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PURPOSE—In preclinical studies the poly(ADP-ribose) polymerase (PARP) inhibitor veliparib 

enhanced the antileukemic action of temozolomide through potentiation of DNA damage. 

Accordingly, we conducted a phase 1 study of temozolomide with escalating doses of veliparib in 

patients with relapsed, refractory acute myeloid leukemia (AML) or AML arising from aggressive 

myeloid malignancies.

EXPERIMENTAL DESIGN—Patients received veliparib (20–200 mg once a day on day 1 and 

twice daily on days 4–12 in cycle 1 [days 1–8 in cycle ≥2]) and temozolomide (150–200 mg/m2 

daily on days 3–9 in cycle 1 [days 1–5 in cycle ≥2]) every 28–56 days. Veliparib pharmacokinetics 

and pharmacodynamics [ability to inhibit poly(ADP-ribose) polymer (PAR) formation and induce 

H2AX phosphorylation] were assessed. Pretreatment levels of MGMT and PARP1 protein, 

methylation of the MGMT promoter and integrity of the Fanconi Anemia pathway were also 

examined.

RESULTS—Forty-eight patients were treated at seven dose levels. Dose-limiting toxicities were 

oral mucositis and esophagitis lasting >7 days. The maximum tolerated dose was veliparib 150 mg 

twice daily with temozolomide 200 mg/m2 daily. The complete response (CR) rate was 17% (8/48 

patients). Veliparib exposure as well as inhibition of PAR polymer formation increased dose 

proportionately. A veliparib-induced increase in H2AX phosphorylation in CD34+ cells was 

observed in responders. Three of 4 patients with MGMT promoter methylation achieved CR.

CONCLUSIONS—Veliparib plus temozolomide is well tolerated, with activity in advanced 

AML. Further evaluation of this regimen and of treatment-induced phosphorylation of H2AX and 

MGMT methylation as potential response predictors appears warranted.
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INTRODUCTION

The clinical outcome for acute myeloid leukemia (AML) in adults continues to improve but 

remains a challenge, particularly for older adults and for those with AMLs characterized by 

genetic complexity and/or evolution from an antecedent hematologic disorder (1). Multiple 

genetic, epigenetic, and microenvironmental factors contribute to resistant leukemia in these 

patients (1, 2). Among the mechanisms contributing to drug resistance is the activation of 

various DNA-damage response (DDR) pathways (3). The poly(ADP-ribose) polymerase 

(PARP) enzymes are involved in a wide variety of nuclear processes, including DNA 

damage sensing and repair. Among the 17 PARP family members, PARPs 1, 2, and 3 play 

active roles in diverse DNA repair processes. Especially germane to the present study, 

PARP1 plays a major role in base excision repair (BER), while PARP2 cooperates with 

PARP1 in the formation of poly(ADP-ribose) (PAR) polymers (4). In particular, PARP 

inhibition not only impedes BER, but also results in trapping of PARP1 on DNA, thereby 

preventing downstream repair proteins from accessing and fixing the damage (4–7).

PARP inhibition is synthetically lethal when combined with certain defects in double- strand 

break repair (8, 9). Thus, clinical development of PARP inhibitors as single agents focused 

initially on epithelial malignancies known to be associated with deficiencies in BRCA 
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genes, including breast, ovarian, pancreatic and prostate cancers (4). While the benefits of 

single-agent PARP inhibitors have been greatest for patients with germline or somatic 

BRCA1 or BRCA2 mutations (10, 11), the ability of PARP inhibitors to sensitize malignant 

cells to DNA- damaging agents has also led to preclinical and clinical testing of these 

inhibitors with cytotoxic drugs that induce DNA damage (4, 12). One such drug is 

temozolomide, an alkylating agent that forms three methylpurine adducts, two of which (N7-

methylguanine and N3-methyladenine) trigger PARP 1 and 2 and are quickly repaired by 

BER (13). The third adduct, O6-methylguanine, is not repaired by BER, but instead triggers 

mismatch repair (MMR) that leads to repetitive cycles of excision and repair due to 

imprecise base pairing, resulting in apoptosis (13, 14). Temozolomide resistance is mediated 

by MMR deficiency or by enhanced expression of the DNA repair enzyme O6-

methylguanine-DNA methyltransferase (MGMT), which removes O6 methyl adducts from 

guanine (15). Thus, the net cytotoxicity of temozolomide is determined by the interaction of 

multiple competing DNA repair pathways. In this context, addition of the PARP inhibitor 

veliparib (ABT-888) to temozolomide led to enhanced cytotoxicity for AML cell lines and 

primary human AML cells (16). Interestingly, while this combination was most effective for 

MMR-deficient cells with low MGMT expression, temozolomide potentiation was also 

detected in MMR-proficient cells and MMR-deficient cells with MGMT overexpression 

(16). This potentiation has been attributed to PARP1 and PARP2 trapping on the methylated 

DNA by the PARP inhibitor (5, 7).

In addition to its well-known clinical activity in advanced gliomas, temozolomide exhibits 

clinical activity in poor-risk AML (17), particularly newly diagnosed AML in older adults 

(18, 19). In a phase 2 trial of temozolomide 200 mg/m2/day x 7 days in adults ≥ 60 years, 

response were observed in 22% of those with newly diagnosed AML and 5% of those with 

relapsed/refractory AML (19). Responses occurred predominantly in AMLs negative for 

MGMT, with an overall response rate of 60% in MGMT− AMLs versus 6% in MGMT+ 

cases. Interestingly, 50% of the newly diagnosed AML, but only 10% of relapsed/refractory 

AML, were MGMT−. In a subsequent study (18), 53% of newly diagnosed patients with 

AML or high-risk myelodysplastic syndrome (MDS) with low MGMT expression achieved 

a response to temozolomide, with higher response rates seen in the settings of MDS, MGMT 

promoter methylation, and/or non-adverse cytogenetics (18).

Building on these clinical data as well as preclinical studies demonstrating that veliparib 

enhances the activity of temozolomide in leukemia cells (16), we conducted a phase 1 trial 

combining veliparib and temozolomide in adults with poor-risk myeloid malignancies, 

including adults with newly diagnosed AML age ≥ 60 with poor-risk features and/or 

inability to tolerate intensive induction therapy, secondary AML (arising from MDS or 

myeloproliferative neoplasm [MPN] or therapy-related), relapsed/refractory AML, and 

aggressive or transformed chronic myelomonocytic leukemia (CMML). In addition to 

determining safety, efficacy, and pharmacokinetic parameters, we examined selected aspects 

of DNA repair in AML samples obtained at baseline and during treatment.
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PATIENTS AND METHODS

Patient eligibility and selection

Patients 18 years or older with relapsed or refractory AML; CMML-2 (> 10% or > 5–19% 

blasts and promonocytes in the bone marrow [BM] or peripheral blood [PB], respectively); 

newly diagnosed AML arising in the setting of prior MDS, MPN or chemotherapy; or 

patients age ≥60 years having untreated AML with adverse cytogenetic findings and/or not 

considered candidates for intensive induction chemotherapy were eligible for the study. 

Patients could have received any number of prior therapies, including allogeneic stem cell 

transplant (SCT, ≥60 days previously, no graft-versus-host-disease [GVHD], and off immune 

suppression for at least 2 weeks) or autologous SCT (≥4 weeks previously), provided that 

performance status (Eastern Cooperative Oncology Group [ECOG] 0–2) and standard organ 

function criteria (bilirubin < 2 mg/dl, AST and ALT < 5x upper limit of normal, serum 

creatinine < 2 mg/dl) were met. Patients were excluded if they had active central nervous 

system leukemia, uncontrolled infection, or other life-threatening illnesses. A leukemic blast 

count < 30 x 109/L was required at initiation of study treatment. Hydroxyurea (HU), 

corticosteroids, or leukapheresis had to be discontinued at least 24 hours prior to initiation of 

treatment; however, HU was allowed on treatment days 1 through 12 of cycle 1 if it became 

necessary to control a rising blast count (≥30 x 109/L). The study (NCT01139970) was 

conducted in accordance with the Declaration of Helsinki after approval by the ethics 

committee of each participating center. Informed consent was obtained from each 

participant.

Treatment plan and study design

Veliparib was administered orally once on day 1 and then twice daily on days 4 – 12 of cycle 

1. In subsequent cycles (cycle 2+), veliparib was administered twice daily on days 1 – 8. 

Temozolomide was administered orally once a day on days 3 – 9 in cycle 1 and days 1 – 5 in 

cycle 2+. Each cycle lasted 28 days except for cycle 1, which lasted 30 days (day 28 from 

the start of temozolomide). Patients who achieved complete remission (CR) or CR with 

incomplete count recovery (CRi) could receive up to 5 additional cycles of therapy. Patients 

who achieved partial remission (PR) or hematologic improvement (HI) could continue to 

receive treatment as long as they derived a clinical benefit and had acceptable toxicities. 

Peripheral count recovery to absolute neutrophil count (ANC) ≥ 1 x 109/L and platelets ≥ 

100 x 109/L (≥80% pre-cycle baseline for CRi) was required for patients in CR/PR prior to 

next cycle administration. Patients with baseline pancytopenia who achieved anti-tumor 

effect (HI; > 50% reduction in PB or BM blasts or extramedullary disease) without marrow 

aplasia (cellularity ≥20%) on day 30 of cycle 1 could receive the next cycle of therapy 

without full hematologic recovery. A treatment delay of up to 6 weeks was allowed; 

however, for > 4-week delay because of myelosuppression or in case of dose-limiting 

toxicity (DLT), the administration of both veliparib and temozolomide was shortened by 1 

day in subsequent cycles (maximum twice).

Using a traditional “3+3” design, the temozolomide dose was initially escalated from 150 

mg/m2/day (dose level [DL] 1A) to 200 mg/m2/day (DL 1B) given with veliparib 20 mg 

twice daily (BID). Subsequently, the temozolomide dose was fixed at 200 mg/m2/day and 
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veliparib was dose-escalated as follows: 40 mg BID (DL 2), 80 mg BID (DL 3), 120 mg 

BID (DL 4), 150 mg BID (DL 5), and 200 mg BID (DL 6). The maximum tolerated dose 

(MTD) was determined as the highest dose level at which no more than 1/6 patients 

experienced DLT. Once the MTD was defined, twelve additional patients were enrolled at 

the recommended phase 2 dose (RP2D) to better define toxicities and to document 

responses. No intra-patient dose escalation was allowed.

Toxicity evaluation

Clinical and laboratory monitoring of the study participants was performed according to the 

standards of practice for adults with leukemia undergoing chemotherapy (20). Toxicity was 

described and graded using NCI Common Terminology Criteria for Adverse Events 

(CTCAE) version 4.0. DLT was assessed during cycle 1 with the following considered to be 

DLTs: (i) any grade 4 drug-related non-hematologic toxicity excluding infection; (ii) any 

grade 3 drug-related non-hematologic toxicity excluding infection, not resolving to ≤ grade 

2 within 48 hours, with the following exceptions: grade 3 elevations in bilirubin, AST, ALT 

or alkaline phosphatase that improved to ≤ grade 2 in ≤ 7 days, or grade 3 mucositis, 

diarrhea, nausea or vomiting that improved to ≤ grade 2 in ≤7 days; (iii) grade 3 

neurotoxicity or nephrotoxicity of any duration; (iv) myelosuppression (ANC < 0.5 x 109/L 

and platelets < 20 x 109/L) with BM cellularity <5% more than 58 days from the start of 

therapy without residual leukemia.

Response

Bone marrow aspirate and biopsy were obtained at the time of hematologic recovery 

following the first cycle of chemotherapy (day 30–42), every 2–3 cycles, at any time 

leukemia re-growth was suspected, or if persistent pancytopenia more than 58 days from the 

start of therapy. Responses were assessed according to the International Working Group 

criteria for CR, CRi, PR (21). HI was defined as at least 50% decrease in marrow or 

circulating blasts (or extramedullary disease), improvement in ANC (to ≥0.5 x 109/L), 

platelets (to ≥20 x 109/L) or improved transfusion needs.

Laboratory correlates

Pharmacokinetic studies—Serial blood samples were obtained on days 1 (veliparib 

alone), 3 (temozolomide alone) and 8 (veliparib and temozolomide) prior to and at 0.25, 0.5, 

1, 1.5, 2, 4, 6, 8, and 24 hours after drug administration. Plasma concentrations of veliparib 

were quantitated using a validated LC-MS method (22). Temozolomide was quantitated in 

plasma with an HPLC-UV assay modified from Kim et al. (23, 24). Parameters estimated by 

non-compartment analysis with PK Solution 2.0 (Summit Research Services, Montrose, CO) 

were: area under the concentration vs. time curve (AUC) from time 0 to infinity; apparent 

oral clearance (Cl/F); elimination half-life (t1/2); and apparent volume of distribution (V/F). 

Peak plasma concentrations (Cmax) were the observed values. Differences in the 

pharmacokinetic parameters between study periods were evaluated using a Wilcoxon 

matched-pairs signed-rank test. Differences in dose-normalized pharmacokinetic parameters 

across groups were evaluated using a 2-sided Kruskal-Wallis test. Mann-Whitney U tests 

Gojo et al. Page 5

Clin Cancer Res. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were used to assess correlations between veliparib exposure and toxicity. The a priori level 

of significance was set at P < 0.05.

Pharmacodynamic studies

Fanconi Anemia (FA) pathway integrity: As a readout for integrity of the FA pathway, 

pretreatment leukemic BM samples were treated with the DNA cross-linker melphalan and 

FANCD2 ubiquitylation was assessed by immunoblotting (25).

Pretreatment PARP1 and MGMT: Marrow mononuclear cells from Ficoll-Hypaque step 

gradients (density 1.077 gm/cm3) were washed with serum-free RPMI 1640 medium 

containing 10 mM HEPES (pH 7.4 at 21 °C) and prepared for electrophoresis as previously 

described (26). Aliquots containing protein from 5 x 105 cells were subjected to SDS-PAGE 

and immunoblotting with enhanced chemiluminescent detection (27) using goat anti-MGMT 

from R & D Systems (Minneapolis, MN), C-2-10 anti-PARP1 (28) from Guy Poirier (Laval 

University, Ste. Foy, Quebec) and rabbit anti-histone H1 from Active Motif (Carlsbad, CA).

Gene methylation: Methylation analysis of the MGMT, BRCA1 and MLH1 genes was 

performed by methylation-specific polymerase chain reaction (MS-PCR) on DNA extracted 

from pretreatment marrow and/or PB blasts as previously described (29, 30).

Suppression of PAR formation: PB specimens were collected on day 1 of veliparib alone 

and on day 8 in combination with temozolomide (0, 2, 6 and 24 hours after drug 

administration). BM specimens were collected pretreatment and on day 5–8 in patients who 

agreed to second BM procedure. PAR was assayed by ELISA as previously described (31).

DNA damage in viable peripheral blood mononuclear cells and CD34+ populations 
induced by treatment with veliparib and veliparib/temozolomide: PB specimens were 

collected pre-treatment, on day 1 at 6 hours after treatment and on day 8 prior to veliparib/

temozolomide administration. BM aspirates were collected pre-treatment and on day 5–8. 

Assessments of Ser139-phospho-H2AX (γH2AX) were performed according to previously 

described methods, using CD34+ cell fractions when appropriate, to distinguish leukemic 

population from other cells (32).

Statistical considerations—Overall survival (OS) was defined from first day of the 

treatment to death or censored at the last follow-up date. Leukemia-free survival (LFS) was 

measured from the date of achievement of CR to the date of relapse or death. Progression-

free survival (PFS) was calculated from first day of the treatment to the date that progressive 

or recurrent disease was objectively documented or date of death. Patients who remained 

progression-free for PFS and/or leukemia-free for LFS were censored at their last known 

follow-up date. OS, LFS, and PFS were estimated using the Kaplan-Meier method, along 

with medians and 95% confidence intervals. Survival data were analyzed as of October 1, 

2015.
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RESULTS

Patient characteristics

As depicted in Table 1, 48 adults with AML (1 bi-lineage AML/T-ALL) and median age of 

69 years were enrolled between June 2010 and February 2014. This was a high-risk group of 

patients, with 65% having secondary AML and 56% an adverse karyotype. The median 

number of prior therapies for MDS and AML was 2 (range 0–6). The majority had not 

responded to the most recent AML therapy (36/39; 92%). Among the 9 patients who had not 

received prior therapy for AML, 7 had progressed during or after therapy for MDS. Overall, 

69% of patients had had prior treatment with high-intensity chemotherapy and 63% with 

demethylating agents (median 7 cycles, range 1–36; 20% [6/30] received both azacitidine 

and decitabine). Among 17 patients with prior CR, nine (53%) received allogenic SCT in 

CR1, with median CR1 duration of 10 months.

DLTs, MTD, and safety

No DLT was observed at veliparib doses from 20 to 150 mg twice a day and temozolomide 

200 mg/m2; 2 of 4 patients experienced a DLT at veliparib 200 mg twice a day consisting of 

grade 3 oropharyngeal mucositis/esophagitis lasting more than 7 days. Thus, the MTD and 

RP2D was defined as temozolomide 200 mg/m2/day for 7 days along with veliparib 150 mg 

twice a day for 9 days beginning on the day after temozolomide initiation. Overall 9 patients 

required cytoreduction with HU prior to study to meet eligibility criterion for circulating 

blast count, with 5 of those 9 patients requiring HU again during the first 6–10 days of 

treatment on the study. Administration of HU did not appear to exacerbate regimen-related 

toxicities and none of the patients receiving HU developed DLT. The median number of 

cycles administered was 1 (range, 0.4 – 7).

The most common non-hematologic adverse events of any grade associated with the 

temozolomide/veliparib regimen were nausea/vomiting (36%; 40% cycle 1), fatigue (24%; 

29% cycle 1), mucositis (13%; 17% cycle 1), diarrhea (10%; 10% cycle 1) and constipation 

(11%; 15% cycle 1). All non-hematologic adverse events are listed in Table 2. Only one 

patient discontinued study treatment due to an adverse event, specifically worsening fungal 

pneumonia and respiratory failure on day 8. An additional patient discontinued treatment on 

day 5 per patient preference. The most common serious adverse events were infections 

(Table 3), including grade ≥3 bacteremia, pneumonia and sepsis (40% cycle 1; 24% all 

cycles); febrile neutropenia (25% cycle 1; 20% all cycles); and oropharyngeal mucositis/

esophagitis (4%), representing the DLT. While mucositis and infections were seen at all dose 

levels, they increased in severity and frequency, respectively, at the highest dose. 

Constitutional symptoms also increased in frequency with higher veliparib doses, but did not 

meet criteria for DLT.

The 30- and 60-day all-cause mortality rates were 2.1% and 22.9%, respectively (Table 3). 

With the exception of a single patient who died of Aspergillus pneumonia in the absence of 

count recovery, all patients had documented progressive/refractory disease at the time of 

death. The most common non-regimen related ≥ grade 3 toxicities occurring in ≥ 5% 
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patients were hypophosphatemia (7; grade 3), hypokalemia (4; grade 3); and increased 

bilirubin (3; grade 3).

In patients who achieved CR, the median time to recovery of ANC > 0.5 x 109/L and 

platelets > 20 x 109/L was 38 (range, 20–49) and 35 days (range, 29–45), respectively (Table 

3). In subsequent cycles administered in remission, the median time to recovery of counts 

was shorter, the duration of neutropenia (ANC < 0.5 x 109/L) and thrombocytopenia 

(platelets ≤ 20 x 109/L) were a median of only 4 (range, 0–25) and 3 days (range, 0–21), 

respectively, and in 50% and 36% of subsequent cycles, ANC and platelets did not nadir 

below those levels.

Responses

CRs were attained in 8 of 48 patients (16.6%), with 7 of 8 achieving CR after a single cycle. 

An additional 8 patients achieved HI/disease stabilization as manifested by decrease or 

absence of circulating blasts or reduction in marrow blasts. Responses were observed at all 

dose levels, across different AML subtypes, and in those previously treated with 

demethylating agents and/or allo SCT (Table 4). Among 5 patients requiring additional HU 

to control blast count during the first 10 days of therapy, 3 developed disease progression 

within less than 30 days while 2 patients having AML arising from CMML achieved durable 

HI/SD.

The median follow-up for the entire cohort was 5.3 months (range, 0.5–47). In the 8 patients 

who achieved CR, the median LFS was 6.4 months (95% CI, 5.4–40+ months) and the 

median PFS was 9.1 months (95% CI, 7.2–42+ months). Patients having responses of HI/SD 

had a median PFS of 3.1 months (95% CI; 3–42+ months). The median OS for all patients 

was 5.3 months (95% CI, 3.3–8.3 months) (Figure 1). Patients who achieved CR had a 

median OS of 20 months (95% CI, 10–47+ months), while median OS for patients who 

achieved HI/SD was 9.4 months (95% CI, 6.1–47+ months). Median OS for all responders 

was 12 months (95% CI, 10–47+ months). Five patients underwent allogeneic SCT; 3 of 

those patients had achieved remission with the study treatment. One patient remains in CR at 

3.5 years follow-up.

Veliparib and temozolomide pharmacokinetics

Pharmacokinetics of veliparib and temozolomide (Table 5) were available for 37 patients. 

There was no significant change in veliparib tmax (P=0.18) and t1/2 (P=0.91) when 

administered alone or in combination with temozolomide. As indicated by the accumulation 

index for Cmax (1.66 ± 0.62) and AUC (1.38 ± 0.52), there was significant accumulation of 

veliparib which corresponds with a decrease in both Cl/F (P=0.0001) and V/F (P=0.01). Due 

to the large variability in exposure, there was only a significant difference noted in dose-

normalized Cmax when administered alone (P=0.03) but in no other pharmacokinetic 

parameters across dose levels. At the highest administered dose of 200 mg, there was a 2.5-

fold increase in Cmax with only a 1.4-fold increase in AUC when veliparib was administered 

alone. It was also noted that there was a decrease in veliparib V/F (alone P=0.003; 

combination P=0.012), and t1/2 (alone P=0.014) when administered alone in female patients, 

but not in male patients (data not shown).
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There was no significant change in temozolomide Cmax (P=0.06), tmax (P=0.24) or t1/2 

(P=0.86) when administered alone versus in combination with veliparib. However, as 

indicated by the accumulation index for AUC (0.89 ± 0.26), there was a significant decrease 

in temozolomide exposure corresponding to an increase in both Cl/F (P=0.007) and V/F 

(P=0.01). There were no significant differences noted in temozolomide pharmacokinetic 

parameters across the veliparib dose levels (P>0.05). Lastly, there was a correlation between 

the DLT of mucositis and single dose exposure (Cmax P=0.005; AUC P=0.009) and multiple 

dose exposure (Cmax P = 0.02; AUC P=0.03).

Pharmacodynamics

Pretreatment FA pathway integrity—Because i) FA pathway defects are reportedly 

common in AML (33) and ii) loss of FA pathway function is associated with enhanced 

sensitivity to PARP inhibitors (34), we examined functional integrity of the FA pathway in 

pretreatment blasts ex vivo. Impaired FANCD2 monoubiquitination following melphalan 

exposure was detected in blasts from all 19 patients examined, thus providing no correlation 

with the response to therapy (Supplemental Fig. 1).

Pretreatment PARP1 and MGMT protein levels—High MGMT protein levels are 

associated with resistance to single-agent temozolomide (18, 19) and low PARP1 expression 

is associated with resistance to the temozolomide/veliparib combination (16, 35), consistent 

with model in which sensitization to temozolomide involves trapping of PARP1 at sites of 

DNA methylation, thereby diminishing repair (6, 7). Accordingly, we examined expression 

of PARP1 as well as MGMT by immunoblotting in pretreatment marrow samples from 

patients treated on the expansion cohort. This analysis demonstrated that PARP1 levels 

varied widely among samples, with samples from patients 19 and 35 lacking detectable 

levels (Supplemental Fig. 2, lane 6 and data not shown). MGMT expression also varied, 

being undetectable in samples from patients 16 and 19, high in samples from patients 29, 30 

and 38, and low but detectable in the others (Supplemental Fig. 2, lanes 6–11 and data not 

shown). Patient 19, with undetectable PARP1 and MGMT levels, achieved a CR.

MGMT, BRCA1 and MLH promoter methylation—Cells with MGMT promoter 

methylation are hypersensitive to temozolomide (15); and cells with BRCA1 promoter 

hypermethylation are hypersensitive to PARP inhibitors (4). Accordingly, promoter CpG 

island methylation status of MGMT, BRCA1, and MLH1 was examined using quantitative 

methylation-specific PCR (MSP) in pre-treatment AML samples (Supplemental Fig. 3). The 

frequencies of methylation of all three genes were similar to those previously reported (29), 

with 4 of 38 patients (10.5%) patients having MGMT, 2 (5.3%) having BRCA1 and 1 (3%) 

having MLH1 promoter gene methylation. Interestingly, among 4 patients with MGMT 
promoter methylation, 3 achieved CR and one achieved marrow PR after a single cycle, with 

response lasting 6 months without subsequent treatment. One patient with BRCA1 
methylation achieved HI and received 6 cycles of treatment.

Veliparib inhibits PAR formation in circulating and bone marrow leukemia 
cells—To determine whether inhibition of PAR formation might be predictive of response, 

PAR was assessed at baseline and following veliparib on day 1 and veliparib/temozolomide 
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on day 8 in all 48 patients. The average baseline PAR levels in PB and BM cells were 457.2 

pg/107 cells (48 patients) and 1418.2 pg/107 cells (13 patients), respectively. For the 15 

patients who had baseline PAR levels < 116 pg/107 cells, limitations of the assay made it 

difficult to demonstrate significant diminution of PAR, if present. For the remaining 33 

patients, PAR levels decreased from baseline by ≥ 80% and ≥ 50% in PBMCs from 25 

(76%) and 31 (94%) patients after a single veliparib dose on day 1. Similar polymerase 

inhibition was observed on Day 8. In general, the % decrease in PAR levels after veliparib 

and veliparib/temozolomide relative to baseline was lower in patients treated at veliparib ≤ 

40 mg dose compared to patients treated at ≥150 mg dose (Supplemental Fig. 4), indicating 

more complete inhibition of PARP at higher doses. However, neither the degree of PARP 

inhibition nor the baseline PARP activity correlated with response. Among 16 patients 

responding to therapy, one HI and 3 CR patients had baseline PAR levels < 116 pg/107 cells. 

Two of only 3 patients (DL5) who had BM specimens collected on day 8 demonstrated 14% 

and 81% PARP inhibition compared to pre-treatment BM, while one patient had an increase 

in PARP activity on day 8.

Veliparib alone or given with temozolomide induces DNA damage in 
peripheral blood cells and CD34+ blasts as measured by H2AX 
phosphorylation—The accumulation of DNA damage as measured by phosphorylation of 

H2AX was assessed in viable peripheral blood cells (median 75% viability) and in the 

CD34+ subset by flow cytometry prior to and 6 hours after the initial veliparib dose, as well 

as on day 8 prior to the daily dose of veliparib/temozolomide in 17 patients (DL5 = 150 mg, 

14 patients; DL6 = 200 mg, 3 patients). However, only 13 patients had paired samples (8 for 

all 3 time points). As depicted in Supplemental Table 1, H2AX phosphorylation in PB cells 

and the CD34+ subset increased following a single dose of veliparib relative to pretreatment 

(day 0) levels in 4 of 12 and 8 of 12 patients, respectively. Increases were also noted in PB 

cells and CD34+ subset during veliparib/temozolomide administration in 5 of 9 and 4 of 9 

patients, respectively. Two patients who achieved CR had ≥ 2-fold increase in H2AX 

phosphorylation in PB cells and ≥1.2-fold (2.3, 1.3) increase in phopspho-H2AX positive 

CD34+ cells on day 1 (6 hours post- versus pre-treatment) and day 8 (1.5; versus pre-

treatment); 1 patient with HI had 2.3-fold increase in phospho-H2AX positive CD34+ cells 

on day 1.

DISCUSSION

The present study, which is among the first to test a PARP inhibitor in AML, demonstrates 

that the oral combination regimen of veliparib/temozolomide has clinical activity in myeloid 

malignancies with multiple poor-risk features, including secondary AML, relapsed/

refractory AML, aggressive or transformed CMML, and adverse genetics. Further, the 

regimen is well tolerated in older adults and can be administered for multiple cycles without 

cumulative toxicity. Responses, including CRs, occurred at all veliparib dose levels and in 

patients who were previously treated with hypomethylating agents and/or allogeneic SCT. 

Patients who achieved CR had improved survival relative to those having HI/SD or no 

response (Figure 1).
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The MTD for veliparib when given with temozolomide at 200 mg/m2 daily for 7 days was 

150 mg twice daily, which is less than half of the MTD for veliparib as a single agent (36). 

There was no clinically relevant pharmacokinetic interaction between veliparib and 

temozolomide and the pharmacokinetics appeared to be linear, similar to single-agent 

studies in solid malignancies (37, 38). This is in contrast to our study of veliparib plus 

topotecan/carboplatin in poor-risk myeloid malignancies, where non-linear 

pharmacokinetics were observed above veliparib doses of 80 mg twice daily for 9–14 days 

(39). A possible explanation for the difference in pharmacokinetics between the two 

regimens could be an impact of topotecan/carboplatin on renal elimination, resulting in 

prolonged veliparib exposure (38, 40) that is not seen with temozolomide. Nonetheless, the 

DLT in both combination studies was oral or esophageal mucositis that correlated with 

veliparib exposure and reflected the ability of veliparib to exacerbate the inherent toxicity of 

the traditional chemotherapeutic agents.

We interrogated pretreatment tumor cells from peripheral blood and/or bone marrow for 

selected aspects of various DNA repair pathways and their potential relationship to clinical 

response. Interestingly, 19 of 19 AMLs exhibited impaired FANCD2 ubiquitination, 

consistent with the notion that defects in FA pathway activity are common in poor-risk 

myeloid malignancies.

Methylation of the promoters of pivotal DNA repair genes was uncommon, with only 2 (5%) 

of 38 samples displaying BRCA1 promoter hypermethylation and 4 (10%) MGMT 
hypermethylation. The low frequency of MGMT hypermethylation in these AMLs is similar 

to the frequency of low MGMT expression found in a relapsed/refractory cohort (19). It is 

possible that prior use of hypomethylating agents in the majority of patients might have 

contributed to low frequency of methylation of these and other genes. Nonetheless, while 3 

of the 4 with MGMT hypermethylation achieved CR, responses also occurred in those 

without MGMT methylation, including patients in whom multiple therapies had failed 

and/or who had secondary AML.

In pharmacodynamic studies, veliparib at all dose levels suppressed PAR formation in 

peripheral blood cells with different percentages of circulating blasts. There was significant 

intra-and inter-patient variability and no clear difference between responders and non-

responders. Nonetheless, more potent PARP inhibition was observed with increasing 

veliparib dose, consistent with earlier studies (37).

Pretreatment CD34+ cell populations from bone marrow and peripheral blood exhibited 

varying degrees of DNA damage, with evidence of H2AX phosphorylation in >10% of the 

CD34+ cells in 8 of 15 bone marrows and 11 of 17 circulating leukemia cell populations. 

Quantitation of γH2AX in viable CD34+ cells from sequential peripheral blood samples 

demonstrated that veliparib caused an increase in γH2AX in 8 of 12 patients. Interestingly, 

both patients who achieved CR exhibited veliparib-induced DNA damage within 6 hours of 

the first veliparib dose. Although there was a DNA damage signal, the relatively low 

amplitude of γH2AX increase relative to baseline may have been due to population dilution 

or selective kill of dividing cells compared to cells in G0/G1. It is worth noting that the time 

point at which a maximum γH2AX signal can be measured is unknown in this patient 
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population. This signal needs to be validated in larger numbers of patients and in bone 

marrow leukemic cells. Furthermore, recent studies suggest that high levels of γH2AX at 

baseline with increase following PARP inhibition confer sensitivity to PARP inhibition only 

in those AMLs carrying specific oncogenic fusion proteins (AML1-ETO; PML-RARα) and 

having defective DDR, whereas high levels of HOXA9 expression and proficient DDR 

confer resistance to PARP inhibition in MLL-AF9 leukemia (41). None of our CR patients 

with veliparib-induced γH2AX had these abnormalities; one had a complex karyotype with 

inv(3), while others had two rare chromosomal translocations, t(2;21) and t(13;15).

In summary, veliparib/temozolomide is a well-tolerated oral regimen with clinical activity in 

patients whose AML exhibits multiple poor-risk features. These results support the 

development of a phase 2 trial accompanied by studies aimed at identifying biomarkers of 

response. The regimen may have its greatest applicability to older adults with secondary 

AML who cannot tolerate more intensive approaches, particularly those who are resistant to 

previous cytarabine or demethylating agent therapy. Of special interest would be older adults 

with newly diagnosed AML having methylated MGMT.

Supplementary Material

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

We hypothesize that PARP inhibitors, acting by inhibiting base excision repair as well as 

trapping PARP1 and PARP2 on damaged DNA and thereby inhibiting downstream repair, 

may enhance the anti-leukemic effects of temozolomide. In this phase 1 study, we 

examined the safety and efficacy of this novel strategy by combining the PARP inhibitor 

veliparib with temozolomide in patients with relapsed or refractory acute myeloid 

leukemia (AML). The combination was tolerable at higher doses of veliparib than 

previously administered with temozolomide in solid tumors. Clinical responses, which 

were observed irrespective of prior AML treatment, karyotype, or evolution, seemed to 

correlate with pretreatment MGMT promoter hypermethylation and treatment-induced 

H2AX phosphorylation. Veliparib exposure correlated with toxicity, but not with 

response. These results suggest that the temozolomide/veliparib regimen, along with 

treatment-induced H2AX phosphorylation and pre-treatment MGMT methylation as 

potential predictors of response, warrants further investigation in AML
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Figure 1. 
Overall survival for all patients and according to response.
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Table 1

Demographics of 48 Adults Receiving Veliparib/Temozolomide

Age (median, range) 69 (20–88)

Male/Female 23/25

Disease Category

 AML de novo 17 (35%; 1 T-ALL/AML)

 Secondary AML 31 (65%)

  MDS 13 (27%)

  t-MDS/AML 9 (19%)

  MPN 3 (6%)

  CMML 6 (13%)

Prior Anti-Leukemia (MDS) Therapy*

 None 2 (4%)

 Cytotoxic Chemotherapy 33 (69%; 3*)

 Demethylating Agents 30 (63%; 4*)

 Allogeneic SCT 9 (19%)

Disease Status (n=39; previously treated for AML)

 1st Relapse 12 (31%; 10#)

 ≥ 2 Relapse 5 (13%; 4#)

 1° Refractory 12 (31%; 7&)

 Multiply Refractory 10 (25%)

 Median duration CR1 10 (1.5–41) months

Genetics

 Favorable 1 (2%; inv16, c-KIT+)

 Intermediate 20 (42%; 13 normal karyotype)

  FLT3-ITD 4** (10%; 40 tested)

  NPM1 2** (7%; 29 tested)

 Adverse 27 (56%)

  Single 6

  Complex (≥ 3) 9

  Monosomal karyotype 2

*
7 patients received only therapy for MDS or MPN;

#
refractory relapse;

&
received only demethylating agents;

**
1 both FLT-3 and NPM1 mutation
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