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ABSTRACT
◥

Purpose: Safety, efficacy, and exploratory biomarker analyses were
evaluated in patients with advanced HER2-negative germline breast
cancer susceptibility gene (gBRCA)-associated breast cancer enrolled
in the BROCADE3 trial who received crossover veliparib monother-
apy after disease progression on placebo plus carboplatin/paclitaxel.

Patients and Methods: Eligible patients (N ¼ 513) were ran-
domized 2:1 to veliparib plus carboplatin/paclitaxel or placebo plus
carboplatin/paclitaxel; patients had variable platinum-free intervals
(PFI) at progression. In the placebo arm, patients were eligible to
receive crossover veliparib monotherapy (300–400 mg twice daily
continuous). Antitumor activity and adverse events were assessed
during crossover veliparib treatment. BRCA reversion mutations at
crossover were analyzed retrospectively using next-generation
sequencing on plasma circulating tumor DNA (ctDNA).

Results: Seventy-five patients in the placebo plus carboplatin/
paclitaxel arm received ≥1 dose of crossover veliparib postprogres-

sion (mean treatment duration: 154 days). Eight of 50 (16%)
patients with measurable disease had a RECIST v1.1 response.
Activity was greater in patients with PFI ≥180 days compared with
<180 days [responses in 23.1% (3/13) vs. 13.5% (5/37) of patients].
BRCA reversion mutations that restored protein function were
detected in ctDNA from 4 of 28 patients tested, and the mean
duration of crossover veliparibmonotherapy was <1month in these
4 patients versus 7.49 months in patients lacking reversion muta-
tions. The most frequent adverse events were nausea (61%), vomit-
ing (29%), and fatigue (24%).

Conclusions: Crossover veliparib monotherapy demonstrated
limited antitumor activity in patients who experienced disease
progression on placebo plus carboplatin/paclitaxel. PFI appeared
to affect veliparib activity. BRCA reversion mutations may promote
cross-resistance and limit veliparib activity following progression
on platinum.

Introduction
Approximately 10% of unselected patients with breast cancer

harbor germline (g) mutations in either the breast cancer suscep-
tibility (BRCA)1 or BRCA2 genes (1). Such mutations have been
shown to put patients at approximately 60% greater lifetime risk of
developing breast cancer (2, 3). Recent studies have shown that
breast cancers with germline or somatic mutations in either BRCA1
or BRCA2 are particularly sensitive to platinum chemotherapy (4, 5),
as well as to inhibitors of PARP (PARPi; refs. 6, 7), due to a
deficiency in homologous recombination repair (8, 9). While high
response rates have been observed in patients with BRCAmutations
receiving these therapies, the development of acquired resistance
remains a challenge. Multiple mechanisms conferring resistance to
both platinum chemotherapy and PARPi have been described,
including the acquisition of somatic BRCA reversion mutations
that potentially restore BRCA protein function (10). These BRCA
reversion mutations have been detected both in tumors and circu-
lating tumor DNA (ctDNA) and are reported to occur at varying
frequencies in patients with breast or ovarian cancer treated with
platinum-based chemotherapy or PARPi. However, evidence for
their frequency and presence in advanced breast cancer is
limited (11–15). Given the potential for cross-resistance, phase III
trials of PARPi for the treatment of advanced breast cancer
have generally excluded patients who previously progressed on
platinum-based therapy (6, 7, 16).
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Veliparib (previously ABT-888) is a potent PARP1 and PARP2
inhibitor (17) that has a manageable safety profile as well as anti-
tumor activity when given as monotherapy and in combination with
platinum-based agents in BRCA1/2-mutated metastatic breast can-
cer (18, 19). While phase III trials have evaluated the efficacy of the
PARPis olaparib and talazoparib as monotherapy in patients with
advanced BRCA mutation-associated breast cancer (6, 7), veliparib
has been evaluated in a phase III trial in combination with platinum-
based chemotherapy.

The phase III BROCADE3 study (NCT02163694) evaluated the
efficacy and safety of veliparib versus placebo in combination with
carboplatin and paclitaxel in patients with HER2-negative metastatic
or locally advanced unresectable breast cancer and a gBRCAmutation.
The addition of veliparib to carboplatin/paclitaxel resulted in a sig-
nificant improvement in progression-free survival [PFS; 14.5 months
compared with 12.6 months in the placebo plus carboplatin/paclitaxel
group; HR (95% confidence interval, CI) ¼ 0.71 (0.57–0.88); P ¼
0.002], with 25.7% (95% CI, 20.3–31.4) of patients randomized to
veliparib alive and progression free at 3 years compared with 10.7%
(95% CI, 5.8–17.3) of patients randomized to placebo. The treatment
was generally well tolerated (16).

Patients enrolled in BROCADE3 who were randomized to the
placebo plus carboplatin/paclitaxel arm were eligible to cross over to
veliparib monotherapy after progression. Because each component
of the treatment regimen studied (veliparib/placebo, carboplatin,
and paclitaxel) could be discontinued independently prior to pro-
gression, patients had varying platinum-free intervals (PFI) when
crossover treatment was initiated. Herein we report efficacy, safety,
and BRCA reversion mutation analyses for patients who received
crossover veliparib monotherapy after progression on platinum-
based therapy.

Patients and Methods
Study design, participants, and treatment

BROCADE3 is a randomized, double-blind, placebo-controlled,
phase III study conducted at 147 study sites worldwide (Supple-
mentary Fig. S1); detailed descriptions of study design, eligibility

criteria, and treatment schedules have been published previous-
ly (16). In brief, eligible patients at the time of randomization
were adult (≥18 years of age) women and men [Eastern Cooperative
Oncology Group (ECOG) performance status 0–2] who had his-
tologically or cytologically confirmed metastatic or locally advanc-
ed unresectable HER2-negative breast cancer and deleterious or
suspected deleterious gBRCA1 or gBRCA2 mutations. Patients had
received ≤2 prior lines of cytotoxic chemotherapy for metastatic
breast cancer and ≤1 prior line of platinum therapy without
progression within 12 months of completing treatment. Prior
therapy with PARPi was not allowed.

Patients were randomized 2:1 to veliparib (120 mg orally twice
daily on days �2 to 5) or matched placebo, and carboplatin (AUC
6 mg/mL/minute intravenously) on day 1 and paclitaxel (80 mg/m2

i.v.) on days 1, 8, and 15 of 21-day cycles. Veliparib/placebo, carbo-
platin, and paclitaxel could be discontinued independently before
disease progression at the discretion of the treating investigator,
resulting in variable PFIs at the time of progression. The primary
endpoint of the blinded study was PFS.

After documentation of disease progression per RECIST version 1.1
(RECIST v1.1) on blinded therapy, a patient’s treatment arm could be
unblinded to determine eligibility for open-label crossover to veliparib
monotherapy. Patients randomized to placebo plus carboplatin/pac-
litaxel who were eligible for crossover therapy initiated treatment
within 60 days of progression. The starting dose for unblinded oral
veliparib monotherapy was 300 mg twice a day continuously admin-
istered; after 2 weeks, the dose could be increased to 400 mg at the
investigator’s discretion if tolerated. Patients were treated until a
second progression event or unacceptable toxicity occurred.

This study was conducted in accordance with the ethical
principles that have their origin in the Declaration of Helsinki
and are consistent with International Conference on Harmon-
ization Good Clinical Practice guidelines and applicable regula-
tory requirements. Institutional review boards and independent
ethics committees at each of the participating study sites reviewed
and approved the protocol and all relevant study forms before
study initiation. Written informed consent was obtained from
each patient before the study. An independent data monitoring
committee monitored patient safety. This study is registered with
ClinicalTrials.gov: NCT02163694.

Assessments
A new baseline tumor burden was established for each patient

at the start of crossover veliparib monotherapy treatment. Tumor
assessments were conducted every 9 weeks from cycle 1, day 1 of
crossover treatment. Tumor response [complete response (CR) or
partial response (PR)] was assessed by the investigator using
RECIST v1.1 in patients with measurable disease. PFS (time from
first dose of crossover treatment to disease progression per in-
vestigator or death from any cause within 63 days of last tumor
assessment) and clinical benefit rate (CBR; progression-free rate at
24 weeks estimated using Kaplan–Meier methodology) were also
assessed. PFI was defined as the time from last dose of carboplatin in
the blinded study to first dose of crossover veliparib monotherapy.
Duration of treatment exposure was the number of days a patient
was exposed to study treatment.

Retrospective analysis for BRCA reversion mutations restoring
BRCA1/2 protein function was accomplished by next-generation
sequencing (NGS) of plasma ctDNA using a custom-targeted ampli-
conmultiplex assay that surveys 67 cancer-related genes. Twenty-eight
of 75 patients were consented for plasma collection; plasma was not

Translational Relevance

Advanced breast cancers (ABC) associated with germline breast
cancer susceptibility gene (gBRCA) mutations are sensitive to
platinum chemotherapy and PARP inhibitors (PARPi). However,
shared mechanisms of acquired resistance to these therapies may
exist, including BRCA reversion mutations. The phase III study
BROCADE3 demonstrated that veliparib added to carboplatin/
paclitaxel improved progression-free survival in patients with
HER2-negative gBRCA-associated ABC. Patients who progressed
on placebo plus carboplatin/paclitaxel were eligible for crossover
veliparib monotherapy. Antitumor activity was observed in 16% of
evaluable patients receiving veliparib monotherapy. Platinum-free
interval varied among patients; intervals <180 days correlated with
lower veliparib activity. BRCA reversion mutations were detected
in 14% of patients prior to crossover veliparib initiation and were
associated with poor outcomes. Time from prior platinum expo-
sure may also be associated with cross-resistance to PARPi in
patients with gBRCA-associated ABC.
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available for ctDNA analysis from the remaining 47 patients. Plasma
ctDNA (3 mL each) was harvested during the blinded portion of
the study at pretreatment (cycle 1), cycle 3 (�63 days posttreatment)
of placebo plus carboplatin/paclitaxel, and at the time of disease
progression on placebo plus carboplatin/paclitaxel (final visit).
NGS libraries were prepared using anchored-multiplex ArcherDX
chemistry (LiquidPlex). All NGS was performed on the Illumina
HiSeq 4000 instrument. Bioinformatic analysis of ctDNA NGS was
conducted with the Archer Analysis v6.0.4 variant-calling pipeline by
ArcherDX Inc with annotation support from Golden Helix VarSeq
v2.1.0. Visual inspection of reversion was conducted in Golden Helix
GenomeBrowse v3.0.0 using human genome build GRCh37 (hg19).
Variant allele fraction (VAF) of distinct TP53 and MLL3 (KMT2C)
somatic mutations were used to determine tumor fraction in cell-free
DNA (cfDNA), given that these genes are frequently mutated in
metastatic breast cancer (20, 21).

Treatment-emergent adverse events (TEAE) were assessed during
crossover veliparib monotherapy until 30 days after the last dose. AE
severity was graded by the investigator according to the NCI Common
Terminology Criteria for Adverse Events v4.03.

Statistical analyses
The cut-off date for efficacy data included in this article was April 5,

2019. This analysis was conducted on patients who received ≥1 dose of
crossover veliparib monotherapy. Descriptive statistics are provided
for demographic and baseline characteristics, exposure, activity, and
safety variables. Categorical variables are summarized with frequency
and percentage, and continuous variables are summarized with medi-
an and range. The Kaplan–Meier method was used to analyze PFS and
calculate landmark values including medians and CBR. Analyses were
done with SAS version 9.4. Activity and PFS were also evaluated in
subgroups defined by BRCA1 mutation, BRCA2 mutation, estrogen
and/or progesterone receptor positivity (hormone receptor–positive
disease), or estrogen and progesterone receptor negativity [triple-
negative breast cancer (TNBC)]. In the BRCA1 mutation and BRCA2
mutation subgroups, patients who had mutations in both BRCA1 and
BRCA2 were excluded.

Biomarker analyses were evaluated in patients who had available
samples at each of the following visits: pretreatment, cycle 3, and
progression. Biomarker statistical analyses were conducted using
TIBCO Spotfire v7.8 or 10.3.3 (RRID:SCR_008858) and GraphPad
Prism v8.0 (RRID:SCR_002798).

Data sharing statement
AbbVie is committed to responsible data sharing regarding the

clinical trials they sponsor. This includes access to anonymized,
individual and trial-level data (analysis datasets), as well as other
information (e.g., protocols and Clinical Study Reports), as long as the
trials are not part of an ongoing or planned regulatory submission.
This includes requests for clinical trial data for unlicensed products
and indications.

These clinical trial data can be requested by any qualified re-
searchers who engage in rigorous, independent scientific research,
and will be provided following review and approval of a research
proposal and statistical analysis plan and execution of a data sharing
agreement. Data requests can be submitted at any time and the data
will be accessible for 12 months, with possible extensions consid-
ered. For more information on the process, or to submit a request,
visit the following link: https://www.abbvie.com/our-science/clinical-
trials/clinical-trials-data-and-information-sharing/data-and-information-
sharing-with-qualified-researchers.html.

Results
Patients

At the time of the primary analysis, 132 of 174 patients (76%) on
the placebo plus carboplatin/paclitaxel arm of BROCADE3 had a
progression event, and 75 of these patients had received ≥1 dose of
open-label crossover veliparib monotherapy after progression
(Supplementary Fig. S2). Demographic and baseline clinical char-
acteristics for patients in the crossover veliparib monotherapy
cohort are summarized in Table 1. Among patients who started
crossover therapy, 47% had documented gBRCA1 mutations and
56% had documented gBRCA2 mutations at the time of random-
ization to the blinded study. Of the patients who started crossover
therapy, 63% (n ¼ 47) had tumors that were estrogen receptor
(ER) positive or progesterone receptor (PgR) positive, and 37%
(n ¼ 28) had tumors that were ER and PgR negative (TNBC) at
the time of randomization to the blinded study. Eight patients
(10.7%) received platinum prior to randomization in the blind-
ed study. Crossover patients received a mean (range) of 11.7
(3–53) cycles of carboplatin before progression on placebo plus
carboplatin/paclitaxel in the blinded study. At the start of cross-
over veliparib monotherapy, the mean PFI for these patients was
5.6 months, with a wide range of 0.4–37.4 months. While 37
(49.3%) patients continued to receive carboplatin until progres-
sion on the blinded study, 38 (50.7%) discontinued carboplatin
prior to progression.

Table 1. Patient demographics and clinical characteristics.

Crossover veliparib
monotherapy

Characteristic (N ¼ 75)

Sexa, n (%)
Female 74 (99)
Male 1 (1)

Median agea, years (range) 44 (28–71)
Racea, n (%)

White 68 (91)
Black or African American 1 (1)
Asian 6 (8)

Geographic regiona, n (%)
USA 11 (15)
Other 64 (85)

gBRCA1 or gBRCA2 mutation status by core
laboratorya, n (%)
gBRCA1 mutation positive 35 (47)
gBRCA2 mutation positive 42 (56)

Hormone receptor expressiona, n (%)
ER and/or PgR positive 47 (63)
ER and PgR negative (TNBC) 28 (37)

Platinum exposure in the blinded study
Number of carboplatin cycles received,
mean (range)

11.7 (3–53)

Platinum-free interval, mean, months (range) 5.6 (0.4–37.4)
Continued carboplatin until progression in the
blinded study
Yes 37 (49.3)
No 38 (50.7)

Abbreviations: BRCA, breast cancer susceptibility gene; ER, estrogen receptor;
g, germline; PgR, progesterone receptor; TNBC, triple-negative breast cancer.
aAs reported at the time of randomization.
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Veliparib monotherapy exposure
Patients who received crossover veliparib monotherapy had a mean

treatment duration of 154 days (range, 2–966; Table 2). Patients who
continued receiving carboplatin until the time of progression in the
blinded study had a numerically shorter duration of treatment with
veliparib monotherapy compared with those who discontinued car-
boplatin prior to progression [median: 121.9 days (range, 2–539) vs
196.3 (range, 5–967), respectively]. Treatment duration was also
shorter for patients with a PFI <180 days [median: 133.7 days (range,
2–680)] versus those with a PFI ≥180 days [median: 222.1 days (range,
5–967)] at the start of crossover veliparib monotherapy (Table 2).

Efficacy
In total, 50 patients had measurable disease and were evaluable

for best response; no patients achieved a CR, but 8 (16%) patients
had a PR on crossover veliparib monotherapy. At the time of data
cutoff, 5 of these patients had PR confirmed on a subsequent
assessment. Durations of response in these 5 patients were 151 days
in 1 patient who had progressed, and 47, 178, 458, and 501 days in 4
patients with responses ongoing. Among all patients receiving
crossover veliparib monotherapy, the CBR at 24 weeks was
30.5% (95% CI, 21.9–39.5) and the median PFS (investigator-
assessed) was 2.1 months (95% CI, 2.1–4.4).

Among the 8 patients who achieved PR, 3 had progressed on
carboplatin in the blinded study (PFI range, 20–70 days) and 5
discontinued carboplatin prior to progression (PFI range, 119–
1,063 days; Table 2). The mean PFI for patients who achieved PR
was 9.3 months (range, 0.7–34.9).

Patients who progressed on carboplatin versus those who discon-
tinued prior to progression had numerically lower rates of PR, lower
CBR, and shorter median PFS. Similarly, patients who had a PFI
<180 days had numerically lower rates of PR, lower CBR, and shorter
median PFS (Table 2). The PFI was numerically shorter among
patients who had progressed by 24 weeks after starting crossover
veliparib monotherapy, compared with those who remained progres-
sion free at 24weeks [3.1months (range, 0.4–10.9) vs. 8.1months (1.0–
34.9)].

Among the 8 patients who had a PR, 1 had a BRCA1mutation and 7
had a BRCA2 mutation at the time of randomization in the blinded

study (Supplementary Table S1). Two had TNBC and 6 had hormone
receptor–positive disease. Median PFS was numerically longer for the
BRCA2 [4.2 months (95% CI, 2.1–7.3)] and hormone receptor–
positive [2.7 months (95% CI, 2.1–6.0)] subgroups compared with
the BRCA1 [2.1 months (95% CI, 1.8–2.7)] and TNBC [2.1 months
(95% CI, 1.8–9.7)] subgroups. However, within each subgroup, there
were patients who were progression free for 12 months or longer
(BRCA1, 2 patients; BRCA2, 3 patients; TNBC, 3 patients; hormone
receptor positive, 2 patients; Supplementary Fig. S3).

BRCA reversion analysis
Plasma cfDNA was obtained from 28 of 75 (37%) patients in the

blinded portion of the crossover study, and BRCA mutational status
was successfully assessed at cycle 1, cycle 3, and at the time of disease
progression for these 28 patients only (all female). Longitudinal plasma
biopsies were not available for cfDNA analysis from the remaining 47
of 75 patients. All 28 patients had measurable cfDNA levels [median:
20.8 ng (range, 4.3–635.9 ng)]. BRCA1/2 reversion status by gBRCA
mutational status and hormone receptor expression at the time of
randomization is summarized in Supplementary Table S2. BRCA
reversion mutations that restored BRCA protein function were
detected in 4 patients, although only in their postprogression plasma
cfDNA sample, with a VAF ranging from 0.011 to 0.062 (Table 3).
Mean duration of veliparib monotherapy was 0.78 months in patients
with tumors that acquired BRCA reversion mutations during the
blinded portion of the study, compared with 7.49 months in patients
with tumors that did not acquire these mutations (Supplementary
Table S3). The molecular characteristics of the reversion mutations
observed in 2 different patients are shown in Supplementary Fig. S4.
Several patients developed multiple reversion mutations with varying
VAF levels, suggesting multiclonal heterogeneity. A BRCA1 reversion
mutation (ER/PgR-negative breast cancer) was identified in 1 patient,
while BRCA2 reversion mutations (2 with ER-positive and PgR-
negative and 1 with ER/PgR-positive breast cancer) were identified
in 3 patients (Supplementary Table S2).

To determine the proportion of ctDNA in cfDNA (Table 3), the
VAF ofTP53 andMLL3 (KMT2C) somatic alterations postprogression
were assessed; they were detectable in all 28 patients of the biomarker
subgroup presented herein. All BRCA reversions were detected at

Table 2. Exposure to and activity of crossover veliparib monotherapy.

Progression on
carboplatin in the
blinded studya

Platinum-free interval at
crossover veliparib
monotherapy startCrossover veliparib

monotherapy Yes No <180 days ≥180 days
(N ¼ 75) (n ¼ 37) (n ¼ 38) (n ¼ 53) (n ¼ 22)

Mean exposure to crossover veliparib
monotherapy, days (range)

154 (2–966) 121.9 (2–539) 196.3 (5–967) 133.7 (2–680) 222.1 (5–967)

Best responseb, n/N (%)
Complete response 0 0 0 0 0
Partial response 8/50 (16) 3/27 (11.1) 5/23 (21.7) 5/37 (13.5) 3/13 (23.1)

Clinical benefit rate at 24 weeksc, % (95% CI) 30.5 (21.9–39.5) 27.3 (13.6–43.0) 46.9 (29.0–62.9) 30.0 (17.7–43.3) 55.0 (29.8–74.5)
Median progression-free survivald, months (95% CI) 2.1 (2.1–4.4) 2.1 (1.9–3.7) 4.4 (2.1–8.2) 2.1 (2.0–4.1) 8.2 (1.9–NR)

Abbreviation: NR, not reached.
aProgressive disease per protocol indicated as reason for carboplatin discontinuation during placebo plus carboplatin/paclitaxel treatment. All patients receiving
crossover veliparib monotherapy were required to have progressed on placebo plus carboplatin/paclitaxel; however, placebo, carboplatin, and paclitaxel could be
discontinued independently prior to progression.
bIncludes patients with at least one measurable lesion at baseline.
cFrom Kaplan–Meier estimates. Clinical benefit rate is defined as the progression-free rate at 24 weeks (168 days) estimated using Kaplan–Meier methodology.
dMedian progression-free survival is evaluated from first day of crossover treatment.
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VAFs lower than those of TP53 and/or MLL3 (VAF ranges, 1.2%–
36%), suggesting that they represent a clonal fraction of neoplastic
cfDNA.

A swimmer plot detailing the treatment received, BRCA reversion,
and survival outcomes for each patient is displayed in Fig. 1. Of the 28
patients analyzed, 3 achieved PR while on crossover veliparib mono-
therapy; none of them had BRCA reversion mutations. The 4 patients
with BRCA reversion mutations received eight (2 patients), nine, and
23 cycles of carboplatin prior to progression on placebo plus carbo-
platin/paclitaxel (Fig. 1B). Similar to the overall trial population in
which a high proportion of patients had no prior platinum exposure,
none of these patients had received prior platinum therapy in the
neoadjuvant/adjuvant or metastatic setting prior to enrollment in
the trial.

The mean duration of crossover veliparib monotherapy was
shorter in patients with BRCA reversion mutations [n ¼ 4; 0.78
months (range, 0.07–1.71)] than in those who had no reversion
mutations [n ¼ 24; 7.49 months (range, 0.92–24.4)]. The mean PFI
was slightly shorter in patients who had BRCA reversions [4.36
months (range, 0.95–7.5)] than in those who did not [5.81 months
(range, 0.39–34.9)].

Several DNA repair genes, PARPi resistance–associated genes,
tumor driver genes, and tumor suppressor genes were surveyed for

single-nucleotide variants (snv) and genomic insertions or deletions
(indels) in the 28 crossover patients. Among those, the prevalence and
co-occurrence of deleterious non-BRCA1/2 alterations in patients
from the biomarker subgroup who had no BRCA1/2 reversions are
shown in Supplementary Table S4 andFig. 2. The duration of veliparib
monotherapy was also calculated for each alteration-positive group.
The most frequent alterations were CHEK2, which was observed in 13
patients (54%), and TP53, which was found in 12 patients (50%). TP53
variants were prevalent across patients with or without BRCA1/2
reversions and changed longitudinally during the blinded period. In
baseline ctDNA, 11 of 24 patients carried a TP53 mutation, which
diminished to 1 of 24 patients in cycle 3 ctDNA and reappeared in
postprogression ctDNA (10/24 patients). Notably, in 9 of those
patients, TP53 mutations that were undetectable at cycle 3 were
reacquired by postprogression (Fig. 2). Duration of veliparib mono-
therapy in patients with TP53mutations was 7.3 months (range, 0.9–
24.4) versus 7.7 months in nonmutated TP53 patients (Supplementary
Table S4). Detection of alterations in three genes involved in homol-
ogous DNA repair (HR; RAD50, BLM, and NBN) were observed only
in nonreversion patients (Supplementary Table S4 and Fig. 2). Three
(13%), 4 (17%), and 5 (21%) patients had mutated RAD50, NBN, and
BLM, respectively, and at differing visits (Fig. 2). Duration of veliparib
monotherapy in patients with RAD50 and BLMmutations was 4.1 and

Figure 1.

Swimmer plot of treatment overview
and time of reversion in the biomarker
subgroup (n ¼ 28) for all patients (A)
and patients with BRCA reversion (B).
Each line represents an individual
patient and each symbol indicates a
key event (treatment, reversion). Left
axis indicates patients who reverted
versus those who did not. Colored line
segments correspond to different per-
iods in the treatment overview as indi-
cated in the legend, with orange lines
showing time on veliparib monother-
apy after crossover. Timing of ctDNA
assessments is indicated by pretreat-
ment (star), cycle 3 (pentagon), and
postprogression (square colored sym-
bols). Green squares also denote com-
pletion of placebo plus carboplatin/
paclitaxel treatment period. Time of
detection of BRCA1/2 reversion muta-
tions is denoted by a black cross.
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4.7 months, respectively, versus 8.0 and 8.2 months, respectively, in
those without RAD50 or BLM mutations (Supplementary Table S4).

Safety
Of the 75 patients who received crossover veliparib monotherapy,

41 (54.7%) escalated the dose from300 to 400mg twice daily. Themost
common TEAEs reported were gastrointestinal [nausea, n¼ 46 (61%);
vomiting, n ¼ 22 (29%); Table 4]. These events were predominantly
grade 1–2. Hematologic toxicities were reported at lower frequencies
[neutropenia, n ¼ 11 (15%); anemia, n ¼ 5 (7%); thrombocytopenia,
n ¼ 5 (7%)]. Three patients (4%) had a convulsion event. Serious
adverse events (SAE) were reported in 17/75 patients (23%; Supple-
mentary Table S5). No SAE occurred inmore than 1 patient, except for
malignant neoplasmprogression andmetastases to the central nervous
system [4 (5%) and 2 (3%) patients, respectively); these were not

considered related to veliparib. One patient had a TEAE of respiratory
failure that was fatal and was attributed to disease progression and
unrelated to veliparib by the investigator’s assessment.

Discussion
In recent years, two PARPis have been approved for the treatment of

advanced HER2-negative breast cancer in patients with gBRCAmuta-
tions. Median PFS of 7.0–8.6 months has been reported with the
PARPis olaparib and talazoparib as monotherapy in this population in
phase III trials (6, 7). It is notable, however, that these studies did not
allow enrollment of patients with progression on prior platinum
therapy. There is evidence that platinum-based therapies are active
in patients with BRCA mutation-associated advanced TNBC, with a
reported objective response rate of 68% to carboplatin alone and a

Figure 2.

A heatmap representing co-occurring and deleterious non-BRCA1/2 alterations in all 28 patients in the ctDNA analysis cohort. Patients are organized in columns and
grouped by reversion status, while genes are organized into rows and grouped by timepoint and mutation category (color coded). Response status to veliparib
monotherapy in crossover period is indicated in orange or blue boxes per column and in legend. Each colored square in the heatmap corresponds to a potentially
deleterious alteration in that gene for each patient per visit. The number in each colored square indicates the number of alterations detected in that gene per patient.
Per gene row, total patients with alterations in that gene are enumerated in the rightmost column.
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median PFS of 6.8months in a subgroup analysis of a phase III trial (4).
Patients with advanced breast cancer often receive multiple lines of
treatment including platinum, particularly patients with gBRCAmuta-
tions. Data are limited on the outcomes of PARPi in patients with
germline BRCAmutations who previously received and progressed on
platinum therapy due to exclusion of these patients from phase III
PARPi trials.

The phase III BROCADE3 study of veliparib in patients with
advanced BRCA mutation-associated breast cancer evaluated the
efficacy and tolerability of a PARPi used in combination with plati-
num-based chemotherapy (16). Whereas previous phase III studies of
the PARPis olaparib and talazoparib used the agents as monother-
apy (6, 7), in BROCADE3 veliparib was combined with carboplatin/
paclitaxel and compared with carboplatin/paclitaxel alone. The addi-
tion of veliparib was found to significantly improve PFS when com-
bined with carboplatin and paclitaxel. Addition of veliparib to carbo-
platin/paclitaxel was also generally well tolerated, with <10% of
patients discontinuing study drug due to AEs not related to progres-
sion. BROCADE3 also uniquely allowed crossover to veliparib mono-
therapy for patients randomized to placebo plus carboplatin/paclitaxel
after disease progression.

In the current analysis, activity of crossover veliparib monotherapy
was demonstrated in patients treated after progression on placebo plus
carboplatin/paclitaxel, with 16% of patients having a PR and 30.5% of

crossover patients experiencing clinical benefit, defined as the pro-
gression-free rate at 24 weeks. In comparison, previously reported
response rates for veliparib monotherapy treatment in a phase II trial
that included 44 patients with BRCA-associated metastatic breast
cancer, who had a median of 1 (0–5) prior line of chemotherapy for
metastatic breast cancer but had not received prior platinum-based
therapy for metastatic disease, were 14% and 36% in patients with
BRCA1 and BRCA2 mutations, respectively (18).

The flexibility to discontinue veliparib/placebo, carboplatin, and
paclitaxel independently during blinded treatment in BROCADE3 led
to a heterogeneous veliparib monotherapy crossover population. The
population included both patients who received carboplatin until
progression and patients who discontinued carboplatin prior to
progressing on the blinded study regimen. The PFI of patients starting
crossover veliparib monotherapy was highly variable.

Given the eligibility criteria for previous PARPi trials, there is
limited available information on the response of platinum-resistant
tumors to PARPi. It is therefore notable that among the 27 patients
who were receiving carboplatin at the time of progression in the
blinded study, 3 patients (11.1%) had a PR to veliparib as next line of
therapy. However, the data suggest that the use of carboplatin treat-
ment until disease progression and a PFI of <180 days correlated with
lower activity of veliparib monotherapy. Platinum retreatment is
common practice for patients with ovarian cancer relapsing

Table 4. Summary of TEAEs and select TEAEs of special interest during crossover veliparib monotherapy.

TEAE Crossover veliparib monotherapy (N ¼ 75), n (%)

Any TEAE 68 (91)
Any TEAE related to study druga 57 (76)
Grade ≥3 TEAE 29 (39)
Serious AE 17 (23)
Any TEAE leading to study discontinuation not due to PD 1 (1)
Most frequent nonhematologic TEAEs (in >10% of patients) Any grade Grade 3 or 4
Nausea 46 (61) 1 (1)
Vomiting 22 (29) 0
Fatigue 18 (24) 3 (4)
Diarrhea 16 (21) 1 (1)
Headache 13 (17) 1 (1)
Decreased appetite 11 (15) 0
Pain in extremity 11 (15) 0
Arthralgia 10 (13) 0
Insomnia 9 (12) 1 (1)
Most frequent hematologic TEAEs (in >5% of patients) Any grade Grade 3 or 4
Neutropenia 11 (15) 4 (5)
Anemia 5 (7) 3 (4)
Thrombocytopenia 5 (7) 1 (1)
Select TEAEs of special interestb Any grade Grade 3 or 4
Infections within 14 days of neutropeniac 1 (1) 0
Hemorrhages within 14 days of thrombocytopenia 0 0
Myelodysplastic syndromes 0 0
Acute myeloid leukemia 0 0
Convulsionsd 3 (4) 2 (3)
Fertility disorders 0 0
Secondary malignanciese 2 (3) 2 (3)

Abbreviations: PD, progressive disease; TEAE, treatment-emergent adverse event.
aAs assessed by the investigator.
bAdditional prespecified adverse events of special interest (nausea/vomiting, anemia, thrombocytopenia, and neutropenia) are reflected above and not included
among the TEAEs of special interest.
cPreferred term of reported event was “gingivitis”.
dTwo patients were reported to have an event of seizure (n¼ 1, grade 2; n¼ 1, grade 3); one patient had a grade 3 event of partial seizure and a grade 1 event of petit
mal epilepsy.
ePreferred term of reported event was “metastases to central nervous system” in both patients.
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>6 months after their last dose of platinum therapy, as they are
considered potentially platinum sensitive. This definition of platinum
sensitivity has also been used to identify patients with recurrent disease
who may benefit from PARPi therapy, with phase III trials of PARPi
maintenance in recurrent ovarian cancer restricted to patients with
platinum-sensitive disease (22–24). The data from patients receiving
crossover veliparib monotherapy presented here demonstrate that the
6-month PFI may also be predictive of response to PARPi after
platinum therapy in patients with advanced breast cancer.

In this analysis, a higher proportion of patients with BRCA2 muta-
tions compared with BRCA1 mutations and with hormone receptor–
positive disease compared with TNBC responded to crossover veliparib
monotherapy. While a lower level of activity was observed with PARPi
as the next line of therapy after platinum in the BRCA1 and TNBC
subgroups, there were patients with durable benefit regardless of the
mutated BRCA gene or hormone receptor status.

BRCA reversion mutations have been documented following
treatment with single-agent platinum or PARPi in BRCA-related
breast cancers (14, 25, 26) and have been associated with subsequent
cross-resistance to PARPi (10). The exploratory biomarker analysis
reported herein confirms, albeit in small numbers of patients, that
the presence of BRCA reversion mutations at the time of disease
progression on or following carboplatin/paclitaxel is associated with
poor clinical outcomes and low response rates to veliparib mono-
therapy. These data suggest that cross-resistance may limit PARPi
efficacy after a platinum-based regimen in a subset of patients,
particularly in those with a PFI of <24 weeks. However, it is note-
worthy that in our study only a minority (4/28, 14.3%) of crossover
patients were found to have BRCA reversion mutations. This is
similar to observations in high-grade serous ovarian carcinoma
(HGSOC) where 8 of 97 (8.2%) patients with HGSOC had either
germline or somatic BRCA reversion mutations detected in plasma
prior to rucaparib treatment; an additional 8 of 78 (10.3%) patients
had BRCA reversion mutations identified in plasma samples col-
lected at disease progression (15). Interestingly, the majority of
unique reversion mutations (8/9) were detected in BRCA2 as
opposed to BRCA1, an observation made previously (26, 27). We
speculate that differences in the chromatin landscape and length of
protein-coding domains are influential in this difference. The
relatively small proportions of patients with BRCA reversion muta-
tions at the time of progression indicate that there are likely many
other potential mechanisms of resistance.

Indeed, we observed dynamic changes in the clonal fractions of
TP53 somatic mutations that resulted in reemergence of clonal TP53
mutations, hypothetically driving disease progression on subsequent
veliparib treatment. However, it is worth noting that duration of
veliparib monotherapy in patients with TP53 mutations versus those
who had no TP53 mutations was not significantly different. In
addition, while we did not detect TP53BP1 loss-of-function alterations
in the nonreversion subgroup (a recognized PARPi resistance mech-
anism), we uncovered, at postprogression, the presence of somatic,
protein-altering mutations (snvs and indels) in RAD50, NBN, and
BLM, genes that are involved inHR.Whilemost of thesemutations are
categorized as protein altering, it remains unclear whether they
reactivate HR function. Previous studies have suggested a role for
genomic lesions in HR pathway genes as conferring resistance or
sensitivity to PARPi (25, 28–32).

Intriguingly, HR gene alterations were only observed in the sub-
group of nonreversion patients (Fig. 2). Four patients presented with
one or more potentially pathogenic alterations in RAD50, NBN, and
BLM prior to crossover to veliparib. Hypothetically, these loss-of-

function alterations in RAD50 and NBN would disrupt the MRN
complex and disrupt DNA double-strand break recognition, poten-
tially sensitizing patients to a DNA-damaging agent. Meanwhile,
mutations in BLM would disrupt RAD51/52-mediated DNA end
resection and repair, thus potentially also predicting a favorable
response to a PARPi. The average duration of veliparib monotherapy
in the 4 patients with HR mutations was 5.7 months (range, 2.0–
9.9 months) versus 7.6 months (range, 0.92–24.3 months) in the other
20 non–HR-mutated patients. Therefore, it remains unclear whether
these specific lesions confer additional sensitivity to subsequent veli-
parib treatment or represent alternative genetic susceptibilities that
evade pressure from veliparib.

In conclusion, crossover veliparib monotherapy was active in a
subset of patients with advanced HER2-negative gBRCA mutation-
associated breast cancer after disease progression on a regimen of
carboplatin/paclitaxel. PFI and progression on platinum treatment
versus progression >6 months after the end of platinum treatment
appeared to affect activity. Although BRCA reversion mutations were
observed infrequently, their presence may promote cross-resistance,
thereby limiting PARPi efficacy after platinum failure, and warrants
further evaluation. The specific role of additional molecular mechan-
isms in the response to veliparib treatment merits additional inves-
tigation. The data suggest that prior platinum treatment does not
preclude use of a PARPi in patients with gBRCA-associated advanced
breast cancer, particularly if the platinum usage occurred more
distantly in the patient’s history and the patient is considered platinum
sensitive. If BRCA reversion testing is available, the results may help to
further refine which platinum-treated patients could be considered
candidates for PARPi therapy.
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