP scores from < 5% after irinotecan alone to 9.5, 5.7
and 9.9% after veliparib/irinotecan, with PD, PR and PD as the best response, respectively.
These %NAP values are considerably lower than those obtained in human tumor xenograft
models that respond to topoisomerase 1 inhibitors, which reach 25% at 4 hours after dosing
(35). Furthermore, these small changes in %NAP values were not confirmed in the
exploratory multiplex assay, which uses an image analysis algorithm that reports %NAP
only in fields predominately composed of viable tumor cells (Table 3 and Figure 3). In the
remaining patients evaluable for DDR, the addition of veliparib to irinotecan treatment failed
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to increase nuclear y-H2AX at the time of demonstrated decreases in tumor content of PAR
(Table 3 and Supplementary Figure S3).

Nuclear pNBS1 staining was assessed qualitatively in 7 sample pairs (Table 3). In 2 cases,
nuclear pNBS1 staining was increased after veliparib/irinotecan compared with irinotecan
alone (Table 3 and Figure 3). This included a robust biomarker response in a patient with
colorectal cancer treated at the 20 mg dose level, who achieved a PR (patient 13).
Importantly, pNBS1 staining was limited to tumor cells, as demonstrated by a liver biopsy in
which both tumor and surrounding normal liver were analyzed (Figure 3 and Supplementary
Figure S3). A second patient with triple-negative breast cancer treated at the 40 mg dose
level, who was not a BRCA carrier and who achieved stable disease for 5.8 months, also had
a slight increase in pNBSL1 staining after combination treatment (patient 28). The other five
paired biopsies did not demonstrate increased nuclear pNBS1 after the addition of veliparib
(Table 3 and Supplementary Figure S4).

DISCUSSION

This trial defined the MTD of day 1, 8 irinotecan given in combination with 15 days of
veliparib on a 21-day cycle. Although veliparib dosing was attenuated during the first cycle
to accommodate PK and PD analyses, it is unlikely that defining DLT in the first cycle led to
an underestimation of toxicities; of the 10 evaluable patients treated at 40mg veliparib BID,
only 2 received dose reductions in the second and fourth cycles, respectively, indicating that
the protocol-defined MTD was tolerable in the majority of patients.

Topoisomerase | poisons cause formation of a cleavable complex in which topoisomerase |
is covalently attached to the DNA 3’ phosphate. PARPL1 is activated by topoisomerase |-
associated single-strand breaks, and via recruitment of X-ray repair cross-complementing
protein 1 (XRCC1), promotes both removal of the cleavable complex by tyrosyl DNA
phosphodiesterase-1 (TDP1) and subsequent completion of DNA repair (37-40). PARP
inhibition therefore potentiates camptothecin-induced DNA damage by disabling the
PARP1-XRCC1-TDP1 repair pathway (20, 37).

When PARP is inhibited, 3’ endonucleases may participate in the removal of the
topoisomerase | cleavable complex. During S phase, camptothecin-stabilized Topo I-DNA
complexes are converted to collapsed replication forks and double-strand breaks. Removal of
the cleavable complex by the MRE11/RAD50/NBS1 (MRN) complex results in a lesion
processed by HR (37). However, in the presence of a PARP inhibitor, there is inhibition of
replication fork restart (41) and an increase in collapsed replication forks, so that PARP
inhibition preferentially sensitizes S phase cells to topoisomerase I-mediated cytotoxicity
(25). The cleavable complex may also be removed by XPF/ERCC1during the G2 phase (25,
42), so that cells with low ERCC1 levels are more sensitive to combined camptothecin/
veliparib (42).

In this study, we assayed levels of nuclear yv-H2AX and pNBS1 in tumor after veliparib/
irinotecan compared to irinotecan alone. y-H2AX scores the presence of DNA double-
strand breaks (28); phosphorylation of NBS1 (part of the MRN complex) indicates that DNA
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damage has been detected and suggests that the DNA repair process has been initiated.
Increases in these biomarkers were sought to provide evidence either for (1) increased
irinotecan-mediated DNA damage in the presence of veliparib; or (2) persistence of
irinotecan-mediated DNA damage and repair in the presence of veliparib, resulting from a
longer period of time required for DNA repair. The latter outcome is supported by one /n
vitro study, in which the increased detection of double-strand breaks after combination
treatment was attributed to a significantly slowed repair process (20). Therefore, in samples
demonstrating increased y-H2AX or pNBS1 after veliparib/irinotecan compared to
irinotecan alone, it is possible that DNA damage was nearly resolved at the 28- hour time
point after irinotecan alone, but still ongoing at that time point after veliparib/irinotecan,
consistent with veliparib-mediated retardation of repair. Among 4 biopsy pairs from patients
who achieved SD or PR for which both of these markers were assessable, two demonstrated
an increase in nuclear pNBS after combination treatment compared to irinotecan alone.

In the colorectal cancer case, adjacent normal liver was not similarly affected, likely because
irinotecan-mediated cytotoxicity and its potentiation by PARP inhibition occurs primarily in
cells with S phase DNA content (25), absent in non-cycling hepatocytes. A small amount of
DNA damage during G1 may occur in response to irinotecan (25); if this occurred, the
absence of pharmacodynamic effects in normal liver suggests proficient repair despite
addition of veliparib. In either case, the lack of detectable DNA damage and repair markers
in normal liver suggests a favorable therapeutic index for the irinotecan/veliparib
combination.

However, increases in y-H2AX foci after combination treatment measured using a validated
single-plex assay did not correlate with response and were not confirmed with an
exploratory multiplex assay. This discrepancy is likely related to the enhanced image
analysis of the multiplex assay that is capable of excluding non-malignant cells from the
biomarker evaluation, and points to the confounding influence of DDR responses by non-
malignant yet cycling cells. In addition to technical issues, lack of corroboration of
preclinical results may also be related to the timing of tumor sampling, designed in this trial
to detect reduction of tumor PAR content after veliparib, and not optimized for detection of
modulation of DDR in malignant cells. Finally, underlying biology not predicted by
preclinical models may be contributing, including the possibility that y-H2AX focus
formation may be dispensable for initial recruitment of other DNA repair factors in some
instances (43).

Since a pNBS1 signal was detectable in samples negative for y-H2AX response, pNBS1
may be useful for assessing DDR endpoints in future trials. A larger sample size will be
required to determine if increased pNBS1 post-combination treatment correlates with
clinical outcome. Use of pNBS will also require determination of the optimal sampling
window after topoisomerase 1 inhibition to measure this biomarker. In fact, a later time point
might have demonstrated completion of repair (absent pNBS) after irinotecan alone that was
still ongoing (persistent pNBS) after veliparib/irinotecan in a larger number of samples. It is
also possible that NBSL1 is involved in the removal of topoisomerase | cleavable complexes
to a greater extent in some tumor cells than others. Assessment of XRCC1 or TDP1
recruitment into nuclear foci might have been a more direct measure of the action of
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veliparib in the presence of irinotecan, but quantitative IFAs for XRCC1 and TDP1 are not
yet developed.

The MTD of veliparib when combined with irinotecan of 40 mg BID is comparable to doses
used in the Phase 0 study (17). Consistent with the inhibition of PARP catalytic activity, our
PD data demonstrated reduction of tumor PAR content during veliparib exposure. Although
the timing of biopsies has not allowed us to document persistent reduction in PAR over the
12-hour dosing interval, in the Phase 0 trial, a single dose of 50 mg veliparib did reduce PAR
levels measured at 24 hours by 76% and 97% in two patients, respectively (17).

In contrast to the documented effects on PARP catalytic activity, it is unlikely that PARP-
DNA trapping has been achieved because monotherapy cytotoxicity, linked to PARP-DNA
trapping, requires veliparib doses > 300 mg BID, with 400 mg BID as the monotherapy
MTD (18). The compromise in PARP inhibitor dose compared to the monotherapy MTD is
similar to the doses of veliparib given in combination with other DNA damaging agents (5,
44); the need for dose reduction has also been observed when other PARP inhibitors are
combined with chemotherapy (10, 45, 46).

The requirement for PARP-DNA trapping in the potentiation of topoisomerase | poisoning
by PARP inhibition is unclear. PARPI-/- cells are hypersensitive to camptothecin, and the
addition of a PARP inhibitor does not further sensitize these cells, suggesting that the
absence of PARP catalytic activity is sufficient for sensitization (26). However, in other
studies, parental and PARPI-/- mouse embryonic fibroblasts have indistinguishable
camptothecin sensitivities; transfection with catalytically inactive PARP1 or its isolated
DNA binding domain sensitizes to camptothecin, consistent with a model in which small
molecule inhibitors convert PARP1 into a protein that potentiates topoisomerase | poisons by
binding to damaged DNA and preventing repair (27). If trapping of PARP-DNA complexes
is a component of topoisomerase | inhibitor-mediated sensitization, alterative schedules
using higher veliparib doses may be required.

In this study, PRs were seen in BRCA carriers and WT patients. HR is required to faithfully
process double-strand breaks arising during S phase following combined topoisomerase |
and PARP inhibition, so that HR-deficient tumors may be overall more vulnerable. For this
reason, the irinotecan/veliparib combination is being studied in two triple-negative breast
cancer populations, including those with and without BRCA germline mutations.

In summary, we have demonstrated the ability to safely inhibit PARP1/2 catalytic activity in
combination with topoisomerase | inhibition. Further studies are necessary to reproducibly
demonstrate modulation of the DDR in the context of loss of PARP1/2 function. Ultimately,
randomized trials will be required to definitively demonstrate increased efficacy afforded by
PARP inhibition in concert with DNA damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

In preclinical models, poly(ADP-ribose) [PAR] polymerase (PARP)1/2 inhibitors
enhance the activity of topoisomerase I inhibitors. This Phase 1 trial established the
tolerability of the PARP inhibitor veliparib in combination with irinotecan. The MTD of
veliparib was lower than that required for monotherapy cytotoxicity, but consistent with
catalytic inhibition of PARP, evidenced by paired tumor biopsies obtained after irinotecan
alone and after veliparib/irinotecan demonstrating veliparib-mediated reduction in PAR
content. In several samples, expression of y-H2AX and pNBS1 was increased following
veliparib/irinotecan compared to irinotecan, with the greatest increase in pNBS noted in
one patient who achieved PR. In other patients, similarly increased y-H2AX and pNBS1
levels were not observed. Administration schedules accommodating higher veliparib
doses or alternative tumor sampling time points may be required to reproducibly
demonstrate modulation by veliparib of the extent and repair of irinotecan-mediated
DNA damage. Nonetheless, the observed clinical responses suggest that the combination
merits further evaluation.
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Figure 1. Waterfall plot demonstrating the maximum percent change in target lesions among 28
patients with pre- and on-treatment radiographic assessments

Diagnoses, dose levels and BRCA carrier status (for known subjects) are indicated. For
subjects who remained on trial for approximately 6 months or longer, the number of days on
study and number of cycles administered (parenthesized) are indicated beneath the bar. One
of the colon cancer patients with progressive disease as best response had tumor with
microsatellite instability.
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Figure 2. PAR content in paired tumor biopsies after irinotecan alone and after combined
veliparib/irinotecan

PAR levels in tumor obtained from biopsies performed on cycle 1 day 2, 28 hours after the
first dose of irinotecan (open circles) and cycle 1, day 9, 28 hours after combined veliparib/
irinotecan (closed circles), demonstrating substantial reductions in PAR after veliparib
exposure across dose levels. Of 26 patients from whom paired biopsies were procured, 19
patients were evaluable for a quantitative change in PAR tumor content, including all 8
patients enrolled in the MTD cohort at 40-mg BID veliparib. *No Day 2 sample. tDay 2
sample, insufficient quality. £Day 2 sample, insufficient protein. ADay 2 sample, < LLQ.
+No Day 9 sample. #Day 9 sample, < LLQ. §Assay failed QC.
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Figure 3. Assessment of y-H2AX and pNBS in the exploratory multiplex immunofluorescence
assay

Multiplex immunofluorescence microscopy with Definiens image analysis was used to
assess expression of y-H2AX (green signal) and pNBS (red signal) after irinotecan alone and
after combined veliparib/irinotecan. H&E panels and the “a” panels demonstrate cytology
and pharmacodynamic response of adjacent sections. The “b” and “c” panels demonstrate
typical staining patterns of other representative fields in the series of sections prepared from
each biopsy specimen. (A) Sections from biopsies from patient 13 (colon cancer; best
response PR). (B) Liver biopsy core post combination treatment from patient 13
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demonstrating that pNBS staining is confined to tumor cells in the biopsy. Bar, 300 pm. (C)
Sections from biopsies from patient 28 (TNBC; best response SD). Qualitatively all sections
reveal a slight increase in nuclear pNBS staining post-combination treatment (Table 3).
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Table 1
Patient Characteristics

Characteristic N= 35 (%)
Gender

Male 7 (20)

Female 28 (80)
Median (range) age in years 54 (31-73)
Eastern Cooperative Oncology Group performance status

0 9 (26)

1 24 (68)

2 2(6)
Tumor Type

Breast 15 (43)

Ovary 9 (26)

Colon 4 (11)

Esophagus 4(11)

Lung 2 (6)

Anus 1(3)
Received prior systemic therapy 35 (100)

Median no. prior therapies (range) 4(1-12)
Median no. veliparib cycles/patient (range) 3(1-28)
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