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A B S T R A C T

Purpose
Locoregional control for inflammatory breast cancers and chest wall recurrences is suboptimal,
which has motivated interest in radiosensitization to intensify therapy. Preclinical studies have
suggested a favorable therapeutic index when poly (ADP-ribose) polymerase inhibitors are used as
radiosensitizers; clinical investigation is necessary to establish appropriate dosing and confirm
safety.

Patients and Methods
We conducted a multi-institutional phase I study of veliparib and concurrent radiotherapy (RT) to the
chest wall and regional lymph nodes in 30 patients with inflammatory or locally recurrent breast
cancer after complete surgical resection. RT consisted of 50 Gy to the chest wall and regional lymph
nodes plus a 10-Gy boost. A Bayesian time-to-event continual reassessmentmethod escalated dose
through four levels, with a 30% targeted rate of dose-limiting toxicity (DLT) measured during the
6 weeks of treatment plus 4 weeks of follow-up. DLTs were defined as confluent moist des-
quamation . 100 cm2, nonhematologic toxicity grade $ 3, toxicity that requires an RT dose delay
. 1 week, absolute neutrophil count , 1,000/mm3, platelet count , 50,000/mm3, or hemoglobin
, 8.0 g/dL if possibly, probably, or definitely related to study treatment.

Results
Five DLTs occurred: Four were moist desquamation (two each at 100 and 150 mg twice a day), and
one was neutropenia (at 200 mg twice a day). The crude rate of any grade 3 toxicity (regardless of
attribution) was 10% at year 1, 16.7% at year 2, and 46.7% at year 3. At year 3, six of 15 surviving
patients had severe fibrosis in the treatment field.

Conclusion
Although severe acute toxicity did not exceed 30% even at the highest tested dose, nearly half of
surviving patients demonstrated grade 3 adverse events at 3 years, which underscores the im-
portance of long-term monitoring of toxicity in trials of radiosensitizing agents.

J Clin Oncol 36:1317-1322. © 2018 by American Society of Clinical Oncology

INTRODUCTION

Although locoregional control of breast cancer is
excellent in many circumstances, outcomes re-
main unsatisfactory with conventional therapy in
certain groups, including patients with locore-
gional recurrences after mastectomy and those
diagnosed with inflammatory disease. Many chest
wall recurrences are unresectable, which leaves
radiotherapy as the sole modality of local therapy.

Even when excision followed by radiotherapy is
possible, such management can result in in-
adequate locoregional control, which compro-
mises quality of life.1-4 In patients with inflammatory
breast cancer, locoregional failure rates ap-
proach 20% despite aggressive multimodality
treatment.

Radiation dose escalation can increase tu-
mor control, but normal tissue tolerance limits
this approach. Several groups have considered
thermoradiotherapy5 or other approaches to
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radiosensitization,6,7 but a satisfactory technique suitable for
widespread use has yet to be discovered.

Given the role of poly (ADP-ribose) polymerase (PARP) in
DNA repair, the potential of PARP inhibitors as radiosensitizers
is of interest. Radiosensitization by concurrent administration of
a PARP inhibitor has been demonstrated in preclinical studies.8-15

One postulated mechanism is that radiation-induced single-strand
breaks accumulate in cells in which PARP is inhibited, which leads
to double-strand breaks at replication forks. Of note, because cancer
cells are genetically unstable and often exhibit complex karyotypes
that include large deletions, insertions, and unbalanced translocations,
these cells are more susceptible than normal tissues to cytotoxicity
induced by DNA-damaging agents.16,17 Deficiencies in mismatch
repair and homologous recombination are prevalent in many ma-
lignancies. These deficiencies render cells more dependent on PARP
for DNA repair and, hence, more sensitive to PARP inhibition.18

Higher expression of PARP in cancer cells compared with normal
cells has been linked to the overall ability of cancer cells to sustain
genotoxic stress.19-22 Consequently, PARP inhibitors have been
proposed as radiosensitizers.

Veliparib (ABT-888) is a PARP inhibitor being investigated in
Cancer Therapy Evaluation Program–sponsored trials prompted
by promising preclinical findings. Specifically, in a panel of breast
cancer and normal breast epithelial cell lines, veliparib preferen-
tially radiosensitized breast cancer (v normal) cells with en-
hancement ratios of up to 2.3 independent of intrinsic breast
cancer subtype or BRCA mutational status.23 Because the toxicity
profile of a radiosensitizing agent is expected to depend on the
body site treated and dose of radiotherapy delivered, specific re-
search was needed to evaluate further the combination of PARP
inhibition and radiotherapy in breast cancer. This motivated
TBCRC 024, a multicenter phase I trial, to determine the maxi-
mum tolerated dose of veliparib in combination with chest wall
and nodal radiotherapy and tomake recommendations for phase II
dosing.

PATIENTS AND METHODS

Study Population
Eligible patients were recruited from five institutions and had either

locoregional recurrence of breast cancer after mastectomy that was sub-
sequently excised or primary inflammatory breast cancer treated with
mastectomy. To facilitate prescription of a single standard radiotherapy
dose, patients were required to have undergone gross total excision of all
locoregional disease. Adequate organ function, ability to swallow intact
study drug, and an Eastern Cooperative Oncology Group performance
status of 0 to 1 with at least a 6-month life expectancy also were required.
Two weeks had to have elapsed since prior antineoplastic systemic therapy
(except endocrine agents and bisphosphonates), with resolution of acute
toxicity. Primary exclusion criteria were prior radiotherapy, breast re-
construction, concurrent treatment with antitumor agents other than
hormonal therapy or bisphosphonates, gross residual locoregional tumor,
surgery within 3 weeks of commencement of protocol therapy, pregnancy
or breastfeeding, and serious comorbid illness.

Treatment
Treatment consisted of veliparib at one dose level (50, 100, 150, or

200 mg) taken orally twice a day throughout a 6-week course of

radiotherapy. Doses were determined after consideration of phase 0 study
findings. Intrasubject escalation of veliparib dose was not allowed.

Radiotherapy was administered using megavoltage linear accelerators
once daily for 5 days/week. Targets were the entire chest wall and undissected
axillary and supraclavicular nodes treated to 50 Gy in 2 Gy/fraction followed
by a 10-Gy boost to the mastectomy scar. Internal mammary irradia-
tion was discretionary, as was boost treatment to other sites (including
the axilla). Radiotherapy dose was not allowed to exceed 60 Gy. Bolus
(0.5 cm) to the chest wall was to be used every other treatment day for the
first 50 Gy, beginning on the first day of treatment. The bolus could be
discontinued or increased to daily application at the treating physician’s
discretion.

End Points and Analytic Design
The trial was monitored using the time-to-event continual reas-

sessment method,24,25 which assumes a model for the time to occurrence
of toxicity as a function of dose and allows information from all patients
enrolled in the trial to be used when a new patient is allocated to a dose
level. Dose-limiting toxicity (DLT) was defined on the basis of toxicities
possibly, probably, or definitely related to study drug (Table 1) that oc-
curred during the acute observation period. The acute observation period,
during which patients had weekly physician assessments, was the 6-week
radiotherapy treatment period plus a 4-week follow-up period, including
the clinical visit 10 weeks from radiotherapy initiation (a 70-day time
period). The target rate for DLT was 30%.

The primary study objective was to determine the maximum tol-
erated dose of veliparib that can be administered concurrently with standard
radiotherapy to the chest wall and regional nodes. Secondary objectives were
to describe the nature of toxicity that develops when veliparib is administered
concurrently with chest wall and regional nodal radiotherapy. Under the
continual reassessmentmethod paradigm, the relationship between dose and
toxicity is summarized by a single-parameter (a) logistic model that rep-
resents the assumed relationship prior to the collection of patient data.
Information about the relationship between dose and toxicity can be
summarized using the distribution of the parameter, updated according
to the current data. Simulations suggested that a sample size of 30 evaluable
patients would allow for identification of the correct dose level in the
majority of trials.

RESULTS

Between June 2012 and November 2014, 33 patients were enrolled,
of whom 30 were evaluable with primary inflammatory (n = 25) or
locally recurrent breast cancer (n = 5). The median number of
fractions treated with bolus was 13 (interquartile range, 5 to 13).
Characteristics of the evaluable sample are reported in Table 2. Of
the 30 patients, 27 (90%) had treatment to the internal mammary
region.

There were five DLTs in total (Table 3): two at 100 mg twice
a day (moist desquamation), two at 150 mg twice a day (moist
desquamation), and 1 at 200 mg twice a day (neutropenia). Of the

Table 1. Dose-Limiting Toxicity Definition

Confluent moist desquamation, defined as the presence of a single region of
moist desquamation . 100 cm2

Any other nonhematologic toxicity grade $ 3 by the National Cancer Institute
Common Terminology Criteria for Adverse Events (version 4.0)

Any toxicity that requires a radiotherapy dose delay . 1 week
Absolute neutrophil count , 1,000/mm3, with or without fever; platelet count
, 50,000/mm3; or hemoglobin , 8.0 g/dL
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five patients who experienced DLTs, four completed 60 Gy of
radiotherapy (which required , 2 weeks of delay), and one
completed 54 Gy (6 Gy less than the planned and standard dose of
60 Gy); toxicity resolved within 1 month of completion of therapy,
similar to typical radiation dermatitis. The posterior probability of
DLT did not exceed 30%, even at the highest dose level assessed
(200 mg twice of day).

Two serious adverse events developed within the first 2 years
of follow-up. One patient experienced a grade 4 wound infection
and late radiation dermatitis with ulceration, flap failure, in-
duration, and severe telangiectasia 6 months after completion of
study treatment. The second patient experienced a grade 3 brachial
vein thrombosis in the setting of post-treatment lymphedema and
fibrosis observed 1.5 years after treatment. Both patients had re-
ceived 150 mg twice a day of veliparib.

No deaths occurred within 30 days of completing treatment.
Late events are listed in Table 4. Given the challenges of attribution
after the acute treatment phase, all adverse events reported are
included, regardless of attribution. At the 1-year follow-up visit, 20
patients were alive and evaluated for toxicity: Two had severe
(grade 3) fibrosis in the radiation field (of whom one also had grade
3 skin induration and grade 3 fracture), and 11 patients had
hyperpigmentation (all grade 1). At the 2-year follow-up visit, 18

patients were alive and evaluated for toxicity: Three exhibited
severe fibrosis (one since the 1-year follow-up visit, and both
patients who had grade 3 fibrosis at 1 year also having grade 3 skin
induration at 2 years), and six had hyperpigmentation (five grade 1,
one grade 2). At the 3-year follow-up visit, 15 patients were alive
and evaluated for toxicity: Six exhibited grade 3 fibrosis, with two
of these six also exhibiting grade 3 skin induration and two also
exhibiting grade 3 lymphedema. Two of the six patients with grade
3 fibrosis had experienced an acute DLT, and four had not. In
addition to the six patients with grade 3 fibrosis, one demonstrated
grade 3 lymphedema without severe fibrosis. The crude rate of any
grade 3 toxicity was 10% at year 1, 16.7% at year 2, and 46.7% at
year 3. Grade 3 toxicity was observed at 3 years at all dose levels
except 50 mg twice a day (Table 5).

Of the 30 patients, 15 experienced disease control failures
during the 3 years of follow-up, and 13 died (all after recurrence).
Of the 15 patients who experienced disease control failures, the site
of first failure was locoregional only in two, one of whom sub-
sequently had a distant failure; both locoregional and distant in
four; and distant only in nine (Table 6).

DISCUSSION

In this multicenter phase I trial, severe acute toxicity did not exceed
the prespecified target of 30%, even at the highest tested dose of
veliparib (200 mg twice a day), and we observed no grade 4 or 5
events. However, given observations of grade 3 late toxicity in
nearly one half of all patients evaluated at 3 years, we recommend
a phase II dose of 50 mg twice a day if veliparib is investigated
further for radiosensitization in patients with breast cancer at high
risk of locoregional recurrence and in need of treatment in-
tensification. Although some of the late adverse events we observed
might have occurred even in the absence of the investigational
agent and with standard therapy, severe late toxicity is rela-
tively uncommon with standard therapy alone, so we believe that
a cautious approach is prudent. No severe adverse events were seen
at 50 mg, although few patients received that dose in this trial.
Future studies should include assessment of patient-reported
quality of life and compare outcomes in patients treated with
combination therapy with those among patients treated with
radiotherapy alone.

Table 2. Characteristics of Evaluable Patients

Characteristic No.

No. of patients 30
Dana-Farber Cancer Institute 12
University of Michigan 7
MD Anderson Cancer Center 7
Duke University 3
Memorial Sloan Kettering Cancer Center 1
Extent of disease
Inflammatory breast cancer status post mastectomy 25
Locoregional recurrence post mastectomy 5

Age, years
Median (IQR) 50.5 (41-60)
Minimum, maximum 30, 81

Female sex 30
Race
White 24
Black 4
Asian 1
Not reported 1

ECOG PS
0 21
1 9

BRCA1/2 mutation carrier
Yes 4
No 12
Not tested or not reported 14

Receptor status
HR positive/HER2 negative 8
HR positive/HER2 positive 5
HR negative/HER2 positive 1
Triple negative 16

Chest wall/nodal field fractions (2 Gy) treated with bolus
Median (IQR) 13 (5-13)
Minimum, maximum 5, 21

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance
status; HER2, human epidermal growth factor receptor 2; HR, hormone receptor;
IQR, interquartile range.

Table 3. DLTs by Dose Level

Dose Level
No. of
Patients

No.
With
DLT

Prior
Estimate, %

Final
Estimate, %

95%
Bayesian
Credible
Interval,

%

50 mg twice
a day

3 0 10 7.3 1.5-12.6

100 mg twice
a day

6 2 17 12.9 4.6-21.5

150 mg twice
a day

12 2 24 18.8 7.9-29.1

200 mg twice
a day

9 1 30 24.0 11.7-35.8

Abbreviation: DLT, dose-limiting toxicity.
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This trial exemplifies many of the challenges discussed by
National Cancer Institute working groups with regard to phase I
studies of radiation modifiers.26 Phase I studies of potential
radiosensitizing agents are challenging because the toxicity profile
is expected to vary on the basis of the site being irradiated, which
necessitates multiple trials to identify appropriate dosing particular
to each site. This also is complicated by the ethical imperative to
conduct such studies in subgroups of patients with a sufficiently
dire prognosis to warrant consideration of participation in high-
risk research, but most patients with metastatic cancer do not
receive definitive doses of radiotherapy. In breast cancer, the vast
majority of patients who receive definitive radiotherapy have ex-
cellent outcomes and are not candidates for a phase I study. Mul-
ticenter cooperation is necessary to recruit sufficient numbers of
patients with uncommon presentations, such as inflammatory breast
cancer, in which definitive radiation doses are used and locoregional
control suboptimal.

The tendency for phase I studies to recruit patients with a dire
prognosis is a challenge because this precludes the ability of such
studies to provide useful illumination of activity or efficacy. It is
important not to misinterpret the disease control findings from this
study. Many patients treated in the current study experienced disease
control failures, including six of 30 with locoregional failures either
as an isolated first failure or simultaneously with a distant failure, but
without a comparable control group, comment on efficacy from the
current findings is impossible. The substantial rates of failure ob-
served in this trial likely reflect a selection effect, whereby enrolling
physicians appropriately offered the study to patients with the most
aggressive disease in whom a study that investigates the safety of
a regimen could be justified.

Another challenge is that a radiosensitization approach may
result in late effects not captured in the time window for DLT
ascertainment. Not all patients with severe enough disease to justify
inclusion in a phase I trial may survive long enough to allow for
assessment of late events. Although the time-to-event continual

reassessment method algorithm can expand the observation
window to include subacute effects, it is not practical to delay dose
escalation decisions in a phase I trial until a full year or longer has
elapsed. Yet, certain effects of radiotherapy may not be apparent
until late after treatment. As this trial demonstrates, in some
circumstances the maximal acutely tolerated dose may result in
unacceptable late effects that are not apparent during the course of
the study. In the current setting, we believe that subsequent studies
should evaluate activity with a dose of 50 mg twice a day, with
careful long-term monitoring of toxicity. Particular caution is
necessary if patients dissimilar to those in the current phase I
population are included, such as those who receive breast con-
servation or breast reconstruction.

Since the initiation of this trial, findings were reported from
a trial of radiotherapy in combination with veliparib for CNS
metastases of non–small-cell lung cancer.27 That trial did not
demonstrate differences in toxicity or disease control in patients
randomly assigned to twice-a-day treatment with 50 mg veliparib,
200 mg veliparib, or placebo in combination with radiotherapy,
which indicates that PARP inhibition does not change the ther-
apeutic index of radiotherapy to the whole brain, at least not at the
doses of radiotherapy used in the trial. This further underscores the
importance of investigating both safety and efficacy of radiosensitizing

Table 4. Adverse Events Reported During Follow-Up, Regardless of Attribution

Adverse Event/Toxicity

Grade, No. of Patients

1-Year
Follow-Up
(n = 20)

2-Year
Follow-Up
(n = 18)

3-Year
Follow-Up
(n = 15)

1 2 3 1 2 3 1 2 3

Cardiac disorder 0 0 0 0 0 0 0 0 1*
Chest wall pain 2 3 0 1 1 0 1 2 1
Dyspnea 0 0 0 0 0 0 0 0 0
Fatigue 3 0 0 2 1 0 2 2 0
Fibrosis 2 0 2 3 2 3 1 0 6
Fracture 0 0 1 0 0 0 0 0 0
Lymphedema 6 2 0 6 3 0 4 2 3
Pericarditis 0 0 0 0 0 0 1 0 0
Pleuritic pain 0 0 0 0 0 0 0 1 0
Pruritus 0 0 0 1 0 0 0 0 0
Skin induration 1 1 1 0 1 2 0 0 2
Skin hyperpigmentation 11 0 0 5 1 0 4 1 0
Skin hypopigmentation 3 0 0 3 0 0 3 0 0
Any toxicity 14 5 2 10 6 3 10 4 7

*Atrial clot, attribution likely unrelated to study treatment per treating
investigator.

Table 5. Grade 3 Late Adverse Events (regardless of attribution) by Dose

Dose of Veliparib

Survived and
Evaluated, No.

With at Least One
Grade 3 Adverse Event

in Follow-Up, No.

1
Year

2
Years

3
Years

1
Year

2
Years

3
Years

50 mg twice a day (n = 3) 2 1 1 0 0 0
100 mg twice a day (n = 6) 4 3 3 0 0 2
150mg twice a day (n = 12) 10 8 7 1 2 3
200 mg twice a day (n = 9) 7 6 6 1 1 2

Table 6. Survival, Time to Progression, and Nature of Progression Events

Statistic

Time Interval (months)

0-6 6.01-12 12.01-24 24.01-36

No. at risk at start of
interval

30 22 19 19

No. with any first
failure

8 3 3 1

No. with
locoregional first
failure

1 0 1 0

No. with
synchronous first
failure

0 3 1 0

No. with distant
first failure

7 0 1 1

Overall survival
estimate at end
of interval, %*

83 (64 to 93) 67 (47 to 81) 60 (40 to 75) 53 (34 to 69)

Time to failure
estimate at end
of interval, %*

73 (54 to 86) 63 (44 to 78) 53 (34 to 69) 50 (31 to 66)

*Product-limit estimate and 95% CI.
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agents in different settings. The brain trial used a lower total dose
of radiotherapy (30 Gy) in higher doses per fraction (3 Gy). With
larger doses per fraction, so much damage might be done that
inhibition of PARP does not meaningfully affect the proportion of
cells that survive after each fraction. Because smaller doses per
fraction are necessary when treating to the high total doses needed for
breast cancer, veliparib might lead to meaningful radiosensitization
in that context.

Despite these negative data in lung cancer brain metastases,
good reason remains to hypothesize that low-dose PARP inhibition
would radiosensitize cancer cells more than normal tissues in the
setting of breast cancer. Emerging data suggest that at least in cell
lines, although heterogeneity of response exists within each lineage,
breast cancers have much higher radiation resistance than lung
cancers.28 Thus, the incremental benefit added by PARP inhibition
in lung cancer brain metastases was likely blunted not only by the
higher dose/fraction and the blood-brain barrier but also by relative
intrinsic sensitivity compared with breast. Thus, the targeting of
DNA repair in combination with radiotherapy as an approach to-
ward radiosensitization continues to be an important avenue for
ongoing investigation in breast cancer. Indeed, PARP inhibition in
combination with radiotherapy soon will be the focus of a National
Cancer Institute Breast Cancer Steering Committee–approved phase
II trial led by SWOG in patients with inflammatory breast cancer.

In summary, questions of radiosensitization cannot be an-
swered by extrapolation from other disease sites (where radiotherapy

ose and fractionation and expected toxicities will differ, as may
penetration of drug) or with other tumor types (which differ in their
level of radioresistance and baseline dysregulation of DNA repair).
Only by investigating such approaches specifically in patients with
breast cancer are we able to rigorously evaluate its potential.
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