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Abstract

Background—Metastatic castration-resistant prostate cancers (mCRPC) are enriched for DNA 
repair gene defects (DRD) that can be susceptible to synthetic lethality through inhibition of 
poly(adenosine diphosphate-ribose) polymerase (PARP). We evaluated the efficacy and safety of 
the PARP inhibitor niraparib in patients with mCRPC and DRD who progressed on prior androgen 
signaling inhibitor and taxane therapy.

Methods—In this multicentre, open-label, single-arm, phase 2 study, patients ≥18 years of age 
with histologically confirmed mCRPC (mixed histology accepted, with the exception of the small 
cell pure phenotype) and DRD (assessed in blood, tumour tissue, or saliva) with progression on 
a prior next-generation androgen signaling inhibitor and a taxane per RECIST 1.1/PCWG3 and 
an Eastern Cooperative Oncology Group Performance Status (ECOG PS) of ≤2 were eligible. For 
final study analysis, all patients who received at least one dose of study drug were included in 
the safety analysis population; patients with germline pathogenic or somatic biallelic pathogenic 
alterations in BRCA1 or BRCA2 (BRCA cohort) or biallelic alterations in other prespecified DRD 
(non-BRCA cohort) were included in the efficacy analysis population. Enrolled patients received 
niraparib 300mg orally once daily until treatment discontinuation, death, or study termination. 
The primary endpoint was objective response rate (ORR) in patients with BRCA alterations and 
measurable disease (measurable BRCA cohort). ClinicalTrials.gov number, NCT02854436.

Findings—Between September 28, 2016 and June 26, 2020, 289 patients were enrolled, of 
whom 182 (63·0%) had ≥3 systemic therapies for prostate cancer. A total of 223 patients were 
included in the BRCA (n=142) and non-BRCA (n=81) cohorts. At final analysis, ORR in the 
measurable BRCA cohort (n=76) was 34·2% (95% CI 23·7–46·0) with a median follow-up of 
10·0 months (interquartile range: 6·6–13·3) and a median (95% CI) duration of response of 
5·55 months (95% CI 3·91–7·20). In the safety analysis population, the most common all-grade 
treatment-emergent adverse events were nausea (169 [58·5%] of 289), anaemia (156 [54·0%] of 
289), and vomiting (111 [38·4%] of 289); the most common grade ≥3 events were haematologic 
(anaemia, 95 [32·9%] of 289; thrombocytopaenia, 47 [16·3%] of 289; neutropaenia, 28 [9·7%] 
of 289). Of 134 (46·4%) of 289 patients with ≥1 serious treatment-emergent adverse event, 
the most common were also haematologic (thrombocytopaenia, 17 [9·3%] of 289; anaemia, 13 
[4·5%] of 289). Haematologic events were manageable with dose interruptions, reductions, and/or 
appropriate supportive measures. Two adverse events with fatal outcome (1 patient with urosepsis 
in BRCA cohort; 1 patient with sepsis in non-BRCA cohort) were deemed possibly related to 
niraparib treatment.

Interpretation—Niraparib is tolerable and has anti-tumour activity in heavily pre-treated patients 
with mCRPC and DRD, particularly in those with BRCA alterations.

Funding—Janssen Research & Development.

Smith et al. Page 2

Lancet Oncol. Author manuscript; available in PMC 2023 March 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Introduction

Patients with metastatic castration-resistant prostate cancer (mCRPC) who have progressed 
on a next-generation androgen signaling inhibitor and taxane chemotherapy (docetaxel 
and/or cabazitaxel) have limited treatment options.1,2 DNA repair gene defects (DRD), 
seen in approximately 12–23% of tumours in patients with metastatic prostate cancer 
when considering both germline and somatic alterations,3–5 are associated with cancer 
development, aggressiveness, and progression.6 These DRD-altered tumours are not only 
relatively frequent in metastatic disease, but are also associated with poor prognosis and 
potential resistance to systemic therapies.7 Developing more effective treatments to improve 
survival for these patients is a critical unmet need.

Cancers with DRD, particularly those with defects in homologous recombination repair, 
are highly sensitive to the blockade of DNA single-strand break repair via inhibition 
of the poly(adenosine diphosphate-ribose) polymerase (PARP) family of nuclear proteins, 
which are involved in single-strand DNA break repair.8 PARP inhibitors, such as olaparib, 
rucaparib, and talazoparib, have been studied in patients with mCRPC and DRD in 
prior phase 2 and 3 studies.9–13 Olaparib is approved in the European Union for breast 
cancer gene (BRCA)1/2-mutated mCRPC14 and by the United States Food and Drug 
Administration (FDA) for patients with mCRPC and DRD progressing after enzalutamide 
and/or abiraterone treatment,15 while rucaparib is approved for patients with BRCA1/2-
mutated mCRPC who have been treated with an androgen signaling inhibitor therapy and a 
taxane.16

Niraparib, a potent and highly selective inhibitor of PARP-1 and PARP-2, is FDA approved 
for the maintenance treatment of select patient populations with ovarian, fallopian tube, and 
primary peritoneal cancers.17,18 Here, we report the final efficacy and safety results of a 
multicentre, open-label, phase 2 study of niraparib in patients with mCRPC and tumour 
DRD whose disease had progressed on androgen signaling inhibitor therapy and taxane 
chemotherapy (docetaxel and/or cabazitaxel).

Methods

Study design and participants

GALAHAD is a multicentre, open-label, phase 2 study at 115 sites in 15 countries that 
consisted of the following phases: prescreening, screening, treatment, follow-up, and long-
term extension. The study protocol is available in the appendix (p 24).

Male patients at least 18 years of age with histologically confirmed mCRPC (mixed 
histology was acceptable, with the exception of the small cell pure phenotype, which 
was excluded) were eligible if they had a predefined DRD and disease progression on 
an androgen signaling inhibitor and taxane chemotherapy (docetaxel and/or cabazitaxel). 
Disease progression was defined as progression of metastatic prostate cancer in the 
setting of castrate levels of testosterone ≤50 ng/dL on a gonadotropin releasing hormone 
analog (GnRHa) or with history of bilateral orchiectomy at study entry, with progression 
specifically defined as prostate-specific antigen (PSA) progression or radiographic 
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progression of soft tissue by RECIST 1.1 or bone disease by Prostate Cancer Working 
Group 3 (PCWG3) criteria.19,20 Patients were also required to have an Eastern Cooperative 
Oncology Group Performance Status (ECOG PS) of ≤2. Patients with measurable and 
non-measurable disease were enrolled. Exclusion criteria included prior treatment with 
a PARP inhibitor or platinum-based chemotherapy regimen, known history or current 
diagnosis of myelodysplastic syndrome (MDS)/acute myeloid leukaemia (AML), and others. 
Independent Ethics Committees/Institutional Review Boards of each participating institution 
approved this study, and all patients provided written informed consent. Full details on the 
eligibility criteria can be found in the study protocol, which is included in the appendix (p 
24).

Patients were prescreened using a blood (Resolution Bioscience) or tumour tissue 
(Foundation Medicine21) sample for evaluation of DRD alterations. The Resolution 
Bioscience assay, ‘Resolution HRD’, is a targeted hybrid capture, next-generation 
sequencing (NGS) assay that detects single-nucleotide variants, indels, and copy number 
variation (including homozygous deletions) in genes involved in homologous recombination 
repair using cell-free DNA from plasma. The specific genes of interest for DRD consisted 
of eight candidates including ATM serine/threonine kinase (ataxia telangiectasia mutated; 
ATM), BRCA1, BRCA2, BRCA1 interacting helicase 1 (BRCA1 interacting protein C-
terminal helicase 1 gene; BRIP1), checkpoint kinase 2 (CHEK2); FA complementation 
group A (Fanconi anaemia complementation group A gene; FANCA); histone deacetylase 2 
(HDAC2); and partner and localizer of BRCA2 (PALB2); in addition, three genes that are 
commonly mutated in mCRPC tumours were evaluated, namely androgen receptor (AR), 
cyclin dependent kinase inhibitor 2A (CDKN2A), and tumour protein 53 (TP53). This 
assay can also identify patients with monoallelic and biallelic pathogenic alterations in 
the genes of interest. Patients were eligible to enter the screening phase if a deleterious 
germline or somatic alteration was found in at least one of the following genes: BRCA1, 
BRCA2, FANCA, PALB2, CHEK2, BRIP1, HDAC2, or ATM. Patients were considered 
DRD-positive if they had an alteration with known pathogenic consequences including 
homozygous deletions, rearrangements, and nonsense, missense, frame shift, and splice-
site mutations. After an updated biomarker logic that distinguished between biallelic and 
monoallelic DRD was developed, patients who had been enrolled with monoallelic or non-
pathogenic DRD were excluded from the final analysis per approved protocol amendment 
(Figure 1). As such, only patients with germline pathogenic or biallelic pathogenic 
alterations in BRCA1 or BRCA2 (BRCA cohort) or other pre-specified non-BRCA genes 
(non-BRCA cohort) were included in the final analysis. Additional details on testing 
methods are available in the appendix (p 4).

Procedures

All patients received niraparib 300 mg in the form of 100-mg capsules (manufactured 
for this study by Quotient Sciences; Boothwyn, PA, USA) starting on day 1 of cycle 1 
(once daily dosing, with a cycle defined as 28 days) until treatment discontinuation due to 
disease progression, unacceptable toxicity or adverse events (AEs), diagnosis of MDS/AML, 
investigator decision in the best interest of the patient, patient withdrawal of consent, death, 
or study termination. Monitoring for need of dose adjustments or interruptions (eg, with 
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laboratory measurements) was at the discretion of the investigator based on the severity 
of the AEs experienced. Patients who were not surgically castrate continued regularly 
prescribed GnRHa.

During the treatment phase, study visits occurred weekly for the first month, biweekly for 
the second month, and monthly thereafter. Computed tomography (CT)/magnetic resonance 
imaging (MRI) and technetium-99m bone scans were performed during screening, every 8 
weeks for 24 weeks, and then every 12 weeks thereafter. Circulating tumour cell (CTC) 
counts were assessed at every cycle through cycle 7 and then at the end-of-treatment visit. 
PSA assessments were conducted every 4 weeks through cycle 7 and then every three cycles 
thereafter.

The follow-up phase began after completion of the treatment phase. If a patient discontinued 
treatment without radiographic progression, imaging was conducted every 12 weeks (± 
2 weeks) until radiographic progression was documented. The long-term extension phase 
began after completion of the primary analysis, at which point patients could elect to 
discontinue treatment or continue niraparib until disease progression. Throughout the study, 
AEs were evaluated and graded using the National Cancer Institute Common Terminology 
Criteria for Adverse Events (NCI-CTCAE, version 4·03 or later). Appropriate supportive 
measures to address AEs could be administered at the discretion of investigators per 
institutional standards of care. Based on interactions with health authorities, the study 
concluded as planned per the protocol after specified enrollments were met and subsequent 
study evaluations completed. A full schedule of study assessments and procedures is 
available in the protocol (appendix p 24).

Outcomes

The final primary endpoint was investigator-assessed objective response rate (ORR defined 
as the proportion of patients achieving a confirmed partial response [PR] or complete 
response [CR] as defined by RECIST 1·119 per sums of target tumour lesion diameters, 
with no evidence of bone progression on bone scan per PCWG3 criteria20) in patients 
with BRCA alterations and measurable disease (measurable BRCA cohort). The primary 
endpoint was amended early on in this study from a composite response endpoint to 
ORR to comply with feedback from health authorities, and hence the primary efficacy 
analysis included only these subjects with measurable disease; additional details regarding 
this amendment are available in the study protocol (appendix p 24). Subjects with non-
measurable disease were still included in the study to increase the size of the safety database 
and to also assess the activity of niraparib in this population.

Secondary efficacy endpoints included ORR in patients with non-BRCA alterations and 
measurable disease; CTC response (CTC0) defined as CTC=0 per 7·5 mL blood at 8 
weeks post-baseline in patients with CTC>0 (1 or more) at baseline22,23; overall survival 
(OS; time from enrollment to death from any cause); radiographic progression-free survival 
(rPFS; time from enrollment to radiographic progression or death from any cause, whichever 
occurred first); time from enrollment to radiographic progression; time to PSA progression; 
time to symptomatic skeletal event (SSE; defined as time from enrollment to tumour-related 
spinal cord compression, radiation to bone to relieve skeletal symptoms, surgery to bone 
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or need for tumour-related orthopaedic surgical intervention, or symptomatic or pathologic 
fracture); and duration of objective response (defined as time from CR or PR to radiographic 
progression of disease, unequivocal clinical progression, or death, whichever occurred first). 
Prespecified exploratory endpoints included the composite response rate (CRR), defined as 
either an objective response for patients with measurable disease, CTC conversion (defined 
as CTC count ≥5 per 7·5 mL blood at baseline and <5 per 7·5 mL blood post-therapy nadir), 
or a ≥50% decline in PSA (PSA50). Both CTC conversion and PSA50 were also assessed 
separately as prespecified exploratory analyses.

Safety evaluations included incidence, intensity, and types of AEs as well as deaths. AEs 
were classified as treatment-emergent AEs if they were reported on or after the date of 
first dose until 30 days (inclusive) after the last dose of study drug. Drug-related AEs were 
determined by investigators if they were considered related to the study drug.

Statistical analysis

Statistical analysis followed Simon’s two-stage design for phase 2 single-arm clinical 
trials.24 Specifically for the non-BRCA cohort, a futility analysis for ORR based on this 
design was implemented, where Simon’s stage 1 was assessed after approximately 14 
patients with measurable disease were evaluated for ORR with at least one post-treatment 
scan and a confirmatory scan; enrollment was to be terminated for this cohort if two or fewer 
responses were observed in the first stage. Otherwise, enrollment was specified to proceed 
to the second stage with a total of 45 subjects enrolled for the 2 stages combined, and the 
null hypothesis was to be rejected if 10 or more responses were observed. For the primary 
endpoint, the null hypothesis of ORR ≤15% was tested against the alternate hypothesis of 
ORR ≥32%. With approximately 120 patients with biomarker-positive measurable disease 
(75 BRCA and 45 non-BRCA) planned for enrollment, the study had over a 90% power 
to show that the lower limit of the 95% confidence interval (CI) for the primary endpoint 
of ORR exceeded 15% in the measurable BRCA cohort. Efficacy of niraparib was to be 
declared if the lower bound of the two-sided 95% exact CI for ORR was >15% in this 
cohort. For the secondary endpoint of ORR in patients with non-BRCA alterations, the null 
hypothesis of ORR ≤15% was tested against the alternate hypothesis of ORR ≥32%, with a 
1-sided α of 0.05 and power of 80%.

Objective response in soft tissue disease was evaluated in both BRCA and non-BRCA 
patients with measurable disease within the efficacy analysis population of patients who 
fulfilled the final biomarker logic criteria for this study; however, as prespecified, the 
primary endpoint was specifically evaluated in the measurable BRCA cohort, and final 
primary endpoint analysis was planned for approximately 6 months after the last patient with 
measurable disease in the BRCA cohort was enrolled. For analysis of ORR, patients who 
discontinued treatment prior to any efficacy assessments were considered non-responders; 
patients with no imaging available for a particular study visit were considered not evaluable 
for that visit, and patients without valid baseline data were considered not evaluable. 
Anti-tumour activity, such as PSA response, CTC conversion or response, and CRR, was 
analysed separately for the BRCA and non-BRCA cohorts, with corresponding criteria for 
identification of non-responders and non-evaluable patients based on discontinuation or 
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availability of laboratory measurements. Response rates were calculated along with exact 
two-sided 95% CIs. Time-to-event endpoints were summarized by Kaplan-Meier curves, and 
median times and 95% CIs were calculated. Post-hoc analyses of efficacy included ORR 
by baseline characteristics of interest (such as in subgroups of patients with visceral disease 
at baseline or patients with ≥3 prior lines of therapy), specific evaluation of stable disease 
(defined as neither sufficient decrease in target lesions to qualify for PR, nor sufficient 
increase to qualify for progressive disease, with respect to smallest sum of target lesion 
diameters while on study), and biomarker analyses for non-DRD alterations of interest were 
also performed using available data. Analyses of additional study outcomes, such as the 
prespecified calculation of treatment compliance in the form of relative dose intensity (RDI), 
are described in further detail in the appendix (p 4).

Safety and treatment compliance were analysed in the safety analysis population (ie, 
all patients who received at least one dose of the study drug). AEs and serious AEs 
were reported and summarised. Sensitivity analyses with censoring rules were to be 
conducted if warranted. Additional details from the statistical analysis plan are available 
in supplementary materials. Statistical analyses were performed using SAS (version 15.1).

This study was registered with ClinicalTrials.gov (NCT02854436) and with the European 
Clinical Trials database (EudraCT 2016-002057-38) and was conducted according to Good 
Clinical Practice guidelines and the Declaration of Helsinki.

Role of the funding source

The sponsor and employees of the sponsor of this study participated in the study design, data 
collection, data analysis, and data interpretation, with writing and editorial assistance also 
funded by the sponsor. All authors participated in the writing process and provided critical 
input. All authors had full access to all data for the study and had final responsibility for the 
decision to submit for publication.

Results

A total of 385 patients were screened for this study; of these, 289 (75·1% of 385) patients 
were enrolled between September 28, 2016 and June 26, 2020 and hence included in the 
safety analysis population, and 223 (77·2% of 289) patients were included in the efficacy 
analysis population based on DRD eligibility from the validated biomarker logic (142 
BRCA [139 biallelic, three monoallelic germline pathogenic]; 81 non-BRCA; Figure 1). 
Sixty-six patients (22·8% of 289) with monoallelic or non-pathogenic DRD from the safety 
analysis were not included in the final analysis of efficacy. Additional information on the 
prescreening results is available in the appendix (p 5). For patients with measurable disease, 
76 with BRCA alterations (primary efficacy population) and 47 with non-BRCA alterations 
were enrolled, which fulfilled the numbers required per study sample size estimation for 
evaluation of ORR. The types and frequencies of genotypes observed in the efficacy analysis 
are reported in the appendix (p 10).

Based on the Simon’s two-stage design, enrollment proceeded through both stages to fulfill 
the estimated sample size requirements. At the clinical cutoff date of January 26, 2021, 
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271 (93·8%) of 289 patients had discontinued treatment, with reasons summarized in 
the appendix (p 11). Seven (9·2%) of 76 patients in the primary efficacy cohort (BRCA 
with measurable disease) discontinued therapy prior to their first study evaluation due to 
either progressive disease (n=4), urosepsis leading to death (n=1), or withdrawal of consent 
(n=1 due to fear of COVID-19; n=1 received Radium-223 due to bone disease burden 
[a predefined treatment discontinuation criterion]). The median treatment duration was 
6·47 months (interquartile range [IQR]: 3·25–9·40) months in the BRCA cohort and 3·55 
months (IQR: 1·81–5·55) in the non-BRCA cohort. Dose adjustments and interruptions are 
summarized in the appendix (p 12), with most treatment dose reductions due to an AE.

Patients were heavily pre-treated and exhibited advanced disease in both efficacy cohorts 
(Table 1). Nearly all patients had bone metastases and, in the primary efficacy population 
(measurable BRCA cohort), approximately 40% (30 of 76 patients) had visceral disease: 
30·3% (23 of 76) patients had liver metastasis, and 17·1% (13 of 76) patients had lung 
metastasis. In addition, a majority of patients had nodal disease.

At baseline, 182 of 289 (63·0%) patients in the safety analysis population had received ≥3 
prior systemic therapies for metastatic prostate cancer; approximately one third (94 of 289) 
had received two prior androgen signaling inhibitor therapies, and 107 of 289 patients had 
received two prior taxane-based chemotherapies. Demographics and baseline characteristics 
of the safety analysis population are also available in the appendix (p 13).

The final efficacy results for the overall BRCA cohort (with median follow-up of 10·1 
months [IQR: 7·5–13·4]) are shown in Table 2, Table 3, and the appendix (p 6, 7, 14).

The primary endpoint, ORR per protocol in the measurable BRCA cohort, was 34·2% (26 
of 76 patients; Table 2) with a median follow-up of 10·0 months (IQR: 6·6–13·3). Of the 76 
patients in the measurable BRCA cohort, 35 (46·1%) patients had at least a partial response 
by RECIST 1.1 (≥30% decrease of maximum change from baseline in the sum of longest 
target lesion diameters) relative to baseline (appendix p 6). The median duration of objective 
response in this cohort was 5·55 months (95% CI 3·91–7·20), of which 8 of 26 responses 
(30·8%) were ongoing at the time of data cutoff.

Median rPFS in the overall BRCA cohort was 8·08 months (95% CI 5·55–8·38; Figure 2A), 
with 87 (61·3%) events at the time of data cutoff. Median OS was 13·01 months (95% CI 
11·04–14·29; Figure 2B), with 88 (62·0%) events and 12-month and 24-month event-free 
rates (95% CI) of 56·4% (47·2–64·6%) and 15·2% (7·7–25·1%), respectively. Approximately 
one quarter of patients achieved CTC0 (Table 3); meanwhile, 85 (59·9%) of 142 patients and 
42 (55·3%) of 76 patients experienced PSA progression in the BRCA and measurable BRCA 
cohorts, respectively, and 46 (32·4%) of 142 patients and 23 (30·3%) of 76 patients had a 
documented SSE in these cohorts, respectively.

The CRR in the overall BRCA cohort is also presented in Table 3. More than 40% achieved 
PSA50 and CTC conversion, and approximately two-thirds of evaluable patients experienced 
a decrease in PSA levels from baseline (Table 3 and appendix p 7). Similar outcomes in 
CRR were obtained in the BRCA cohort for patients with measurable and non-measurable 
disease (appendix p 14).
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Of note, two patients (both with biallelic alterations) in the measurable BRCA cohort 
achieved a CR. One with visceral (adrenal) and nodal disease at baseline maintained the CR 
for 9·7 months, and a second with nodal disease at baseline experienced a CR that persisted 
for 9·5 months based on imaging despite having received only 2·1 months of treatment that 
was discontinued due to an AE of anaemia. Of the 30 patients who had visceral disease at 
baseline, 11 (36·7%) achieved an objective response. Furthermore, of the 20 patients who 
experienced stable disease for >6 months in this study, 14 (70%) belonged to the BRCA 
cohort. A total of 16 of the 76 (21·1%) patients continued treatment after radiographic 
progression with no unequivocal clinical progression because they were considered to still 
be benefitting from therapy.

In the non-BRCA cohort, with a median follow-up of 8·6 months (IQR: 4·8–14·0), objective 
response was achieved in 5 (10·6%) of 47 patients with measurable disease (Table 2). The 
median duration of objective response was 5·16 months (95% CI 2·14–not estimable), none 
of which is ongoing. The corresponding maximum changes in the sum of target tumour 
lesion diameters from baseline are presented in the appendix (p 6).

Median rPFS in the non-BRCA cohort was 3·71 months (95% CI 1·97–5·49; Figure 2A), 
with 57 (70·4%) events at the time of data cutoff. OS was 9·63 months (95% CI 8·05–13·44; 
Figure 2B) with 65 (80·2%) events and 12-month and 24-month event-free rates (95% CI) of 
41·3% (30·0–52·2%) and 11·1% (4·4–21·2%), respectively. Less than 10% (6 of 71 evaluable 
patients) achieved CTC0 in this cohort; 39 (48.1%) of 81 patients had PSA progression in 
this analysis, and 19 (23.5%) of 81 patients had a documented SSE.

The CRR in the non-BRCA cohort is also presented in Table 3, for which the maximum 
change in PSA from baseline is also presented in the appendix (p 7). Among the non-BRCA 
patients with non-measurable disease, four (11.8%) of 34 demonstrated response by either 
PSA50 or CTC conversion (appendix p 14).

Of note, two (12·5%) of 16 patients with visceral disease and four (80·0%) of five patients 
who had received ≥3 lines of therapy experienced objective response in the non-BRCA 
cohort. Six patients in this cohort experienced stable disease for >6 months. A total of 
15 out of 47 (31·9%) patients continued treatment after radiographic progression with no 
unequivocal clinical progression.

Notably, 11 of 142 (7·7%) patients in the BRCA cohort and seven of 81 (8·6%) patients in 
the non-BRCA cohort had co-expression of 2 or more eligible DRD biomarkers. Moreover, 
in addition to being DRD positive, 162 of 220 (73·6%) with available plasma DNA results 
had alterations in the AR and 49 of 220 (22·3%) alterations in TP53, of which 42 of 220 
(19·1%) had both TP53 and AR alterations. These additional alterations in plasma DNA 
were comparably distributed between the BRCA and non-BRCA cohorts, and no significant 
difference in ORR was observed in subgroups of patients with or without co-occurring 
alterations.

Safety results are summarised in Table 4 and the appendix (p 15–18, p 21–23). Nearly all 
patients in the safety population experienced at least one treatment-emergent AE. The most 
common events (any grade) were nausea (58·5%; 169 of 289), anaemia (54·0%; 156 of 
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289), and vomiting (38·4%; 111 of 289). Of the grade ≥3 treatment-emergent AEs reported 
in 217 (75·1%) of 289 patients, most were haematologic, with both the most common 
grade ≥3 AEs overall and grade ≥3 AEs of special interest being anaemia (32·9%; 95 of 
289), thrombocytopaenia (16·3%; 47 of 289), and neutropaenia (9·7%; 28 of 289). These 
events were manageable with treatment interruptions, dose reductions, and/or supportive 
measures such as blood transfusions. One patient experienced neutropaenic sepsis. The most 
common non-haematologic grade 3/4 treatment-emergent AEs were fatigue and nausea. A 
total of 134 (46·4%) of 289 patients had ≥1 serious treatment-emergent AE, with the most 
common again being haematologic (17 [9·3%] of 289 with thrombocytopaenia; 13 (4·5%) 
of 289 with anaemia). Similarly, of 43 (14·9%) of 289 patients with drug-related serious 
treatment-emergent AE, the most common were thrombocytopaenia (4 [2·8%] of 142 in 
BRCA and 7 [8·6%] of 81 in non-BRCA) and anaemia (3 [2·1%] of 142 in BRCA and 3 
[3·7%] of 81 in non-BRCA). The most common AEs overall in the BRCA and non-BRCA 
cohorts are also summarised in the appendix (p 18).

The estimated RDI for each cohort is presented in the appendix (p 20). In the safety 
population, 128 of 289 (44·3%) patients had an AE leading to a dose reduction: consistent 
with the above findings, the majority (87 of 128, or 68·0%) were haematologic (p 21), 
which were again manageable with said dose reductions, interruptions, and/or appropriate 
supportive measures (administered at the discretion of investigators per institutional 
standards of care). Among those evaluated for efficacy, 70 (94·6%) of 74 patients and 
37 (92·5%) of 40 patients with dose reductions in the BRCA and non-BRCA cohorts, 
respectively, had dose reductions due to AEs versus other reasons; 103 of 223 (46·2%) 
patients received at least one transfusion (platelets or packed red blood cells), and the 
incidence of transfusions was similar between the BRCA and non-BRCA cohorts. Other 
supportive measures included colony-stimulating factors which were administered to 12 
of 289 (4·2%) patients, and erythropoietin which was administered to 15 of 289 (5·2%) 
patients. A total of 37 (12·8%) of 289 patients were deemed to have discontinued treatment 
due to drug-related toxicities (treatment-emergent AEs deemed related to study drug). The 
most common drug-related toxicities leading to discontinuation were thrombocytopaenia (in 
7 patients with BRCA alterations and 3 patients with non-BRCA alterations) and anaemia 
(in 6 patients with BRCA alterations and 1 patient with non-BRCA alteration).

AEs with fatal outcome are summarised in the appendix (p 22). Of these, two events (1 
patient with urosepsis in the BRCA cohort; 1 patient with sepsis in the non-BRCA cohort) 
were deemed possibly related to niraparib treatment. A total of 208 (72·0%) of 289 patients 
died during the study; reasons for deaths are further summarized in the appendix (p 23). 
Sensitivity analysis for COVID-19 was the only sensitivity analysis warranted, but there was 
only one patient with a COVID-19 related adverse event (non-serious) and one death due to 
COVID-19 in this study (appendix p 23).

Discussion

The results of this multicentre, open-label, phase 2 study establish the anti-tumour activity 
of niraparib in patients with mCRPC and DRD who have progressed on both androgen 
signaling inhibitors and taxanes. Treatment with niraparib was manageable, and adverse 
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events observed were consistent with the known safety profile of niraparib with no new 
safety signals.

The activity of niraparib in the measurable BRCA cohort is noteworthy given the heavily 
pre-treated end-stage patient population with relatively few therapeutic options. This is 
especially remarkable considering the high percentage of patients with visceral metastasis, 
in particular to the liver, that is strongly associated with poor survival,25 the high percentage 
of patients with ≥3 lines of prior therapy, and that there were incidences of patients in 
the BRCA cohort achieving CR. Further evidence of benefit was shown by the proportion 
of patients experiencing stabilization of disease for 6 months or more in both the BRCA 
and non-BRCA cohorts, a clinically meaningful finding given this heavily pretreated 
advanced disease state. Also noteworthy was that patients in both cohorts, some with 
multiple poor prognostic features, continued to derive clinical benefit from niraparib after 
radiographic progression (in line with the importance of considering the totality of a 
patient’s disease before discontinuing a drug rather than strictly at the first evidence of 
progression in any site, as recommended by PCWG321). Objective response rate, median 
rPFS and OS, and CRR were numerically greater in the BRCA cohort, including a median 
rPFS time that was approximately double that in the non-BRCA cohort. Interestingly, 
CRR was largely comparable between the subgroups of patients with measurable versus 
non-measurable disease in both cohorts (particularly BRCA). Taken together, these results 
extend the evidence of efficacy of PARP inhibitors in mCRPC patients with DRD-altered 
tumours whose disease has progressed on approved life-prolonging therapies, while further 
highlighting the importance of biologic profiling of an individual patient’s disease in 
mCRPC.8,21 Of note, this trial is the first to prospectively test the CTC0 endpoint, which has 
been shown to strongly associate with survival.

The dose of niraparib used in this study (300 mg oral; once daily dosing) was chosen 
based on the previously evaluated pharmacokinetics, clinical activity, and safety profile 
of niraparib and is the approved dose for patients with ovarian cancer.17,26 As expected, 
grade ≥3 treatment-emergent adverse events were largely haematologic and manageable 
with supportive measures (such as blood transfusions and growth factor treatment), dose 
interruptions, and dose reductions. Rates of treatment interruptions and reductions were 
relatively higher than the previously reported rates for other PARP inhibitors.9–13 This is in 
line with the more advanced disease stage of patients in GALAHAD, who all had progressed 
on androgen signaling inhibitor therapy and taxane chemotherapy and also tended to be on 
later lines of therapy; with a majority having received ≥3 lines of prior therapy. Moreover 
and importantly, the present study applied more stringent dose interruption criteria (for 
instance, skipping a dose was also considered as dose interruption). Thus, the finding that at 
least half of the patients in both the BRCA and non-BRCA cohorts maintained the full dose 
(300 mg) of niraparib throughout the study supports the overall tolerability of this regimen. 
RDI was also generally high, including in the primary efficacy cohort, and was numerically 
higher for those who achieved objective response in that cohort.

The clinical activity of niraparib demonstrated in this study’s specific patient population 
(noting particular efficacy observed in the BRCA cohort) can be further contextualized by 
results of studies of other PARP inhibitors that point to a benefit for both minimally and 
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heavily pretreated patients with mCRPC and select DRD alterations. Of note, in the phase 
3 PROfound study that evaluated patients treated with the PARP inhibitor olaparib versus 
those treated with physician’s choice of an androgen signaling inhibitor, olaparib treatment 
resulted in a median rPFS of 7·4 months vs 3·6 months (hazard ratio [HR], 0·34; p <0·001), 
median OS of 19·1 months vs 14·7 months (HR, 0·69; p = 0·02 at final analysis), and 
confirmed ORR of 33% (28/84) vs 2% (1/43; odds ratio, 20·86; 95% CI: 4·18–379·18; 
p <0·001) with the control treatment, respectively, in a cohort of patients with alterations 
in BRCA1, BRCA2, or ATM.10,11 Rucaparib, which was investigated in the phase 2 
TRITON-2 study, reported ORR and median time to PSA progression of 47·5% and 6·5 
months, respectively, with better response seen in patients with BRCA alterations compared 
with alterations in other genes such ATM or cyclin-dependent kinase 12 (CDK12).12,13 In 
the phase 2 TALAPRO-1 study, patients with select gene alterations reported to sensitize to 
PARP inhibitors were enrolled and treated with talazoparib. ORR was 29·8% (31/104; 95% 
CI: 21·2–39·6) with talazoparib treatment after a median follow-up of 16·4 months.9

Limitations of the present study include that some patients in this study developed 
progressive disease prior to completing their first disease evaluation, consistent with the 
advanced stage and aggressiveness of the disease in the enrolled population. Also, tissue-
based assays rely on sufficient high-quality biopsy samples, which may be difficult to 
obtain, and further challenges ensue when archival samples are found to be unsuitable or 
unavailable for analysis. In this study, a commercially available tissue-based assay was 
initially used to select patients, but due to the aforementioned challenges, a blood-based 
assay was subsequently implemented, with early prescreening rates and biomarker logic 
finalization then addressed during a brief study pause. As such, a considerable number of 
patients in GALAHAD were prescreened using the latter assay type. Blood-based assays 
may offer valuable data, especially for metastatic prostate cancer for which tumour biopsies 
are challenging to acquire and biopsies are largely limited to bone that has significant 
issues with quality of materials. However, there are also limitations to liquid biopsies. 
Given the lack of parallel NGS of corresponding white blood cells in this study, clonal 
hematopoietic alterations of indeterminate potential (CHIP) may have presented as a 
biological confounding factor.27 In addition, blood-based assays may show false negative 
results in blood samples with low plasma circulating tumour DNA content, especially for 
mutations that are difficult to detect such as homozygous deletions. Conversely, circulating 
tumour DNA assays may select for patients with higher percentages of circulating tumour 
DNA, which was previously found to be a predictive factor for a poorer prognosis.28 With 
this said, the number of patients enrolled for efficacy evaluation in GALAHAD (n=223 
with specifically germline pathogenic/biallelic DRD alterations, of n=4218 total with any 
biomarker sample submitted) represents an incidence of DRD alterations that is within 
expectations. Finally, 22·3% of the GALAHAD study population exhibited TP53 alterations, 
which are also associated with overall poor prognosis.

Additional studies, including those designed to evaluate niraparib-based regimens in 
appropriate biomarker-identified populations at earlier stages of disease, are underway to 
expand on the present findings. The phase 3 MAGNITUDE study evaluates niraparib in 
combination with abiraterone acetate plus prednisone as first-line therapy in patients with 
metastatic castration-resistant disease with or without DRD.29 The phase 3 AMPLITUDE 
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study will also evaluate niraparib in combination with abiraterone acetate plus prednisone in 
a biomarker-selected population with metastatic castration-sensitive disease.30

In conclusion, these results suggest that niraparib has promising clinical activity with a 
manageable safety profile when administered as a monotherapy for treatment-refractory 
mCRPC with BRCA alterations and or select non-BRCA alterations. Such findings also 
underscore the need for and importance of molecular testing to inform management 
along with continued research to establish treatment paradigms with appropriately targeted 
therapies for patients with prostate cancer. Efforts to investigate and better understand 
predictive markers and signatures of both response and resistance to treatment with PARP 
inhibitors such as niraparib are needed to guide therapy selection and optimize treatment 
outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in Context

Evidence before this study

At the time that the GALAHAD study was designed, docetaxel and the androgen 
signaling inhibitors abiraterone acetate and enzalutamide were the only established 
treatment options for patients with metastatic castration-resistant prostate cancer, but 
there remained a subset of patients who either did not initially respond or became 
refractory to these agents and for whom no approved therapeutic options were available. 
Given that genomic instability is a hallmark of cancer that has been documented in this 
patient population, we evaluated the medical literature by searching PubMed through 
August 31, 2016 with (castration) AND (resistant) AND (“prostatic neoplasm” OR 
“prostate cancer”) AND (“genomic instability” OR “DNA repair” OR “DNA repair 
defect”) as search terms of interest with no additional restrictions (eg, to English 
language publications only), yielding 33 results. Only two of these were clinical 
trial publications, which presented results from an early phase 1 study of veliparib 
and the phase 2 TOPARP study of olaparib—both PARP inhibitors—in this disease 
setting. Veliparib reported limited efficacy, but the high response rate observed among 
patients with specified DNA repair gene defects in the TOPARP study provided a 
compelling rationale for assessing the clinical activity and safety of other such agents in 
a genetically-select patient population. Authors also contributed appropriate citations of 
importance not detected by the original search strategy or that were found in subsequent 
literature, with emphasis on randomised clinical trials, systematic reviews, meta-analyses, 
and prospective observational studies. Taken together, findings indicated that PARP 
inhibitors exhibit notable activity in cancers with DNA repair gene defects. In articles 
published after the GALAHAD study’s initiation, further clinical activity has since been 
reported in metastatic castration-resistant prostate cancers with select DNA repair gene 
defects for the PARP inhibitors olaparib, rucaparib, and talazoparib (for which key 
primary publications are cited in the present work) but not yet for niraparib, which is also 
a potent and highly selective PARP inhibitor with established efficacy and tolerability in 
other cancers.

Added value of this study

To our knowledge, the GALAHAD study is the first to demonstrate the anti-tumour 
activity of niraparib in patients with metastatic castration-resistant prostate cancer 
and DNA repair gene defects who previously progressed on both androgen signaling 
inhibitors and taxanes, with notable efficacy particularly in the cohort of patients with 
defects in breast cancer gene (BRCA)1/2.

Implications of all the available evidence

This final analysis of the GALAHAD study suggests that in patients with heavily 
pre-treated metastatic castration-resistant disease, niraparib may offer promising clinical 
activity with a manageable safety profile. These findings motivate the further assessment 
of niraparib alone or in combination with other agents to improve treatment options and 
underscore importance of biologic disease profiling in informing treatment.
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Figure 1. Trial profile

DRD=DNA repair gene defect. BRCA=breast cancer gene.
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Figure 2. Radiographic progression-free survival and overall survival in the BRCA and non-
BRCA cohorts. (A) Radiographic progression-free survival. (B) Overall survival.

Symbols represent censored patients.
BRCA=breast cancer gene.
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Table 1:

Baseline characteristics of patients in the efficacy analysis population

BRCA
(n = 142)

Measurable BRCA
(n = 76)

Non-BRCA
(n = 81)

Age, years, median (IQR) 67·0 (63·0 – 73·0) 66·0 (62·0 – 73·0) 70·0 (66·0 – 75·0)

Body weight, kg, mean (SD) 82·7 (15·5) 80·5 (13·4) 79·9 (16·1)

Race, n (%)

 White 101 (71·1) 57 (75·0) 54 (66·7)

 Asian 9 (6·3) 6 (7·9) 6 (7·4)

 Black or African American 5 (3·5) 3 (3·9) 0 (0·0)

 Other 3 (2·1) 0 (0·0) 2 (2·5)

 Multiple 1 (0·7) 0 (0·0) 2 (2·5)

 Not reported 11 (7·7) 5 (6·6) 8 (9·9)

 Unknown 12 (8·5) 5 (6·6) 9 (11·1)

PSA at baseline, ng/mL, median (IQR) 141·5 (41·0 – 512·4) 197·0 (40.1 – 653.9) 161·7 (43·7 – 611·1)

Patients with alterations in a single gene, n (%) 
a 0 9 (18·0%) 9 (11·8%)

 BRCA1 4 (2·8) 3 (3·9) ··

  BRCA2 127 (89·4) 69 (90·1) ··

  ATM ·· ·· 37 (45·7)

  BRIP1 ·· ·· 1 (1·2)

  CHEK2 ·· ·· 5 (6·2)

  FANCA ·· ·· 18 (22·2)

  HDAC2 ·· ·· 8 (9·9)

  PALB2 ·· ·· 0 (0)

ECOG-PS score, n (%)

 0 48 (33·8) 25 (32·9) 18 (22·2)

 1 78 (54·9) 44 (57·9) 47 (58·0)

 2 16 (11·3) 7 (9·2) 16 (19·8)

Extent of disease progression at study entry, n (%)

 Bone 127 (89·4) 61 (80·3) 79 (97·5)

 Visceral 33 (23·2) 30 (39·5) 20 (24·7)

  Liver 24 (16·9) 23 (30·3) 13 (16·0)

  Lung 15 (10·6) 13 (17·1) 10 (12·3)

 Lymph node 79 (55·6) 67 (88·2) 39 (48·1)

 Soft tissue 22 (15·5) 21 (27·6) 16 (19·8)

Disease status, n (%)

 Measurable 76 (53·5) 76 (100·0) 47 (58·0)

 Non-measurable 66 (46·5) 0 (0) 34 (42·0)

Gleason score at diagnosis, n (%) 
b 

 <8 39 (28·9) 20 (27·3) 26 (33·8)

 ≥8 96 (71·1) 53 (72·6) 51 (66·2)

Prior therapies for prostate cancer, n (%) 
c 
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BRCA
(n = 142)

Measurable BRCA
(n = 76)

Non-BRCA
(n = 81)

 2 59 (41·5) 29 (38·2) 22 (27·2)

 3 54 (38·0) 31 (40·8) 31 (38·3)

 4 21 (14·8) 12 (15·8) 19 (23·5)

 5 7 (4·9) 3 (3·9) 9 (11·1)

 6 1 (0·7) 1 (1·3) 0 (0)

Prior androgen signaling inhibitor therapy, n (%)

 1 97 (68·3) 51 (67·1) 45 (55·6)

 2 44 (31·0) 25 (32·9) 31 (38·3)

 3 1 (0·7) 0 (0) 5 (6·2)

Prior taxane-based chemotherapy, n (%)

 1 100 (70·4) 51 (67·1) 41 (50·6)

 2 42 (29·6) 25 (32·9) 40 (49·4)

a
Patient numbers and percentages may not add up to 100% as some patients had more than one gene alterations. All patients with PALB2 had 

co-occurring alterations and are thus not listed here.

b
n=135 in BRCA cohort with Gleason score at initial diagnosis; n=73 in BRCA measurable disease cohort with Gleason score at initial diagnosis; 

n=77 in non-BRCA cohort with Gleason score at initial diagnosis.

c
Number of androgen signaling inhibitors, taxane-based chemotherapies, cytotoxic chemotherapies, and other therapies received. Specifically, 

prior therapies could include taxane-based chemotherapy for metastatic prostate cancer with evidence of disease progression, or next-generation 
androgen signaling inhibitor therapy for either metastatic prostate cancer with evidence of disease progression or non-metastatic castration-resistant 
prostate cancer with evidence of subsequent metastasis.

BRCA=breast cancer gene. IQR=interquartile range. SD=standard deviation. PSA=prostate-specific antigen. ATM=ataxia telangiectasia mutated. 
BRIP1=BRCA1 interacting protein C-terminal helicase 1 gene. CHEK2=checkpoint kinase 2 gene. FANCA=Fanconi anaemia complementation 
group A gene. HDAC2=histone deacetylase 2 gene. ECOG PS=Eastern Cooperative Oncology Group performance status.
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Table 2:

Objective response rates

Response
Measurable BRCA

a

(n = 76)
Measurable non-BRCA

(n = 47)

ORR, n (%)
(95% CI)

26 (34·2)
(23·7 – 46·0)

5 (10·6)
(3·5 – 23·1)

 CR, n (%) 2 (2·6) 0

 PR, n (%) 24 (31·6) 5 (10·6)

a
Primary efficacy analysis cohort. ORR in measurable non-BRCA patients was a secondary efficacy endpoint.

BRCA=breast cancer gene. ORR=objective response rate. CI=confidence interval. CR=complete response. PR=partial response.
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Table 3:

Secondary and exploratory efficacy endpoints for niraparib in patients with mCRPC

Endpoint
BRCA

(n = 142)
Measurable BRCA

(n = 76)
Non-BRCA

(n = 81)

CTC response (CTC0) 
b , n/N (%)

31/131 (23·7) 18/71 (25.4) 6/71 (8·5)

OS, mo, median (95% CI) 13·01 (11·04 – 14·29) 10·87 (9·49 – 13·77) 9·63 (8·05 – 13·44)

rPFS, mo, median (95% CI) 8·08 (5·55 – 8·38) 5·52 (5·29 – 7·59) 3·71 (1·97 – 5·49)

Time to radiographic progression, mo, median (95% CI) 8·08 (5·75 – 8·97) 5·55 (5·36 – 8·08) 3·78 (2·00 – 5·55)

Time to PSA progression, mo, median (95% CI) 5·13 (4·60 – 5·59) 5·55 (4·60 – 8·31) 3·65 (2·83 – 3·71)

Time to SSE, mo, median (95% CI) 13·80 (10·41 – NE) 13·80 (9·07 – NE) 10·35 (8·18 – NE)

DOR, mo, median (95% CI) 6·28 (3·65 – 9·23) 5·55 (3·91 – 7·20) 5·16 (2·14 – NE)

CRR
a
, n/N (%)

(95% CI)

82/142 (57·7)
(49·2 – 66·0)

46/76 (60·5)
(48·7 – 71·6)

12/81 (14·8)
(7·9 – 24·5)

CTC conversion
c
, n/N (%)

(95% CI)

55/117 (47·0)
(37·7 – 56·5)

28/64 (43·8)
(31·4 – 56·7)

9/60 (15·0)
(7·1 – 26·6)

PSA50, n/N (%)

(95% CI)

61/142 (43·0)
(34·7 – 51·5)

31/76 (40·8)
(29·7 – 52·7)

4/81 (4·9)
(1·4 – 12·2)

a
Defined as either an objective response for patients with measurable disease, CTC conversion (defined as CTC count ≥5 per 7·5 mL blood at 

baseline and <5 per 7·5 mL blood post-therapy nadir), or PSA50.

b
Defined per protocol and SAP as CTC=0 per 7·5 mL blood at 8 weeks post-baseline in patients with baseline CTC >0.

c
Among patients with baseline CTC ≥5.

mCRPC=metastatic castration-resistant breast cancer. BRCA=breast cancer gene. CTC=circulating tumour cells. CTC0=CTC count >0 at 
baseline to 0/7·5 mL blood at week 8. OS=overall survival. CI=confidence interval. rPFS=radiographic progression-free survival. PSA=prostate-
specific antigen. SSE=symptomatic skeletal event. NE=not estimable. DOR=duration of objective response. CRR=composite response rate. CTC 
conversion=CTC count ≥5/7·5 mL blood at baseline to <5/7·5 mL blood at nadir. PSA50=≥50% decline in prostate-specific antigen.
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Table 4:

Treatment-emergent adverse events

Events, n (%)

Safety analysis set

(N=289)
a,b

Grade 1–2 Grade 3 Grade 4 Grade 5

Nausea 154 (53·3) 15 (5·2) 0 0

Vomiting 101 (34·9) 10 (3·5) 0 0

Constipation 95 (32·9) 5 (1·7) 1 (0·3) 0

Fatigue 87 (30·1) 19 (6·6) 0 0

Decreased appetite 85 (29·4) 8 (2·8) 0 0

Anaemia 61 (21·1) 92 (31·8) 2 (0·7) 1 (0·3)

Thrombocytopaenia 52 (18·0) 24 (8·3) 23 (8·0) 0

Neutropaenia 27 (9·3) 17 (5·9) 11 (3·8) 0

a
A total of n=288 patients had one or more recorded TEAEs.

b
Data presented for grade 1–2 TEAEs with a combined incidence of ≥20% reported or any higher-grade (grades 3, 4, and/or 5) TEAEs with an 

incidence of >5% reported.

TEAEs=treatment-emergent adverse events.
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