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Abstract Breast cancer is a heterogeneous disease, mani-

festing in a broad differentiation in phenotypes and mor-

phologic profiles, resulting in variable clinical behavior.

Between 10 and 20% of all breast cancers are triple neg-

ative. Triple-negative breast cancer (TNBC) lacks the

expression of human epidermal growth factor receptor 2

(HER2) and hormone receptors; therefore, to date,

chemotherapy remains the backbone of treatment. TNBC

tends to be aggressive and has a high histological grade,

resulting in a poor 5-year prognosis. It has a high preva-

lence of BRCA1 mutations and an increased Ki-67

expression. This subtype usually responds well to taxanes

and/or platinum compounds and poly (ADP-ribose) poly-

merase (PARP) inhibitors. Studies with PARP inhibitors

have demonstrated promising results in the treatment of

BRCA-mutated breast and ovarian cancer, and PARP

inhibitors have been studied as monotherapy and in com-

bination with cytotoxic therapy or radiotherapy. PARP

inhibitor efficacy on poly (ADP-ribose) polymer (PAR)

formation in vivo can be quantified by pharmacodynamic

assays that measure PAR activity in peripheral blood

mononuclear cells (PBMC). Biomarkers such as TP53,

ATM, PALB2 and RAD51C might be prognostic or pre-

dictive indicators for treatment response, and could also

provide targets for novel treatment strategies. In summary,

this review provides an overview of the treatment options

for basal-like TNBC, including PARP inhibitors, and

focuses on the pharmacotherapeutic options in these

patients.

Key Points

Triple negative breast cancer is a subgroup of breast

cancer with poor prognosis for which there are only

few treatment options of proven benefit,

necessitating exploration of novel targets for drug

therapy.

PARP inhibitors are a group of novel oral anticancer

drugs highly active in a subgroup of triple negative

breast cancer with selected mutations or epigenetic

silencing of genes involved in the DNA damage

response (DDR), including BRCA1 and BRCA2.

Pharmacotherapy in the case of triple negative breast

cancer is involved with developing novel therapies

focusing on, amongst others, PARP-inhibitors.
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1 Introduction

Breast cancer is the most common cancer in women

worldwide [1], and, unfortunately, the incidence of breast

cancer is still rising worldwide. In the past few decades,

enormous progress has been made in the understanding of

the molecular pathways involving breast cancer, leading to

the development of more personalized therapies; however,

despite this, the 5-year survival of metastatic breast cancer

remains low [2]. Breast cancer is a very heterogeneous

disease, manifesting in a broad differentiation in pheno-

types and morphologic profiles, resulting in different

clinical behaviors [3]. Based on their immunohistochemi-

cal features, breast cancers can be divided into three main

types: hormone receptor (HR)-positive, human epidermal

growth factor receptor 2 (HER2)-positive, and triple-neg-

ative (TN) tumors [4]. Between 10 and 20% of breast

cancers are triple negative. TN breast cancers (TNBCs) are

characterized by the absence of estrogen receptor (ER),

progesterone receptor (PR), and HER2 expression [5].

TNBC tends to be aggressive, occurs at a younger age, and

has a higher grade. It has a high recurrence rate and a poor

5-year prognosis compared with other types of breast

cancer [6]. TNBCs cannot be treated with targeted therapy

such as endocrine therapy or trastuzumab because they lack

cellular targets [7]; therefore, treatment of TNBC remains

challenging. In this review, we describe the molecular

features of TNBC, the relationship with BRCA mutation

status, and treatment with a novel class of anticancer

agents, the poly (ADP-ribose) polymerase (PARP) inhibi-

tors. We also discuss patient selection, biomarkers, and

individualization of dosing schedules employing new

pharmacodynamic assays.

2 Homologous Recombination Deficiency

If the process of homologous recombination (HR) is

unavailable or impaired, this is referred to as ‘homologous

recombination deficiency’ (HRD). In this situation, DNA

repair is more error prone, which leads to genomic insta-

bility [8, 9]. Bunting et al. showed that loss of 53BP1

restored HR activity in BRCA1-mutant cells with HR

deficiency [10]. In addition, using a cell-based screen,

Bouwman et al. showed that 53BP1 is essential for con-

tinuing the growth arrest induced by BRCA1 mutation [11].

Other mechanisms of resistance to BRCA-targeted thera-

pies could be through secondary mutations, which could

restore BRCA1 and BRCA2 function. These secondary

somatic mutations predict resistance to platinum

chemotherapy and PARP inhibitors in women with

BRCA1/2 mutations [12, 13]. Tumors with HRD can be

sensitive to DNA cross-linking agents, such as alkylators

and platinum drugs [14–16]. BRCA1 and BRCA2 play a

pivotal role in the repair of double-strand breaks (DSBs) in

DNA by the process of HR. Loss of either BRCA1 or

BRCA2 function leads to HRD [17]; however, sensitivity to

alkylators and other agents can be lost if 53BP1 is lost in

addition to impaired BRCA function. At present it is

unclear whether the presence of HRD is a requirement for

tumor cells to be sensitive to alkylating agents, platinum

compounds, and other drugs. In addition, it is unclear

which diagnostic test best enriches tumors with HRD.

Finally, it is unclear what is most needed in the clinic—a

test that reliably measures HRD or a test that reliably

measures sensitivity to a certain agent, or a combination of

agents.

3 BRCA Mutations and Other Potential
Homologous Recombination Deficiency-
Inducing Mutations

Approximately 10% of newly diagnosed TNBC patients

harbor a mutation in genes encoding for breast cancer

susceptibility protein 1/2 (BRCA1/2) [18–20]. A large

portion of TN breast neoplasms have similar characteristics

as tumors that harbor a germline BRCA1 or BRCA2

mutation, and more than 80% of breast cancer patients with

a germline BRCA1 mutation have a TN breast tumor [21].

Tumors that harbor a BRCA mutation are often highly

sensitive to drugs that induce DNA DSBs, such as alky-

lating agents, and less sensitive to spindle poisons [22].

Treating TNBC patients with platinum compounds is based

on the fact that TNBC has molecular similarities to BRCA-

mutated breast cancers, which are sensitive to platinum

compounds [23]. In addition to sensitivity to platinum

compounds, TN tumors and BRCA1-mutant breast cancers

have various concordances, such as a basal-like profile,

frequent TP53 mutations, and a high load of genomic

aberrations such as loss of heterozygosity [24].

In a phase II trial, Byrski et al. showed that cisplatin

chemotherapy is highly active in women with a BRCA1

germline mutation [25], and that platinum-based

chemotherapy is effective in a high proportion of patients

with BRCA1-associated cancer [26]. Tumors without

germline BRCA1 mutation that have absent or reduced

BRCA1 expression may be linked to hypermethylation of

the BRCA1 promotor region [27]. Approximately 9.1–37%

of sporadic breast cancers have hypermethylation of

BRCA1, a condition that is associated with high tumor

grade, ER negativity, basal marker expression, younger age

at diagnosis, and reduction or loss in BRCA1 messenger

RNA (mRNA) expression [8, 27–29]. In the absence of a
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BRCA1 mutation, BRCA1 promotor hypermethylation

could be an indicator of an impaired BRCA function [30].

Two neoadjuvant clinical trials have shown that part of the

sporadic, non-BRCA1-mutated TNBC is sensitive to platinum

compounds [24]. Heterogeneity of TNBC makes treatment

challenging, and gathering more insight into heterogeneity

could lead to improved and more focused therapy [31]. Rare

inactivating mutations in several genes in the DSB repair

pathway are associatedwith the development of cancer. These

genes, likeRAD51c,ATM, andPALB2, are involved ina small

fraction of the disease. RAD51c works with BRCA1 and

BRCA2 to repair DNA DSBs, and the overall mutation fre-

quency of RAD51c in familial breast cancer is low [32].

PALB2 is a breast cancer susceptibility gene that interactswith

BRCA2, while ATM interacts with BRCA1 [33]. Depletion of

ATM inbreast cancer cells could sensitize these cells to PARP

inhibition, which suggests a treatment potential for breast

cancers with low ATM protein expression [34].

4 Molecular Features of Triple-Negative Breast
Cancer

Recently, six subtypes of TNBC have been identified:

basal-like 1 (BL-1), basal-like 2 (BL-2), immunomodula-

tory (IM), mesenchymal (M), mesenchymal stem-like

(MSL), and luminal androgen receptor (LAR)-positive [6].

Understanding of and insight into these molecular subtypes

could contribute to better treatment strategies due to more

individualized treatments. The BL-1 subtype is character-

ized by an enriched cell cycle and DNA damage response

gene expression [35].

Enrichment in proliferation genes and increased Ki-67

expression in basal-like TNBC could explain why this

subtype responded well to antimitotic agents such as tax-

anes [36, 37], although the notion that high proliferative

tumors respond better to spindle poisons contradicts with

findings in the Oxford Overview, where patients with well-

differentiated ER-positive breast cancers appeared to ben-

efit more from taxane-containing regimens than patients

with moderately and poorly differentiated ER-positive

breast cancers in the adjuvant setting [38]. Either response

rate does not match with long-term survival or spindle

poisons do not only frustrate mitosis but also have another,

yet unknown, mechanism of action.

Two clinical trials showed that patients who received

taxanes as neoadjuvant therapy had a higher pathological

complete response (pCR) rate (63%; p = 0.042) when the

basal-like subtype was compared with the mesenchymal-

like type (31%) or LAR (14%) type [6]. Masuda et al.

showed that BL-1 tumors have the highest rate of pCR

(52%) with taxane-based neoadjuvant regimens, compared

with other subtypes [39]. Basal-like breast cancers show a

high prevalence of BRCA1 mutations [40]. In their study,

Turner et al. found that 63% of metaplastic breast cancers,

a rare type of basal-like cancers, had BRCA1 promoter

methylation, compared with 12% in the control group

(p\ 0.0001). This high incidence of BRCA1 methylation

might point to a new treatment strategy for patients with

basal-like breast cancer [41].

Basal-like TNBC has similarities to BRCA1-mutated

tumors, such as morphological features and immunohisto-

chemical profile, like a similar pattern of cell cycle protein

expression [42, 43]. Therefore, another promising target for

the treatment of BL-1 breast tumors are PARP inhibitors.

Sensitivity for particular agents is not restricted to BRCA-

mutated tumors. It is thought that approximately 30% of

sporadic breast cancers also have defects in HR repair, a

phenotype that is referred to as ‘BRCAness’. Several

studies have shown that breast cancer that harbors a

BRCA1 or BRCA2 mutation has a characteristic pattern of

DNA gains and losses in an array comparative genomic

hybridization (aCGH) assay [44–47]. Vollebergh et al.

showed that a subgroup of HER2-negative tumors char-

acterized by a BRCA1-like aCGH (BRCA1-likeCGH) pat-

tern had benefit from high-dose platinum therapy. Patients

with BRCA1 loss (not BRCA-mutated) can be found by

aCGH, and this could thereby identify patients who could

have benefit from DNA DSB-inducing chemotherapy [48].

Lips et al. identified a BRCA2-like CGH (BRCA2-likeCGH)

pattern and found this to be present in some sporadic breast

cancers [8]. The BRCA2-likeCGH pattern was in contrast to

the BRCA1-likeCGH pattern frequently observed in ER-

positive tumors.

In a follow-up study, Vollebergh et al. explored not only

ER-negative but also ER-positive breast cancer patients

who could be identified as benefiting from DNA cross-

linking agents. Fifty-one percent (41/81) of the BRCA-

likeCGH tumors were ER-positive, showing that patients

with BRCA2-likeCGH tumors have more benefit from

intensified DNA DSB-inducing agents when compared

with standard chemotherapy, like patients with the BRCA1-

likeCGH pattern [49]. The BRCA-likeCGH could be helpful

in selecting patients who may have benefit from intensified

DNA DSB-inducing agents in combination with autolo-

gous stem cell rescue.

5 PARP Inhibitors

PARP is a damage recognition repair protein of a single-

strand break (SSB) and plays an important role in initiation

of the repair of SSBs in the DNA by base excision repair.

Inhibition of PARP results in accumulation of SSBs, which

can lead to the formation of DSBs. Cells that are BRCA-

mutant are not able to repair DSBs error free, which can
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ultimately lead to cell death. When a deficiency in one gene

does not lead to cell death, but a combination of two or

more deficiencies do, such as the combination of a PARP

inhibitor and a BRCA mutation, this is called synthetic

lethality [50] (Fig. 1).

5.1 Olaparib

Olaparib is a potent oral PARP inhibitor that can be lethal

to cells harboring a BRCA1 or BRCA2 mutation [51]. In a

phase I trial, Fong et al. demonstrated the pharmacokinetic

and pharmacodynamic characteristics of the olaparib cap-

sule formulation, with pharmacokinetic parameters of

twice-daily dosing showing fast absorption and elimina-

tion. The peak plasma concentration is reached at 1–3 h

after oral intake of olaparib, followed by a biphasic decline

in plasma concentrations, with a terminal elimination half-

life (t�) of 5–7 h [50]. The main metabolism of olaparib

occurs via dehydrogenation and oxidation, with a number

of components that were further metabolized by glu-

curonide or sulphate conjugation [52]. Ang et al. performed

a mass balance study of olaparib and found that excretion

of the drug occurs mostly via feces (42%) and urine (44%)

[53] (Table 1).

Cytochrome P450 (CYP) 3A4 is the main metabolizing

enzyme of olaparib; therefore, coadministration of olaparib

with strong or moderate CYP3A4 inducers or inhibitors is

not recommended. In their dose-escalation study, Fong

et al. showed that an increase in olaparib dose led to a

linear increase in exposure until olaparib dose levels of

100 mg; exposure did not increase proportionally with an

increase in olaparib dose levels higher than 100 mg. The

mean apparent volume of distribution is 40 L, with a mean

plasma clearance of 4.6 L/h. No severe toxicities were

reported, although some mild gastrointestinal toxicities

were reported.

Dirix et al. investigated the effect of the CYP3A4

inhibitor itraconazole and the CYP3A4 inducer rifampin on

the pharmacokinetics of olaparib. They conducted two

phase I studies in patients with advanced solid tumors.

Patients received olaparib alone and coadministered with

itraconazole or rifampin. Coadministration of olaparib with

itraconazole resulted in a statistically significant increase in

the relative bioavailability of olaparib, with a peak con-

centration (Cmax) treatment ratio of 1.42 (90% confidence

interval [CI] 1.33–1.52) and a mean area under the plasma

concentration–time curve (AUC) treatment ratio of 2.70

(90% CI 2.44–2.97). A reduction in the mean apparent

clearance (CL/F) and apparent volume of distribution (Vz/

F) was reported. Coadministration with rifampin resulted

in a statistically significant reduction in the relative

bioavailability of olaparib, with a Cmax treatment ratio of

0.29 (90% CI 0.24–0.33) and a mean AUC treatment ratio

of 0.13 (90% CI 0.11–0.16). These results show that potent

CYP3A4 inducers and inhibitors should be avoided during

treatment with olaparib [54].

A pharmacokinetic and pharmacodynamic phase I/Ib

study of olaparib tablets and carboplatin by Lee et al. was

recently published in which 77 patients were treated with

olaparib and carboplatin. Patients received either olaparib

on days 1–7, carboplatin on day 8, or carboplatin on day 1,

followed by olaparib on days 2–8. The clearance of ola-

parib was increased by approximately 50% when carbo-

platin was administered 24 h before olaparib, which

Fig. 1 PARP inhibition. PARP

poly (ADP ribose) polymerase.

From Sonnenblick et al. [82]
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resulted in a 25% lower AUC from time zero to the last

measurable concentration (AUClast; p = 0.046) and a 28%

shorter t�. These results suggest administration of carbo-

platin prior to olaparib [55].

Fong et al. performed a follow-up study to explore

the anti-tumor activity of olaparib in patients with

ovarian, primary peritoneal, and fallopian tube cancer.

In total, 50 patients, of whom 48 had a germline

BRCA1/2 mutation, were treated with olaparib in doses

ranging from 40 mg daily to 600 mg twice daily, in a

dose-escalation scheme with olaparib monotherapy. Of

the 50 patients, 24 had platinum-resistant disease and

13 had platinum-refractory disease. The overall benefit

rate was 46%, with a median response duration of

28 weeks. Seventeen patients were treated for more

than 6 months [56].

A proof-of-concept study by Audeh et al. [57] confirmed

the clinical benefit of olaparib. These researchers treated 55

patients with BRCA1/2 recurrent ovarian cancer, primary

peritoneal carcinoma, or fallopian tube carcinoma with

olaparib 400 mg twice daily (n = 33) or 100 mg twice

daily (n = 24). All patients had recurrence after a previous

chemotherapy regimen. The objective response rate (ORR)

was significantly better in the 400 mg twice-daily cohort

Table 1 Selection of PARP inhibitors often tested in breast cancer, and their pharmacological characteristics

Tmax (h) t� (h) AUC (lg�h/
mL)

Cmax (lg/mL) CL/F (L/h) Vz/F References

Olaparib capsule formulation 300 mg 1.49

(0.57–3.05)

13.02

(8.23)

55.20 (67.4) 8.05 (24.3) 6.36 (3.47) 112.1

(59.84)

[54]

Olaparib tablet formulation 300 mg

single dose (fasted) [59]

1.50

(0.50–5.85)

12.2

(5.31)

43.6 (54.3)

[AUCt]

43.0 (55.2)

[AUC?]

7.00 (35.0) 7.95 (4.23) 146

(142)

[59]

Olaparib tablet formulation 300 mg

single dose (fed) [59]

4.00

(1.00–12.0)

12.2

(5.31)

46.0 (56.6)

[AUCt]

45.4 (57.1)

[AUC?]

5.48 (40.5) 7.55 (3.99) 127

(107)

[59]

Veliparib monotherapy 40 mg

(4 9 10 mg, fasting) [81]

1.2 ± 0.8 5.9 ± 1.3 2.23 ± 0.82

[AUCt]

2.43 ± 1.07

[AUC?]

0.36 ± 0.13 19.0 ± 7.36 NA [81]

Veliparib monotherapy 40 mg

(4 9 10 mg, fed) [81]

1.2 ± 0.7 5.8 ± 1.2 2.45 ± 0.93

[AUCt]

2.65 ± 1.17

[AUC?]

0.37 ± 0.12 17.3 ± 6.41 NA [81]

Veliparib monotherapy 40 mg

(1 9 40 mg, fasting) [81]

1.3 ± 0.9 5.8 ± 1.3 2.24 ± 0.98

[AUCt]

2.45 ± 1.24

[AUC?]

0.34 ± 0.12 19.5 ± 7.66 NA [81]

Veliparib monotherapy 40 mg

(1 9 40 mg, fed) [81]

2.5 ± 1.1 5.8 ± 1.4 2.14 ± 0.80

[AUCt]

2.35 ± 1.06

[AUC?]

0.28 ± 0.09 19.7 ± 7.51 NA [81]

Veliparib metabolite M8 2.4 (3.5–9.8) – 0.3–1.9

[AUCint]

0.011

(0.007–0.014)

NA NA [83]

Niraparib 300 mg/day [66] 3.1 (2.0–6.1) a 14.117

(AUC24)
b

1.921b NA NA [66]

Niraparib metabolite: unlabeled M1

plasma

9.02 78.4 41.2 (AUC?) 476 NA NA [67]

PARP poly (ADP ribose) polymerase, Tmax time to reach Cmax, t� terminal elimination half-life, AUC area under the plasma concentration–time

curve, Cmax peak concentration, CL/F apparent clearance, Vz/F apparent volume of distribution, AUCt AUC from time zero to time t, AUC?

AUC from time zero to infinity, NA not available
aIntensive pharmacokinetic sampling was not performed (no drug holiday between the first and second courses before the third protocol

amendment, and thus half-life could not be calculated for the first two doses)
bAUC 0–12 h and concentration after 12 h reported because sampling ended at 12 h on day 1 of the second course
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compared with the 100 mg twice-daily cohort (33 vs.

12.5%). All patients except one had at least one adverse

event. Most common toxicities were comparable with those

observed in previous studies, namely nausea and fatigue.

Grade 3 or 4 adverse events were, not as expected, reported

slightly more often in the 100 mg twice-daily cohort

compared with the 400 mg twice-daily cohort (58 vs.

45%). However, fewer patients discontinued in the 100 mg

twice-daily cohort (4%) compared with the 400 mg twice-

daily cohort (12%). In terms of anti-tumor activity, the

100 mg twice-daily dose seemed less effective compared

with the 400 mg twice-daily dose; however, patients in the

lower dosing cohort appeared to have less favorable

prognostic factors at the start [57].

The clinical benefit of olaparib was also confirmed in a

study by Tutt et al., who also showed a higher ORR in the

BRCA-mutated advanced breast cancer group who received

400 mg twice daily compared with the 100 mg twice-daily

cohort (41 vs. 22%). Both groups were comparable. All

patients were pretreated with at least one chemotherapy

regimen. Olaparib also showed activity in patients who

were heavily pretreated [58].

As a result of these studies, in 2014 the European

Medicines Agency (EMA) approved olaparib monotherapy

as treatment for advanced BRCA-mutated ovarian cancer.

Following this, the US FDA also approved olaparib for this

indication.

Plummer et al. studied the effect of food on the phar-

macokinetics of olaparib, and showed that the absorption of

olaparib (300 mg once) was lower in the presence of (high

fat) food (time to reach Cmax [Tmax] delayed by 2.5 h),

resulting in a decreased plasma Cmax of olaparib of 21%

[59]. Only a slight increase in olaparib exposure (AUC

from time zero to infinity [AUC?]) was observed, from

43.0 lg h/mL in the fasted state to 45.4 lg h/mL in the fed

state.

Besides olaparib, several other PARP inhibitors have

been studied. The results of the phase III OlympiAD trial

were recently presented. Robson et al. conducted a ran-

domized, open-label, phase III trial in which they com-

pared olaparib monotherapy with standard chemotherapy

in patients with BRCA-mutated, HER2-negative, meta-

static breast cancer. Patients were not allowed to have

received more than two previous lines of chemotherapy for

metastatic disease. They received olaparib (300 mg twice

daily) or standard ‘physician’s choice’ chemotherapy

(capecitabine, eribulin or vinorelbine). In total, 302

patients received treatment, of whom 205 were assigned to

the olaparib cohort. Median progression-free survival was

significantly longer in the olaparib group than in the stan-

dard therapy group (7.0 vs. 4.2 months; p\ 0.001), while

the response rate was 59.9% in the olaparib group and

28.8% in the standard-therapy group [60].

5.2 Veliparib

Veliparib is also an oral PARP inhibitor. Rugo et al.

investigated the combination of veliparib and carboplatin

in early breast cancer in the neoadjuvant setting. Patients

were randomized to receive either paclitaxel monotherapy

or paclitaxel and a combination of veliparib and carbo-

platin. In both treatment arms, this was followed by four

cycles of doxorubicin and cyclophosphamide. The esti-

mated rates of pCR in the TN breast tumors were 51% in

the paclitaxel–veliparib–carboplatin group and 26% in the

control group. Adding the combination of veliparib-car-

boplatin to standard chemotherapy in patients with TNBC

leads to an increase in the pCR rate compared with stan-

dard therapy [61].

Mizugaki et al. conducted a phase I trial to investigate

the pharmacokinetics of veliparib in combination with

carboplatin and paclitaxel in patients with non-small cell

lung cancer (NSCLC), and showed that the addition of

carboplatin and paclitaxel had no significant effect on

veliparib Tmax, dose-normalized Cmax, or dose-normalized

AUC. There was also no evidence of an effect of veli-

parib on the pharmacokinetics of paclitaxel and carbo-

platin [62].

Nuthalapati et al. conducted a mass balance study of

veliparib in subjects with non-hematologic malignancies,

and reported pharmacokinetic parameters of veliparib and

its metabolite M8 for different doses. Veliparib was rapidly

absorbed after oral dosing, with a median Tmax of 1 h; for

its metabolite M8, median Tmax was 2 h. The systemic

exposure of veliparib increased proportional to dose in the

dose ranges of 10–80 mg twice daily (this was also seen for

the M8 metabolite). Renal elimination of veliparib seemed

to be independent of the veliparib dose, and seems to be the

major route of elimination of veliparib [63]. Veliparib

single-agent therapy has not often been investigated.

Coleman et al. performed a multicenter, open-label, phase

II trial with veliparib monotherapy and showed activity of

the single agent in patients with BRCA-mutated epithelial

ovarian, fallopian tube, or primary peritoneal cancer. An

ORR of 26% was reached. This was the first phase II study

with veliparib monotherapy [64].

5.3 Niraparib

Niraparib is a potent oral PARP-1 and PARP-2 inhibitor

with a half maximum inhibitory concentration (IC50) of

3.8 nmol/L for PARP-1 and 2.1 nmol/L for PARP-2 [65].

Sandhu et al. conducted a phase I, dose-escalation study in

which 100 patients were enrolled. The AUC was propor-

tional to the dose increase. Absorption was rapid, with a

mean plasma concentration peak 3–4 h after a dose, fol-

lowed by biphasic decrease and a mean t� of 36.4 h (range

432 J. J. J. Geenen et al.



32.8–46.0). Two of four BRCA-mutated breast cancer cases

reached partial responses confirmed by Response Evalua-

tion Criteria In Solid Tumors (RECIST) [66].

In a human mass balance study of 14C-niraparib, Van

Andel et al. showed that both renal and hepatic pathways

are involved in the excretion of niraparib and its metabo-

lites. The mean total radioactivity recovered in feces and

urine was 86.3% (71.1–91.0%) of the total administered

dose, of which 38.8% (28.3–47.0%) was recovered in feces

and 47.5% (33.4–60.2%) in urine. The elimination of 14C-

niraparib was biphasic and slow, with a T� in plasma of

92.5 h, on average. Van Andel et al. were able to detect

two major metabolites: M1 (amide hydrolyzed niraparib)

and the glucuronide of M1 [67]. Very recently, the FDA

approved niraparib for the maintenance treatment of adult

patients with recurrent high-grade serous epithelial ovarian,

fallopian tube, or primary peritoneal cancer who were in

complete or partial response to platinum-based

chemotherapy.

5.4 Differentiation

Olaparib is a potent PARP-1, PARP-2 and PARP-3 inhi-

bitor, whereas niraparib and veliparib are inhibitors of

PARP-1 and PARP-2. Phase I trials showed rapid absorp-

tion of both niraparib and olaparib. The peak plasma

concentration of olaparib seems to have been reached

earlier for olaparib (1–3 h) than for niraparib (3–4 h). The

decrease in plasma concentration of niraparib is five to

seven times slower compared with olaparib. Mizugaki et al.

showed that veliparib in the recommended phase II dose

(120 mg twice daily) has a peak plasma concentration

comparable to niraparib (3.3 h) [62]. Both niraparib and

olaparib are eliminated via urine and feces, whereas

elimination of veliparib occurs mainly by urine.

6 Combination Therapy

PARP inhibitors have been studied as monotherapy and in

combination with radiotherapy or cytotoxic chemotherapy.

The putative benefit of combining PARP inhibitors with

cytotoxic chemotherapy or radiotherapy is reaching

improved efficacy; however, more severe toxicity has been

seen in combination trials with chemotherapy and radio-

therapy. PARP inhibitors have been studied in several

combination studies with cytotoxic agents such as platinum

compounds. Oza et al. assessed the tolerability and efficacy

of olaparib in combination with chemotherapy followed by

olaparib monotherapy compared with chemotherapy alone

in patients with high-grade serous ovarian cancer. Patients

were randomized between the combination of olaparib

(200 mg twice daily) plus paclitaxel (175 mg/m2,

administered intravenously on day 1) and carboplatin

(AUC 4 min�mg/mL, administered intravenously on day

1), followed by olaparib monotherapy (400 mg twice daily)

until progression, or to paclitaxel (175 mg/m2 on day 1)

and carboplatin (AUC 6 min�mg/mL, on day 1) not fol-

lowed by other chemotherapy. Progression-free survival

was significantly longer in the olaparib plus chemotherapy

group (median 12.2 months, 95% CI 9.7–15.0) than in the

chemotherapy-alone group (median 9.6 months, 95% CI

9.1–9.7; hazard ratio [HR] 0.51, 95% CI 0.34–0.77;

p = 0.0012), especially in patients with BRCA mutations

(HR 0.21, 95% CI 0.08–0.55; p = 0.0015). Adverse events

that were more common in the combination group com-

pared with the chemotherapy group alone were alopecia

(60 [74%] of 81 vs. 44 [59%] of 75), nausea (56 [69%] vs.

43 [57%]), neutropenia (40 [49%] vs. 29 [39%]), diarrhea

(34 [42%] vs. 20 [27%]), headache (27 [33%] vs. 7 [9%]),

peripheral neuropathy (25 [31%] vs. 14 [19%]), and dys-

pepsia (21 [26%] vs. 9 [12%]); most were of mild-to-

moderate intensity [68].

Del Conte et al. studied the combination of olaparib and

liposomal doxorubicin in patients with advanced solid

tumors. Patients received, either continuously (days 1–28)

or intermittently (days 1–7), olaparib plus liposomal dox-

orubicin (40 mg/m2, day 1). The recommended dose was

found after dose-escalation of olaparib in seven cohorts

(50–400 mg twice daily). It was shown that the Cmax and

AUC from time zero to 10 h (AUC10) of olaparib increased

with dose and that the olaparib concentration tended to be

higher in the presence of liposomal doxorubicin. During

the 28 days of treatment, the minimum plasma concentra-

tions (Cmin) were maintained, and the most common rela-

ted toxicities (any grade) were nausea and stomatitis [69].

Van der Noll et al. demonstrated that continuous long-

term daily olaparib was safe and tolerable, with manage-

able side effects and promising anti-tumor effects. These

patients (10 with breast cancer, 9 with ovarian cancer, and

2 with fallopian tube cancer) received olaparib monother-

apy after treatment with olaparib combined with carbo-

platin or paclitaxel. The median treatment duration with

single-agent olaparib was 52 weeks (7–113) [70].

Another potential combination therapy of PARP inhi-

bitors could be combination with Wee1 inhibitors. Wee1 is

a protein kinase that regulates the G2 checkpoint and

prevents entry to mitosis in response to DNA damage [71].

Cells with a defective p53 expression are not able to arrest

the cell cycle in the G1 phase in order to repair damaged

DNA. These cells rely on the G2 checkpoint of the cell

cycle for DNA repair [72]. AZD1775 (formerly MK-1775)

is a specific inhibitor of the Wee1 kinase. Previous studies

have shown a promising safety profile and anti-tumor

activity of AZD1775 administered with cytotoxics such as

gemcitabine, cisplatin or carboplatin [73, 74]. Karnak et al.
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performed a study to evaluate the radiosensitization of the

combination of the Wee1 inhibitor AZD1775 in combina-

tion with olaparib. Their hypothesis was that Wee1 and

PARP inhibitors together would give more radiosensitiza-

tion than either of them alone. They treated pancreatic cells

with AZD1775 and olaparib and found that the combina-

tion of these agents significantly increased radiosensitivity

in these cell lines compared with Wee1 or PARP inhibition

alone [75]. Wee1 inhibition could sensitize cells to PARP

inhibition through abrogation of the G2 checkpoint and

inhibition of HR repair. The combination of these agents

resulted in more unrepaired DNA, therefore resulting in

cell death. Approximately [80% of the TNBCs have a

TP53 mutation, therefore they may be highly sensitive to

this combination regimen. Further studies are warranted to

investigate this combination in clinical trials.

7 Pharmacodynamic Assays

Pharmacodynamic assay methodologies are designed to

determine the effect of the drug on its target [76]. The

optimal dose and duration of therapy could be determined,

thereby supporting clinical decision making. There are

several pharmacodynamic assays that measure PARP

activity in tumor cells and peripheral blood mononuclear

cells (PBMCs) or lymphocytes [77, 78]. PARP plays a role

in the repair of SSBs in the DNA, and produces poly (ADP-

ribose) polymers (PARs). Inhibition of PARP is thought to

decrease PAR levels. Using an ELISA method, Ji et al.

validated a pharmacodynamic assay that quantified PAR

levels in both tumor cells and PBMCs [78], and applied this

pharmacodynamic assay to a clinical trial of ABT-888.

Kummar et al. performed a phase 0 clinical trial of the

PARP inhibitor ABT-888 (veliparib) in patients with

advanced malignancies, and determined PAR levels in

PBMCs and tumor samples after administration of a single

dose of ABT-888. An immunoassay with purified mono-

cloncal antibody to PAR as the capture reagent, and rabbit

anti-PAR anti-serum as the detecting agent, were used. A

statistically significant inhibition of PAR levels in both

tumors and PBMCs was observed after a single dose of

ABT-888 [79]. However, PAR levels in PBMCs can be

very low, which makes quantification of PAR levels diffi-

cult [78, 79].

De Haan et al. aimed to develop a clinically applicable

pharmacodynamic assay for quantification of PAR levels

and PAR reduction upon PARP inhibition in PBMCs [80].

PBMCs were isolated from the blood of healthy volun-

teers and NSCLC patients before, during and after treat-

ment with chemoradiation and olaparib. Low levels of

PAR are based on low levels of endogenous DNA dam-

age. Therefore, in that study, DNA damage was induced

by ex vivo irradiation of the PBMCs. Radiation resulted

in an increase of PAR levels in a dose-dependent and

linear manner. Another important step in the assay was

incubation on ice after irradiation, which resulted in

improved PAR signal strength. Clinical studies may

benefit from this new assay due to increased sensitivity

and the opportunity to correlate the individual patient

pharmacodynamic values with individual PARP inhibitor

drug response. As a result, more individualization of

treatment could be applied.

8 Conclusions

This review summarizes PARP inhibitor treatment of

TNBC, and also focuses on patient selection, biomarkers,

combination therapy and pharmacodynamic assays.

TNBC has several characteristics that make treatment

challenging; it tends to be aggressive and has a high

recurrence rate and poor 5-year prognosis compared with

other types of breast cancer. Mutations in the BRCA1/2

protein lead to a more error-prone repair pathway due to

the function of these genes in the repair of DNA DSBs.

TNBC often has similarities with tumors that harbor a

BRCA1 mutation. Breast cancer that harbors a BRCA1 or 2

mutation is characterized by a specific pattern of DNA

gains and losses in an aCGH assay. This BRCA1/2-likeCGH

pattern could help in the selection of patients who may

benefit from high-dose DNA DSB-inducing agents.

Six unique subtypes of TNBC have been identified. BL-

1 is the most well-known subtype, and has shown a high

incidence of BRCA1 methylation and demonstrated simi-

larities to BRCA1-mutated tumors. TP53 is a potential

biomarker for patients with TNBC. Since more than 80%

of TNBCs have a TP53 mutation, the combination of the

Wee1 inhibitor AZD1775 with a PARP inhibitor could be

promising.

Given that basal-like TNBC shows similarities with

BRCA1-mutated cells, PARP inhibition could be a treat-

ment option for these patients. The combination of PARP

inhibition and BRCA1- or 2-mutated tumors shows syn-

thetic lethality, leading to cell death. Olaparib is the most

well-known PARP inhibitor and has shown manageable

side effects in both the short- and long-term, and promising

anti-tumor activity has been demonstrated. Combining

olaparib with cytotoxic agents or radiotherapy reaches

more efficacy than olaparib monotherapy. Individualization

of olaparib treatment is possible due to the use of phar-

macodynamic assays, which are able to measure PARP

activity in tumor cells and PBMCs. Individual patient

pharmacodynamic values could be correlated with the

clinical parameters to determine whether the dose has to be

adjusted.

434 J. J. J. Geenen et al.



Currently, PARP inhibitors are studied in several com-

bination schedules with cytotoxic agents and radiotherapy.

As well as in patients with BRCA mutation, PARP inhi-

bition is being studied in patients with the BRCAness

phenotype, which could lead to a broader application of

PARP inhibitors. Since 30% of the sporadic tumors have

the BRCAness phenotype, clinical trials must show whe-

ther there is an increased anti-tumor effect combining these

agents, with manageable side effects. Individualization of

treatment plays a role in daily practice more and more.

When pharmacodynamic assays are generally applied in

treatment with PARP inhibitors, under- and overdosing

could be prevented; however, this concept needs prospec-

tive clinical validation.
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