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Abstract
Purpose: Oral administration of the alkylating agent cyclophosphamide at low doses, metronomic
dosing, is well tolerated, with efficacy in multiple tumor types. PARP inhibition potentiates effects of
cyclophosphamide in preclinical models. We conducted a phase I trial of the PARP inhibitor veliparib and
metronomic cyclophosphamide in patients with refractory solid tumors and lymphoid malignancies.
Experimental Design: Objectives were to establish the safety and maximum tolerated dose (MTD) of
the combination; characterize veliparib pharmacokinetics (PK); measure poly(ADP-ribose) (PAR), a
product of PARP, in tumor biopsies and peripheral blood mononuclear cells (PBMC); and measure
the DNA-damage marker gH2AX in PBMCs and circulating tumor cells (CTC). Cyclophosphamide
was administered once daily in 21-day cycles in combination with veliparib administered once daily
for 7, 14, or 21 days.
Results: Thirty-five patients were enrolled. The study treatment was well tolerated, and the MTD was
established as veliparib 60 mg with cyclophosphamide 50 mg given once daily. Seven patients had
partial responses; an additional six patients had disease stabilization for at least six cycles. PAR was
significantly decreased in PBMCs (by at least 50%) and tumor biopsies (by at least 80%) across dose
levels (DL); gH2AX levels were increased in CTCs from seven of nine patients evaluated after drug
administration.
Conclusions: The combination of veliparib with metronomic cyclophosphamide is well tolerated and
shows promising activity in a subset of patients with BRCA mutations. A phase II trial of the combination
compared with single-agent cyclophosphamide is ongoing in BRCA-positive ovarian cancer, triple-negative
breast cancer, and low-grade lymphoma. Clin Cancer Res; 18(6); 1–9. 2012 AACR.
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PARP enzymes are characterized by the ability to poly
(ADP-ribosyl)ate protein substrates (1, 2). PARP-1 and
PARP-2 help maintain genomic stability by regulating the
repair of DNA damage; PARP inhibition potentiates the
DNA-damaging effects of alkylating agents, including cyclophosphamide, by interfering with the repair of DNA damage (3, 4). PARP inhibition in homozygous BRCA-deficient
cells produces synthetic lethality, making PARP inhibitors
attractive therapeutic agents for patients with BRCA mutations (5–7). Veliparib (ABT-888), a potent, oral small
molecule, inhibits PARP activity significantly in tumors at
clinically achievable concentrations (4, 8). We hypothesized that coadministration of a PARP inhibitor with metronomic cyclophosphamide would be well tolerated and
might enhance the therapeutic index because of the known
modest toxicity of cyclophosphamide administered on a
daily, oral schedule.
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Translational Relevance
The development of combinations of cytotoxic chemotherapy regimens with PARP inhibitors has been
hampered by increased toxicity, limiting the dose of
chemotherapy. This report describes a phase I study of
an oral PARP inhibitor, veliparib, administered once
daily, in combination with low dose, continuous administration of oral cyclophosphamide in patients with
refractory solid tumors and lymphoid malignancies.
This regimen was designed with the goal of enhancing
the antitumor effect while maintaining an acceptable
toxicity profile, resulting in a favorable therapeutic ratio.
The combination was tolerable and showed encouraging
activity in patients with DNA repair defects, further
supporting the role of PARP inhibitors in that population. We measured changes in markers indicative of
PARP inhibition and DNA damage in clinical samples.
The promising results of this trial have informed a
randomized phase II trial of the combination versus
cyclophosphamide alone in BRCA-positive ovarian cancer and triple-negative breast cancer.

Chronic administration of the alkylating agent cyclophosphamide at low doses, known as metronomic dosing,
is effective in lymphoma and multiple tumor types, including ovarian, prostate, and breast cancer (9–12). In addition
to inducing DNA damage, metronomic cyclophosphamide
may target tumor angiogenesis by reducing tumor endothelial cell proliferation through activation of thrombospondin 1 (13, 14). It has also been reported to reduce the
population of CD4þCD25þ regulatory T cells that suppress
antitumor immunity (15).
We conducted a phase I trial of the combination of
veliparib with metronomic oral cyclophosphamide in
patients with refractory solid tumors and lymphoid malignancies. The objectives were to establish the safety, tolerability, and maximum tolerated dose (MTD) of the combination; to determine the PK of veliparib; and to examine the
effects on PARP activity and phosphorylated histone H2AX
(gH2AX) levels, a marker of DNA double-strand breaks, in
peripheral blood mononuclear cells (PBMC), tumor biopsies, and circulating tumor cells (CTC).

Patients and Methods
Eligibility criteria
Patients (age  18 years) were eligible if they had pathologically confirmed metastatic solid tumor or low-grade
lymphoma for which there was no acceptable standard
therapy; a Karnofsky performance status of 60% or more;
and adequate liver, kidney, and marrow function defined as
absolute neutrophil count of 1,500/mL or more, platelets of
100,000/mL or more, total bilirubin of 1.5  the upper limit
of normal (ULN), aspartate aminotransferase and/or alanine aminotransferase less than 2.5  ULN, creatinine less
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than 1.5  ULN. Prior exposure to PARP inhibitors or
cyclophosphamide was allowed.
Previous anticancer therapy or surgery must have been
completed at least 4 weeks before enrollment; patients
were required to have evidence of disease progression on
previous therapy by staging scans. Patients unable to
swallow pills or those with uncontrolled intercurrent
illness, brain metastases within the past 3 months, history
of seizures (high-dose veliparib caused seizures in a preclinical model), or gastrointestinal conditions that might
predispose to drug intolerability or poor drug absorption
were excluded. Documentation of BRCA mutation status
was not required.
This trial was conducted under a National Cancer Institute (NCI)-sponsored Investigational New Drug Application with Institutional Review Board approval at each
participating site. Protocol design and conduct followed
all applicable regulations, guidances, and local policies.
[ClinicalTrials.gov Identifier: NCT00810966].
Trial design
This was an open-label, multicenter, single-arm phase I
combination study of veliparib and metronomic oral
cyclophosphamide in patients with advanced malignancies. The Division of Cancer Treatment and Diagnosis,
NCI, supplied veliparib under a Collaborative Research
and Development Agreement with Abbott Laboratories.
Cyclophosphamide was obtained through commercial
sources.
Cyclophosphamide was administered orally once daily
throughout a 21-day cycle. Veliparib was administered
orally once daily, with cyclophosphamide, for the first 7,
14, or 21 days of the cycle, depending on DL. Starting doses
were veliparib 20 mg daily and cyclophosphamide 50 mg
daily (Table 1). Dose escalation did not follow the Fibonacci schema due to low anticipated toxicity and desire to
provide uninterrupted PARP inhibition coverage to the
majority of patients given the potential for clinical benefit.
A standard phase I dose escalation design (3 þ 3) was
employed. Higher DLs were not opened until the last
patient in the previous cohort had completed 1 cycle.
Intrapatient dose escalation was allowed once 3 new
patients completed that DL without grade 2 or higher
toxicity and the given patient was tolerating therapy well.
Adverse events were graded according to NCI Common
Toxicity Criteria (version 3.0). Dose-limiting toxicity (DLT)
was defined as an adverse event that occurred in the first
cycle, was felt to be related to the study drugs, and fulfilled
one of the following criteria: grade 3 or greater nonhematologic toxicity (except grade 3 nausea/vomiting and diarrhea without maximal symptomatic treatment, grade 3
creatinine and electrolyte abnormalities that corrected to
grade 1 or baseline within 24 hours); grade 4 neutropenia;
grade 4 thrombocytopenia; or a 2-week or more delay in
starting the next cycle due to toxicity. Any degree of anemia,
leucopenia in the absence of neutropenia, or lymphopenia
was not considered dose limiting. Patients were considered
evaluable for cohort dose escalation decisions if they
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Table 1. Dose cohorts and adverse events of at least grade 2, at least possibly related to study medication

DL

Veliparib (QD)

Cyclophosphamide
(QD  21 days)

Total no. of
patients

Adverse
event

1

20 mg  7 days

50 mg

3

Lymphopenia

2

30 mg  7 days

50 mg

3

3

30 mg  14 days

50 mg

3

4

40 mg  21 days

50 mg

3

Lymphopenia
Leucopenia
Neutropenia
Thrombocytopenia
Lymphopenia
Leucopenia
Anemia
Lymphopenia
Leucopenia
Neutropenia
Allergic reaction
Lymphopenia

5

40 mg  21 days

100 mg

3

6

50 mg  21 days

50 mg

3

7

60 mg  21 days

50 mg

14

8

80 mg  21 days

50 mg

3

Fatigue
Lymphopenia
Leucopenia
Lymphopenia

Leucopenia
Neutropenia
Anemia
Thrombocytopenia
Fatigue
Hypophosphatemia
Hypoalbuminemia
Nausea
Vomiting
Upper respiratory infection
Urinary tract infection
Urinary tract obstruction
Lymphopenia
Leucopenia
Neutropenia
Acute respiratory failure
Abdominal distension, abdominal pain

Gradea

No. of
patients

2
3
2
2
2
2
2
2
2
2
3
2
2
2
2
3
3
3
2
2
3
4
2
2
2
2
2
3
2
2
2
2
2
3
2
2
2
4
3

1
1
2
1
2
1
2
1
1
1
1
1
1
1
1
2
1
2
1
2
3
3
4
2
4
2
2
1
1
1
1
1
1
1
1
1
1
1b
1b

Abbreviation: QD, once a day.
a
Worst grade reported per patient.
b
DLT. The patient with acute respiratory failure died; the treating physician felt the cause of death was likely disease progression, but the
possibility that the study drug combination may have contributed to the respiratory failure could not be excluded.

either experienced DLT or completed 1 full cycle without
DLT and received at least 80% of the planned dose.
Toxicities had to resolve to grade 1 or less for nonhematologic toxicities (except electrolyte abnormalities, which
had to resolve to grade 2 or less) and grade 2 or less for
hematologic toxicities, before starting the next cycle. Treatment could be delayed for a maximum of 2 weeks to allow
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resolution of toxicities. If toxicities did not resolve as
defined above, patients were taken off study treatment. DLT
resulted in a reduction in DL. The MTD was defined as the
DL at which none or 1 of 6 patients experienced DLT, and
the DL below 1 in which 2 or more patients experienced
DLT. Six additional patients were accrued at the MTD to
further evaluate PK and pharmacodynamics (PD).
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Safety and efficacy evaluations
History and physical examination, including performance status and vital signs, were carried out at baseline
and repeated at the start of every cycle. Complete blood
counts with differential and serum chemistries were conducted at baseline, weekly during cycle 1, and the start of
every cycle from cycle 2 onward. In the studies conducted
with veliparib, there has been no indication of cardiac
toxicity related to study drug, therefore, electrocardiogram
was done at baseline only and repeated as clinically indicated. Radiographic evaluation was carried out at baseline
and every 2 cycles to assess tumor response based on the
Response Evaluation Criteria in Solid Tumors (RECIST;
version 1.0; ref. 16).
Pharmacokinetic evaluations
Veliparib PK analysis was conducted over a 24-hour
period (samples collected predose and at 0.5, 1, 1.5, 2, 3,
4, 6, 8, and 24 hours postdose) on day 1 of cycle 1 and on the
last day veliparib was administered in cycle 1 (day 7, 14, or
21, depending on DL). Blood samples were centrifuged at
1,000  g and plasma stored at 70 C until analysis.
Plasma veliparib concentrations were quantified with a
liquid chromatography–mass spectrometry assay validated
to U.S. Food and Drug Administration guidelines (17). See
Supplementary Data for additional details.
PD evaluations
PBMC samples for PD analysis were obtained in 8 mL Cell
Prep Tubes (Becton Dickinson) on days 1 and 21 of the first
cycle over a 24-hour period (predose and 2, 4, 6, and 24
hours postdose). Optional tumor biopsies were collected
predose and 2 to 6 hours (or 24 hours for the MTD
expansion cohort) after the last dose of veliparib in cycle 1.
Poly(ADP-ribose) (PAR), a product of PARP, was measured
in PBMCs and tumor biopsies using a validated immunoassay as previously described (8, 18). Levels of gH2AX were
measured in PBMCs and CTCs with standard operating
procedures previously described for the validated immunofluorescence assays (19–21).
Statistical analyses
Statistical analyses for PK parameters and concentration
values were conducted with SPSS 17.0 for Windows (SPSS
Inc.). Values were compared by a 2-tailed, paired exact Wilcoxon signed-rank test; P < 0.05 was considered significant.
Blyth-Still-Casella 95% CIs were calculated for the true
probability across patients for change in PAR levels using
StatXact 4.0 (Cytel, Inc.; refs. 22, 23). These CIs were for
descriptive purposes only, as PAR threshold values were
influenced by the observations.

Results
Demographics
Thirty-five patients with advanced malignancies were
enrolled (Table 2). Two patients on DL 7 did not complete
a full cycle of therapy and were not included in the MTD
determination. One patient developed a small bowel
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Table 2. Patient characteristics
No. of patients
Male
Female
Age, y
Median
Range
Tumor types
Ovarian
Carcinoid
Breast
Colon
Pancreas
Urothelial
Melanoma
Sarcoma
Endometrial
Lymphoma
Unknown primary
Karnofsky performance status
80%–100%
70%
No. of lines of prior systemic therapies
Median
Range

35
6
29
56
42–82
11
1
12
1
1
2
1
1
2
2
1
33
2
6
1–22

obstruction shortly after enrollment that was considered
secondary to disease progression and adhesions from prior
surgeries, and was taken off study. One patient required
intervention for pericardial involvement by tumor, necessitating discontinuation of study therapy. Patients were
heavily pretreated; 16 had received prior intravenous cyclophosphamide and 3 received prior oral cyclophosphamide,
in combination with other therapeutic agents. Three
patients had prior single-agent PARP inhibitor therapy
(1 patient received veliparib and 2 received olaparib).
Toxicity
The study regimen was well tolerated. Grade 2 myelosuppression (with some higher grade lymphopenia) was
the most common toxicity across DLs (Table 1). At DL 8,
2 patients developed DLTs. One patient with advanced
breast cancer and baseline dyspnea on exertion developed
worsening dyspnea, hypoxia, and eventually acute respiratory failure during the first week of treatment. No clear
evidence of cardiac dysfunction or disease progression in
the lungs was documented. This patient died a few days
later despite best supportive care. The treating physician
felt the cause of death was likely disease progression, but
the possibility that the study drug combination may have
contributed to the respiratory failure could not be excluded. A second patient with metastatic breast cancer and
extensive liver involvement presented with worsening
abdominal pain and distension in the middle of cycle
1; radiologic assessment was consistent with mild bowel
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Table 3. Responses to treatment by tumor type
Responses and histology

Patient no.

Partial response
BRCA2þ ovarian cancer
BRCA2þ ovarian cancer
BRCA2þ ovarian cancer
BRCA2þ ovarian cancer
BRCA2þ ovarian cancer
BRCA2þ triple-negative breast cancer
Breast cancer
Prolonged stable diseasea
SLL/CLL
BRCA2þ breast cancer (male)
Urothelial cancer
BRCA2þ ovarian cancer
Urothelial cancer
BRCAþ breast cancer

DL

Total no. of cycles

12
4
23
34
5
20
15

4
2
7
8
2
7
5

32
20
17
10
8
8
4

1
14
32
25
31
29

1–7
5
7
7
7
7

42
15
17
11
8
6

a

Stable disease for at least 6 cycles.
Abbreviation: SLL, small lymphocytic lymphoma; CLL, chronic lymphoid leukemia.

loop dilatation without evidence of obstruction. The
patient did not have a prior history of ileus or small
bowel obstruction, and there was no known intestinal or

peritoneal involvement by disease. Study drugs were held,
and the patient was managed conservatively, with resolution of symptoms. Study therapy was reinitiated at the
next lower DL with no recurrence of symptoms. Due to
the 2 DLTs at DL 8, additional patients entered on DL 7
(veliparib 60 mg daily with cyclophosphamide 50 mg
daily), which was established as the MTD.
Efficacy
Seven patients experienced a partial response, and an
additional 6 patients had prolonged stable disease (6 or
more cycles), including 1 patient (patient 1) with low-grade
lymphoma who received a total of 42 cycles of study treatment with resolution of B symptoms (Table 3, Fig. 1). He
was enrolled on DL 1 and eventually escalated to DL 7
following discussions with the study sponsor, lack of significant toxicity, and establishment of the safety of DL 7, to
assess whether chronic PARP inhibition would provide

Figure 1. Antitumor activity. A, maximum change in target lesion size from
baseline assessed according to RECIST 1.0 (n ¼ 26). Six patients had
nonmeasurable, evaluable disease only; 1 patient was taken off study for
clinical progression. Dotted line indicates 30% decrease as deﬁned by
RECIST 1.0 for partial response. Patient numbers are displayed along the
x axis. Asterisk represents patients with BRCA mutation and C represents
patients who had prior oral (patients 21 and 25) or intravenous
cyclophosphamide. Patient 21 received prior veliparib and patient 3
received prior ifosfamide. B, computed tomography scans from patient 4,
a 57-year-old woman with BRCA2-positive ovarian cancer at baseline
(left) and after 4 cycles of treatment on DL 2 (right); patient achieved a
partial response. C, magnetic resonance imaging scans from patient 20, a
44-year-old woman with ER-positive, BRCA2-positive breast cancer on
DL 7 at baseline (left) and after 2 cycles (right); patient achieved a partial
response (status post-doxorubicin/cyclophosphamide, taxane,
letrozole, trastuzumab, fulvestrant, gemcitabine, and bevacizumab).
Arrows indicate pre- and posttreatment tumor sites.
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additional clinical benefit. One patient with BRCA2-positive
ovarian cancer (patient 23; DL 7), who had received multiple lines of prior chemotherapy (including cisplatin, paclitaxel, liposomal doxorubicin, and irinotecan), had disappearance of target lesions on follow-up scans, and received a
total of 17 cycles with eventual disease progression. However, CA 125 levels, although improved, remained above
normal; thus, this patient was not considered a complete
response by RECIST 1.0. One of the patients with urothelial
malignancy and Muir-Torre syndrome had prolonged disease stabilization for 17 cycles.
Thirteen patients had known BRCA mutations; of these, 6
had partial responses and 3 had prolonged stable disease.
The BRCA status of the remaining patients was unknown;
therefore, no comparisons to wild-type BRCA could be
made.
PK
Veliparib PK data were available for 35 patients, and data
were available for 30 patients on both day 1 and the last day
of veliparib dosing (day 7, 14, or 21; Supplementary Table
S1). Dose linearity assessment for maximum plasma concentration (Cmax) resulted in a coefficient of 1.098 (95%
CI: 0.784–1.41; 90% CI: 0.720–1.48). Dose linearity assessment for area under the curve (AUC) resulted in a coefficient
of 1.15 (95% CI: 0.882–1.42; 90% CI: 0.828–1.47).

No statistically significant changes in PK parameters
between baseline and day 7, 14, or 21 were observed. The
accumulation index was 1.04 (SD  0.23) for AUC0–24 and
1.12 (SD  0.40) for Cmax; these were not statistically
significant. In the 3 patients on DL 5 (100 mg cyclophosphamide), PK behavior of veliparib was not different from
other DLs.
PAR levels in patient PBMC and tumor samples
Mean PAR levels in patient PBMCs over the first 24
hours of cycle 1 are shown in Fig. 2A. Of the 33 evaluable
patients with PBMCs available at 4 hours postdose, 21
(64%) had at least a 50% decrease in PAR; 6 of these 21
patients had PAR levels below the level quantifiable by
the assay. The Blyth-Still-Casella 95% CI, indicating
the true probability of such a decrease across patients,
without accounting for DL (a limitation imposed by
the small sample numbers), ranged from 0.45 to 0.79.
PBMC PAR levels also decreased by at least 50% from
baseline on day 21 of cycle 1 in all 7 patients for whom
samples were available; these patients were on DL 6 to 8
(Supplementary Fig. S1). Five of the 7 patients were
known to have a BRCA mutation, but no conclusions
can be made about BRCA status due to the small
sample size. Due to the small number of patients treated
per DL, statistical comparisons of the degree of inhibition

Figure 2. A, mean PAR levels
relative to baseline (100%) by DL in
PBMC samples collected at
baseline and 2, 4, 6, and 24 hours
postdose on day 1. Error bars, SD.
B, PAR levels relative to baseline
(100%) in tumor biopsy samples
collected 2 to 6 hours postdose on
day 7 for patient 1 (DL 1), 4 to 6
hours postdose on day 21 for
patients 16 (DL 6), 22 (DL 7), and 20
(DL 7), and 24 hours after the day 21
dose for patient 34 (DL 8). Asterisk
represents patients with BRCA
mutation. Total number of CTCs (C)
and percent gH2AX-positive CTCs
(D) isolated from 9 patients during
cycle 1 at baseline and
posttreatment on days 2 and 5.
Color coding indicates DL; DL 3 (Pt
7–8), DL 5 (Pt 13), DL 6 (Pt 17), DL 7
(Pt 20–22, 24), and DL 8 (Pt 34).
Dotted lines indicate samples from
patients with BRCA mutations.
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Figure 3. PD data from a 57-yearold man with small lymphocytic
lymphoma/chronic lymphoid
leukemia on DL 1 during cycle 1
(dose escalated to DL 7 in
subsequent cycles) who
experienced prolonged stable
disease and received a total of 42
cycles of therapy. A, PAR levels in
serial PBMC samples collected on
day 1 of cycle 1. PAR levels were
undetectable at 2, 4, and 6 hours
postdose. B, PAR levels in tumor at
baseline and on day 7 of cycle 1. C,
gH2AX levels measured as percent
nuclear area positive (%NAP) in serial
PBMC samples collected on day 1 of
cycle 1. D, representative gH2AX
staining in PBMCs at baseline (left)
and 4 hours after combined
treatment during cycle 1 (right).

at day 21 compared with baseline could not be carried
out.
All 5 patients with pre- and postdose (after 7 or 21
days of treatment) paired tumor biopsies had more
than 80% decreases in PAR levels (Fig. 2B). The BlythStill-Casella 95% CI, indicating the true fraction of
patients who had more than an 80% decrease in tumor
biopsy PAR levels on either day 7 or 21, ranged from
0.50 to 1.0.
gH2AX levels in patient PBMC and CTC samples
We measured gH2AX levels, expressed as percentage
nuclear area positive (%NAP), in PBMCs collected over
24 hours from 17 patients on day 1. Fifteen of 17 patients
had posttreatment gH2AX levels at or below baseline (Supplementary Fig. S2). Two patients had a slight increase in
gH2AX %NAP at the 4-hour time point that returned to near
baseline by 6 hours. We also measured gH2AX in CTCs.
CTCs were detectable in 9 patients; most samples had fewer
than 10 detectable CTCs, a number that remained relatively
constant over the first 5 days of cycle 1 (Fig. 2C). Seven of
9 patients had an increased percentage of gH2AX-positive
CTCs on day 2 (Fig. 2D), but these data are difficult to
interpret in regard to response given the small numbers
of CTCs. For patient 8, the number of CTCs increased from
0 at baseline to 33 at day 2; 64% of these cells were gH2AX
positive. Patient 17, a 56-year-old man with colonic ade-
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nocarcinoma, had considerably more CTCs than other
patients, and received 2 cycles of therapy before disease
progression. The percentage of gH2AX-positive CTCs for
this patient increased slightly from 3.9% at baseline to 6.2%
on day 2.
In 1 patient, a 57-year-old man with small lymphocytic
lymphoma/chronic lymphoid leukemia who had prolonged stable disease (patient 1), PAR levels in PBMCs and
tumor, and gH2AX in PBMCs were measured (Fig. 3). This
patient was on DL 1 for cycle 1.

Discussion
This is the first clinical trial to evaluate once-daily
dosing of veliparib in combination with a chemotherapeutic agent. Given its short half-life (5.0  1.5 hours),
veliparib has been administered twice daily in all other
combination trials. We evaluated once-daily dosing based
on PD data from our phase 0 trial, which showed more
than 48% inhibition of PARP activity in tumor biopsies
24 hours after a single 50 mg dose (8), and because
of better patient compliance with once-daily dosing
(24, 25). Enhanced myelotoxicity has been observed with
PARP inhibitor combination regimens with cytotoxic
chemotherapy, requiring dose reduction of the chemotherapy (26–28). This has raised questions about the
relative contribution of the addition of PARP inhibitors
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to combination regimens and whether administration of
full doses of chemotherapy alone would provide similar
benefit. Therefore, we designed a regimen that would be
well tolerated and have low levels of toxicity and good
patient compliance, a potentially better therapeutic ratio,
and we were able to safely escalate the PARP inhibitor
dose with metronomic cyclophosphamide dosing. The
regimen was well tolerated, and the MTD was established
at 60 mg veliparib with 50 mg cyclophosphamide administered daily in 21-day cycles.
Six of 7 partial responses were observed in patients with
known BRCA mutations, and an additional 3 patients with
BRCA mutations had prolonged disease stabilization. Evidence of clinical benefit and PARP inhibition was observed
across DLs, suggesting that even at lower doses, veliparib
produced sufficient inhibition of PARP activity to provide
benefit in BRCA-positive patients receiving DNA-damaging
chemotherapy. Two of the partial responses, and 2 of the
prolonged stable diseases, occurred in patients who had
received prior cyclophosphamide. One patient with metastatic ovarian cancer and a known BRCA mutation had
complete disappearance of radiologic evidence of disease,
even though tumor markers remained elevated. To our
knowledge, this is the first report of the disappearance of
radiologic evidence of disease in a patient treated with
veliparib. Due to the unknown BRCA status of the remaining patients, no comparative analysis with wild-type BRCA
patients can be conducted. However, these preliminary data
support the hypothesis that tumors with DNA repair defects
may be sensitive to PARP inhibitors. Interestingly, a patient
with Muir-Torre syndrome, an autosomal dominant genetic
disorder likely caused by microsatellite instability (29), and
urothelial malignancy had prolonged disease stabilization
for 17 cycles, further supporting the potential therapeutic
role of PARP inhibitors in the treatment of tumors with
DNA repair defects.
We observed a statistically significant inhibition of PARP
activity in PBMCs and tumor biopsy samples across DLs.
The degree and duration of PARP inhibition in tumor
required for clinical benefit has not been established. A
comparative study of the effects of treatment with other
PARP inhibitors, MK-4827, olaparib, and PF-01367338, on
PBMCs has recently been reported, and decreases in PAR
levels ranged from 65% to 92% (30). The PAR levels at
baseline and the degree of inhibition in PBMCs is variable as
evidenced by our observations in this study. In the small
subset of patients who underwent tumor biopsies and
PBMC sampling on the same day (patients 20, 22, and
34), there seemed to be concordance in the inhibition of
PAR in both sample sets. Although there is inherent variability in the baseline levels of PAR in PBMCs and the degree
of PARP inhibition for a given DL as shown in Fig. 2A,
overall PAR levels were significantly decreased in PBMCs
across all DLs.
We did not observe consistent increases in gH2AX, a
sensitive marker of DNA damage (20, 31), in PBMCs. As
previously reported in our phase 0 study of veliparib (8),
PARP activity is more easily inhibited in tumor cells than
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PBMCs; therefore, we evaluated the number of CTCs and
the presence of gH2AX as a marker of drug effect in tumor.
Though we observed increases in the fraction of CTCs
positive for gH2AX after treatment, definitive conclusions
cannot be made due to the few patients who underwent
CTC sampling (as this was added later to the study) and low
number of CTCs recovered per sample. We did not observe
increases in gH2AX in PBMCs in the majority of patients
evaluated, but did observe increases in gH2AX in CTCs,
which is consistent with the minimal myelosuppression
and promising antitumor activity observed with this
regimen.
We were concerned about the potential for coadministration of cyclophosphamide to increase PARP inhibitor
metabolism, because cyclophosphamide can induce
CYP3A4 expression in human hepatocytes and liver slices
(32). However, no effect of metronomic cyclophosphamide
on veliparib PK was observed between the first and last days
of treatment (days 1 and 7, 14, or 21). These results are
consistent with our previous report in which 31% to 115%
of the veliparib dose was recovered in urine as unchanged
parent drug (8).
Because of the encouraging activity and tolerability of
this combination in patients with DNA repair deficiencies, the activity of metronomic cyclophosphamide alone
and in combination with veliparib is being compared in
a multicenter, randomized phase II study in patients
with advanced ovarian cancer and BRCA mutations,
high-grade serous ovarian cancers, triple-negative breast
cancers, and low-grade lymphomas (ClinicalTrials.gov
identifier: NCT01306032). The trial includes a detailed
genetic analysis of underlying DNA repair defects for the
ovarian cancer cohort. Veliparib as a single agent is being
evaluated in a separate phase I clinical trial in patients
with cancer carrying the BRCA mutation (ClinicalTrials.
gov identifier: NCT00892736). Data from the singleagent trial were not available at the time of designing
the phase II trial of the combination to add single-agent
veliparib as a comparator arm.
The phase II trial, as currently designed, should help
define the contribution of PARP inhibition to the activity
of this combination and will begin to establish whether a
true increase in the therapeutic ratio of a cytotoxic is
possible with the use of PARP inhibitors in the clinic.
Disclosure of Potential Conﬂicts of Interest
R. J. Kinders serves as a consultant for Trevigen and owns Abbott
Laboratories common stock (less than $10,000). The other authors
disclosed no potential conflicts of interest. The content of this publication
does not necessarily reflect the views or policies of the Department of
Health and Human Services, nor does mention of trade names, commercial products, or organizations imply endorsement by the U.S.
Government.

Acknowledgments
The authors thank Gina Uhlenbrauck, Yvonne Evrard, and Heather
Gorby, SAIC-Frederick, Inc., for editorial assistance in the preparation of
this article. The authors also thank Michael Minchik, Edward Grant, Ravithat
Putvatana, Donna Ketchum, Lan Tran, and Will Yutzy, SAIC-Frederick, Inc.,
for their work on PBMC samples for PD analysis.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on April 13, 2017. © 2012 American Association for Cancer
Research.

Published OnlineFirst February 3, 2012; DOI: 10.1158/1078-0432.CCR-11-2821
Phase I Trial of Veliparib with Metronomic Cyclophosphamide

Grant Support

Cancer Research. Additional support was provided by NCI, Cancer
Therapy Evaluation Program cooperative agreements U01-CA062505 and
U01-CA099168 and NCI grant P30-CA47904.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

This work has been supported in whole or in part with federal funds
from the NCI, NIH, under contract no. HHSN261200800001E and in
part by the Intramural Research Program of the NIH, NCI, Center for

Received November 2, 2011; revised January 5, 2012; accepted January 16,
2012; published OnlineFirst February 3, 2012.

In Memorium
This manuscript is dedicated to the memory of Dr. Merrill J. Egorin,
University of Pittsburgh School of Medicine.

References
1.
2.
3.

4.

5.

6.

7.
8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

Rouleau M, Patel A, Hendzel MJ, Kaufmann SH, Poirier GG. PARP
inhibition: PARP1 and beyond. Nat Rev Cancer 2010;10:293–301.
 JC, Spenlehauer C, de Murcia G. The PARP superfamily. BioesAme
says 2004;26:882–93.
Bolderson E, Richard DJ, Zhou BB, Khanna KK. Recent advances in
cancer therapy targeting proteins involved in DNA double-strand break
repair. Clin Cancer Res 2009;15:6314–20.
Donawho CK, Luo Y, Luo Y, Penning TD, Bauch JL, Bouska JJ, et al.
ABT-888, an orally active poly(ADP-ribose) polymerase inhibitor that
potentiates DNA-damaging agents in preclinical tumor models. Clin
Cancer Res 2007;13:2728–37.
Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, Richardson TB,
et al. Targeting the DNA repair defect in BRCA mutant cells as a
therapeutic strategy. Nature 2005;434:917–21.
Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E, et al.
Speciﬁc killing of BRCA2-deﬁcient tumours with inhibitors of poly
(ADP-ribose) polymerase. Nature 2005;434:913–7.
Iglehart JD, Silver DP. Synthetic lethality–a new direction in cancerdrug development. N Engl J Med 2009;361:189–91.
Kummar S, Kinders R, Gutierrez ME, Rubinstein L, Parchment RE,
Phillips LR, et al. Phase 0 clinical trial of the poly (ADP-ribose) polymerase inhibitor ABT-888 in patients with advanced malignancies.
J Clin Oncol 2009;27:2705–11.
Garcia AA, Hirte H, Fleming G, Yang D, Tsao-Wei DD, Roman L, et al.
Phase II clinical trial of bevacizumab and low-dose metronomic oral
cyclophosphamide in recurrent ovarian cancer: a trial of the California,
Chicago, and Princess Margaret Hospital phase II consortia. J Clin
Oncol 2008;26:76–82.
Coleman M, Martin P, Ruan J, Furman R, Niesvizky R, Elstrom R, et al.
Prednisone, etoposide, procarbazine, and cyclophosphamide (PEP-C)
oral combination chemotherapy regimen for recurring/refractory lymphoma: low-dose metronomic, multidrug therapy. Cancer 2008;112:
2228–32.
Colleoni M, Orlando L, Sanna G, Rocca A, Maisonneuve P, Peruzzotti
G, et al. Metronomic low-dose oral cyclophosphamide and methotrexate plus or minus thalidomide in metastatic breast cancer: antitumor activity and biological effects. Ann Oncol 2006;17:232–8.
Nelius T, Klatte T, de Riese W, Haynes A, Filleur S. Clinical outcome of
patients with docetaxel-resistant hormone-refractory prostate cancer
treated with second-line cyclophosphamide-based metronomic chemotherapy. Med Oncol;27:363–7.
€ling BM, Shi B, Marshall B, O'Reilly MS,
Browder T, Butterﬁeld CE, Kra
et al. Antiangiogenic scheduling of chemotherapy improves efﬁcacy
against experimental drug-resistant cancer. Cancer Res 2000;60:
1878–86.
Bocci G, Francia G, Man S, Lawler J, Kerbel RS. Thrombospondin 1, a
mediator of the antiangiogenic effects of low-dose metronomic chemotherapy. Proc Natl Acad Sci U S A 2003;100:12917–22.
Ghiringhelli F, Menard C, Puig PE, Ladoire S, Roux S, Martin F, et al.
Metronomic cyclophosphamide regimen selectively depletes CD4þ
CD25þ regulatory T cells and restores T and NK effector functions in
end stage cancer patients. Cancer Immunol Immunother 2007;56:641–8.
Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS,
Rubinstein L, et al. New guidelines to evaluate the response to
treatment in solid tumors. J Natl Cancer Inst 2000;92:205–16.
Parise RA, Shawaqfeh M, Egorin MJ, Beumer JH. Liquid chromatography-mass spectrometric assay for the quantitation in human plasma

www.aacrjournals.org

18.

19.

20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

of ABT-888, an orally available, small molecule inhibitor of poly(ADPribose) polymerase. J Chromatogr B Analyt Technol Biomed Life Sci
2008;872:141–7.
Kinders RJ, Hollingshead M, Khin S, Rubinstein L, Tomaszewski JE,
Doroshow JH, et al. Preclinical modeling of a phase 0 clinical trial:
qualiﬁcation of a pharmacodynamic assay of poly (ADP-ribose) polymerase in tumor biopsies of mouse xenografts. Clin Cancer Res
2008;14:6877–85.
Wang LH, Pﬁster TD, Parchment RE, Kummar S, Rubinstein L, Evrard
YA, et al. Monitoring drug-induced gH2AX as a pharmacodynamic
biomarker in individual circulating tumor cells. Clin Cancer Res
2010;16:1073–84.
Kinders RJ, Hollingshead M, Lawrence S, Ji J, Tabb B, Bonner WM,
et al. Development of a validated immunoﬂuorescence assay for
gH2AX as a pharmacodynamic marker of topoisomerase I inhibitor
activity. Clin Cancer Res 2010;16:5447–57.
National Cancer Institute. DCTD research resources: biomarkers.
[Internet]. [updated 2011 Jan 4; cited 2011 Oct 24]. Available from:
http:// dctd.cancer.gov/ResearchResources/ResearchResourcesbiomarkers.htm.
Blyth RC. Approximate binomial conﬁdence limits. J Am Stat Assoc
1986;81:843–55.
Casella G, Berger RL. Statistical inference. Belmont, CA: Wadsworth &
Brooks/Cole; 1990.
Iskedjian M, Einarson TR, MacKeigan LD, Shear N, Addis A, Mittmann
N, et al. Relationship between daily dose frequency and adherence to
antihypertensive pharmacotherapy: evidence from a meta-analysis.
Clin Ther 2002;24:302–16.
Kane S, Huo D, Magnanti K. A pilot feasibility study of once daily versus
conventional dosing mesalamine for maintenance of ulcerative colitis.
Clin Gastroenterol Hepatol 2003;1:170–3.
Ji J, Kummar S, Chen AP, Zhang Y, Putvtana R, Kinders RJ, et al.
Pharmacodynamic response in a phase I combination study of ABT888 and topotecan in adults with refractory solid tumors and lymphomas. J Clin Oncol 2010;28:15s:abstract 2514.
Giaccone G, Rajan A, Kelly R, Gutierrez M, Kummar S, Yancey M, et al.
A phase I combination study of olaparib (AZD2281; KU-0059436) and
cisplatin (C) plus gemcitabine (G) in adults with solid tumors. J Clin
Oncol 2010;28:15s:abstract 3027.
Plummer ER, Lorigan P, Evans J, Steven N, Middleton M, Wilson R,
et al. First and ﬁnal report of a phase II study of the poly(ADP-ribose)
polymerase (PARP) inhibitor, AG014699, in combination with temozolomide (TMZ) in patients with metastatic malignant melanoma (MM).
J Clin Oncol 2006;24:18s:abstract 8013.
Shalin SC, Lyle S, Calonje E, Lazar AJF. Sebaceous neoplasia and the
Muir–Torre syndrome: important connections with clinical implications. Histopathology 2010;56:133–47.
Kern KA, Zhang S, Shalinsky DR, Wang DD. Comparative PARP
enzyme inhibition of PF-01367338, olaparib, and MK-4827. J Clin
Oncol 29: 2011 (suppl; abstr e13552).
Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA,
Solier S, et al. gH2AX and cancer. Nat Rev Cancer 2008;8:
957–67.
Martin H, Sarsat JP, de Waziers I, Housset C, Balladur P, Beaune P,
et al. Induction of cytochrome P450 2B6 and 3A4 expression by
phenobarbital and cyclophosphamide in cultured human liver slices.
Pharm Res 2003;20:557–68.

Clin Cancer Res; 18(6) March 15, 2012

Downloaded from clincancerres.aacrjournals.org on April 13, 2017. © 2012 American Association for Cancer
Research.

OF9

Published OnlineFirst February 3, 2012; DOI: 10.1158/1078-0432.CCR-11-2821

A Phase I Study of Veliparib in Combination with Metronomic
Cyclophosphamide in Adults with Refractory Solid Tumors
and Lymphomas
Shivaani Kummar, Jiuping Ji, Robert Morgan, et al.
Clin Cancer Res Published OnlineFirst February 3, 2012.

Updated version
Supplementary
Material

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-11-2821
Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2012/02/01/1078-0432.CCR-11-2821.DC1

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, contact the AACR Publications
Department at permissions@aacr.org.

Downloaded from clincancerres.aacrjournals.org on April 13, 2017. © 2012 American Association for Cancer
Research.

